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1 Introduction 

1.1 Nature as a source of natural products 

Nature has proven to be the most reliable and unique source of new and biologically 

active antimicrobial agents and an example of molecular diversity with recognized 

potential in drug discovery and development. [1,2] An impressive number of novel and 

clinically important drugs can be traced back to natural products or habitats. [3] 

Natural products are chemical compounds derived from living organisms such as 

plants, animals, and microorganisms. [4,5] They are usually having a pharmacological 

or biological activity and may be of interest for use in pharmaceutical drug discovery 

or drug design. As chemicals, natural products include many classes of compounds 

such as terpenoids, polyketides, amino acids, peptides, proteins, carbohydrates, li-

pids, nucleobases and other heterocycles, and so forth. In particular, some of these 

compounds are important in the treatment of life-threatening diseases. [3,6] Natural 

products with antibiotic activity show inhibition of the growth of pathogens (e.g. 

bacteria, fungi, viruses) at low concentration, and subsequently can be used to cure 

infectious diseases. [7,8] Not all natural products serve as antibiotics; others may in-

hibit higher organisms (e.g. tumour cells) or function as signalling substances be-

tween microorganisms such as γ-butyrolactones, which are responsible for the for-

mation of mycelium and pigments. [9] 

Microorganisms such as bacteria and fungi have been invaluable for discovering 

drugs and lead compounds. These microorganisms produce a large variety of antimi-

crobial agents, which may have evolved to give their hosts an advantage over their 

competitors in the microbiological world. The screening of microorganisms became 

highly popular after the discovery of penicillin (1) in 1928. [10,11] 
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Based on traditional medicine, secondary metabolites isolated from nature are used 

by humans mainly to treat health disorders like infections or other illnesses. [12] 

Important microbial metabolites used as antibacterials are e.g erythromycin A (2), 

streptomycin (3), vancomycin (4)]. Antifungal drugs are amphotericin B (5), imidaz-

oles (6), or griseofulvin (7); others are antiviral [acyclovir (8)] or antineoplastic 

agents [e.g., mitomycin (9)], [13] immunosuppressive factors [e.g., rapamycin (10)], 
[14] hypocholesterolemic agents [e.g., pravastatin (11)], [15] enzyme inhibitors [e.g., 

desferal (12)], [16] antimigraine agents [e.g., ergot alkaloids], [17] herbicides [e.g., bi-

alaphos, phosphinothricin-alanyl-alanine (13)], [18] antiparasitic agents [e.g., salino-

mycin (14)], bioinsecticides [e.g., tetranactin] and ruminant growth promoters [e.g., 

monensin (15)]. [19] A number of other natural products have been reported in the 

literature to be of value in the treatment of Epstein-Barr virus infection, leukemia, 

thrombosis and coagulopathy, malaria, anaemia, and bone marrow diseases. [20] 
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A few examples of some natural products with a high medicinal and commercial 

potential as modern drugs are: orlistat (16) (obesity), miglitol (17) (antidiabetic), 

topotecan (18) (antineoplastic), docetaxel (19) (antimitotic), tacrolimus (20) (immu-

nosuppressant), paclitaxel (21) (antineoplastic), manoalide (22) (anti-inflammatory); 

staurosporine (23), dolastatin 10 (24), epothilones A (25) and B (26) (antineoplastic), 

calanolide A (27) and B (28) (immunodeficiency syndrome, AIDS), or huperzine A 

(29) (Alzheimer’s disease). [21] 
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Microorganisms are a rich source of structurally unique and pharmaceutically im-

portant bioactive substances leading to an impressive arsenal of antibacterial agents 

such as the cephalosporins (eg. cephalosporin C, 30), tetracyclines (31), rifamycins, 
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and chloramphenicol. Seven rifamycins were discovered, named rifamycin A, B 

(32), C, D, E, S and SV (33). 
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Although most of the drugs derived from microorganisms are used in antibacterial 

therapy, some microbial metabolites have provided lead compounds in other fields of 

medicine. For example, asperlicin (34) (isolated from Aspergillus alliaceus) is a nov-

el antagonist of a peptide hormone called cholecystokinin (CCK), which is involved 

in the control of appetite. [22] CCK also acts as a neurotransmitter in the brain and is 

thought to be involved in panic attacks. [23] Analogues of asperlicin may therefore 

have potential in treating anxiety. Other examples include the fungal metabolite 

lovastatin (35), which was the lead compound for a series of drugs that lower choles-

terol levels, [24] and another fungal metabolite called cyclosporin (36) is used to sup-

press the immune response after transplantation operations. [25] 
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Alamethicin, a polypeptide produced by Trichoderma viride, has demonstrated ion-

gating activity. [26] Some fungal ribotoxins such as mitogillin have been found to act 

as specific ribonucleases. [27] 
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Bacteriocins are ribosomally produced antibiotic peptides and proteins produced by 

bacteria and that can be subdivided into different categories, lantibiotics, and micro-

cins. Lantibiotics are produced by Gram-positive bacteria and microcins are pro-

duced by Gram-negative bacteria. Both lantibiotics and microcins possess the ability 

to form pores or punch holes in membranes of susceptible microorganisms. This 

property is of interest to the food industry, as bacteriocins are produced by Lactococ-

cus spp., which are used in the preservation of various foodstuffs. [28] 

Compounds isolated from Streptomyces platensis may be useful in the treatment of 

thrombocytopenia. [29]  
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Streptomyces hygroscopicus ascomyceticus manufactures a macrolide that has been 

reported to have immunosuppressant activity and may prove to be beneficial in pre-

venting transplant rejection in humans. [29] 

Streptomyces anulatus, a symbiotic actinomyces living in the intestines of milli-

pedes, beetles, and wood lice, produced C-isoprenylated endophenazines A-C (37 -

39) along with endophenazine D (40) and phenazine carboxylic acid. [30,31] 
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1.2 Natural Products as Pharmaceutical Drugs from Terrestrial bacte-
ria 

Natural phenazine, for example, were isolated as secondary metabolites primarily 

from Pseudomonas, [32] Streptomyces, [33] and a few other genera from soil. Pseudo-

monas aeruginosa, a common gram-negative soil bacterium and an opportunistic 

human pathogen, was know as the first and for several years the only producer of 

phenazine pigments. It was also well known for its ability to produce a blue phena-

zine, called pyocyanin (41), which is toxic to numerous bacteria and fungi and dam-

ages mammalian cells. [34-35] P. aeruginosa culture supernatants could also contain 
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phenazine-1-carboxamide (42), phenazine-1-carboxylic acid (43) and 1-

hydroxyphenazine (44). 
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Other phenazines derivatives were produced by Pseudomonas sp. such as chlo-

roraphine (1:1 complex) (45), iodinin (46) and di-(2-hydroxy-1-phenazinyl) methane 

(47). [36] 
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Phenazine-1-carboxylic acid (48), for example, secreted by Pseudomonas fluo-

rescens contributes to biocontrol activity against fungal phytopathogens such as 

Gaeumannomyces graminis, [37,38] and phenazine-1-carboxamide (42) produced by 

Pseudomonas chlororaphis PCL1391 is essential for inhibition of the fungus Fusari-

um oxysporum, which causes tomato root rot. [39] Many toxic effects have been re-

ported for different phenazines, and much of their toxicity depends on their redox 

activity and their ability to generate reactive oxygen species. [40-41] 

In addition, Pseudomonas aeruginosa can produce two red pigments, aeruginosins A 

(49) and B (50) (5-methyl-7-amino-1-carboxymethylphenazinium betaine and 5-

methyl-7-amino-1-carboxy-3-sulfo-methylphenazinium betaine, respectively), after 

prolonged incubation. Unlike the other phenazines produced by P. aeruginosa, aeru-

ginosins A and B are highly water soluble, and their biological activities are much 

less characterized. [42,43] 
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The first phenazine derivative isolated from streptomycetes was the antibiotic griseo-

lutein. [44] Since then, an increasing number of phenazine derivatives with different 

activities have been isolated from different Streptomyces species (e.g. griseolutein 

which was isolated from S. luteogriseus, others were isolated from S. antiboticus, 

and S. prunicolor). [52] 

Streptomyces sp. ICBB8198, for example, delivered the phenazines antibiotics, gris-

eoluteic acid (51), griseolutein A (52) together with two other phenazines derivatives 

53 and 54. [45] 
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Streptomyces antibioticus Tü 2706, produced six yellow phenazines: saphenamycin 

(55), saphenic acid (56), saphenic acid methyl ether (57), 6-acetylphenazine-1-

carboxylic acid (58), phenazine (59) and phenazine-1-caboxylic acid (43). [33] 

Saphenamycin 55 is known to improve feed efficiency in ruminants when adminis-

tered in 0.5-1 mg/kg body weight of the animal and acts as a mosquito larvacide. [33, 

46,47] 
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The Streptomyces sp. IFM 11204 produced four phenazines derivatives, named 

izumiphenazines A-C (60, 61, 62). [48] From the same strain Abdelfattah et al. isolat-

ed further phenazines derivatives named izumiphenazine D [49] (63) together with 

phenazine-1-carboxylic acid (43), 1-hydroxyphenazine (44), phenazine-1,6-

dicarboxylic acid (64) and 6-hydroxyphenazine-1-carboxylic acid (65). 
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Phenazine antibiotics are also known from a variety of other microorganisms, includ-

ing Pelagiobacter variabilis, [50] Pantoea agglomerans, [51] and Vibrio sp. [52] 

The biological properties of this class of natural products include cytotoxicity, anti-

bacterial, antitumor, antimalarial, and antiparasitic activities. [48] The role of phena-

zine pigments as antibiotics and virulence factors has been briefly reviewed recently, 
[53] and the biochemistry of phenazine production was reviewed in 1986. [54] 

Phenazines have antibiotic properties toward bacterial and eukaryotic species, and 

the side chain substituents on the phenazine backbone contribute to the biological 

activities of specific compounds. [55]  

1.3 Marine Natural Products as Pharmaceutical Drugs 

Marine microorganisms have a wealth of biologically potent chemicals with interest-

ing inflammatory, antiviral, and anticancer activity. In recent years, there has been a 

great interest in finding lead compounds from marine sources. [56-57] 
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The cyanobacterium Nostoc ellipsosporum, for example, has been found to produce a 

novel protein cyanovirin-N (CV-N), which has generated interest because of its viri-

cidal activity and apparent potential as an anti-HIV therapeutic agent. The antiviral 

activity of this chemical is reported to be mediated through specific interactions with 

the HIV envelope glycoproteins gp120 and possibly gp41. It has further revealed that 

cyanovirin-N (CV-N) is a new class of antiviral agent because of its unique interac-

tion with envelope glycoproteins. [58]  

Another example to mention is curacin A [59] (66), which was obtained from a marine 

cyanobacterium Lyngbya majuscula and showed potent antitumor activity.  

Other antitumor agents derived from marine sources include discodermolide [60,61] 

(67), bryostatins, [62] and cephalostatins. [63] 
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Bryostatin 1, (68), is a macrocyclic metabolite, which was isolated from the bryozo-

ans Bugula neritina and from Amathia convulata; it blocks the protein kinase C or 

the synthesis of macromolecules. It is currently in phase II clinical trials.  

Didemnin B (69) isolated from the Caribbean tunicate Trididemnum solidum, [64] 

inhibits the synthesis of RNA, DNA and proteins in various cancer cell lines. It 

showed antiviral and immunosuppressive activities as well as being an effective 

agent in treatment of leukaemia and melanoma. However, due to its toxicity, it was 

withdrawn from phase II clinical trials. [64,65] 

The culture broth of the marine isolate Streptomyces sp. B7064 was a source for the 

new macrolide, chalcomycin B (70) in our research group. Compound 70 exhibited 

strong antibacterial activity against Staphylococcus aureus, Escherichia coli and Ba-

cillus subtilis with MIC values of 0.39 μg/ml, >50 μg/ml, and 6.25 μg/ml, respective-

ly. [66]  
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Chandrananimycins A-C (70-73), novel anticancer and antibacterial agents, were isolat-

ed in our research group from Actinomadura sp. [67] 
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71 R1
 = COCH3, R2 = OH 

72 R1 = COCH2OH, R2 = H 

73 R1 = R2 = CH3 

Recent studies showed interesting results, which were obtained with a sponge-

derived marine Streptomyces isolate producing new streptophenazines A-H (74-81), 

(Figure 1).[68] 
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Figure 1: Streptophenazines A-H (74-81) as examples of phenazine derivatives iso-

lated from marine Streptomyces isolate. [79] 

Seven new oxidized and reduced phenazine-type pigments, named dermacozines A–

G (82-88), have been isolated from the actinomycetes Dermacoccus abyssi sp. nov., 

strains MT1.1 and MT1.2 together with the known phenazine-1-carboxylic acid (43) 

and phenazine-1,6-dicarboxylic acid (64). [69] 
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Table 1:  Examples of new marine drugs [70] 

Chemical name Source Chemical class Chemical target 
Therapeutic 

Indication 

AM336 (AM-
RAD) 

cone 
snail 

peptide ion channels chronic pain 

GTS21 (Taiho) 
nemertine 
worm 

anabaseine-
derivative 

ion channels 
Alzheimer’s 
disease and 
schizophrenia 

LAF389 (Novar-
tis) 

sponge 
amino acid deriva-
tive 

Methionic ami-
nopeptidase inhibi-
tor 

Cancer 

OAS1000 (Oste-
oArthritis Scienc-
es) 

soft coral 
diterpene-
pentoseglycoside 

PLA2 inhibitor 
wound heal-
ing and in-
flammation 

ILX651  

(Ilex Oncology) 
sea slug peptide 

microtubule-
interference 

Cancer 

Cematodin 
(Knoll) 

sea slug peptide 
microtubule inter-
ference 

Cancer 

Yondelis, sea squirt isoquinolone 
DNA-interactive 
agent 

Cancer 

Alipidin sea squirt cyclic depsipeptide 
oxidative 
stress inducer 
cancer 

Kahalalide F 
sea 
slug/alga 

cyclic depsipeptide 
lysosomotropic 
compound 

Cancer 

KRN7000 

(Kirin) 
sponge 

-
galactosylceramide 

immunostimulatory 
agent 

Cancer 

squalamine lactate shark aminosteroid 
calcium-binding 
protein antagonist 

Cancer 

IPL512602 In-
flazyme/Aventis 

sponge steroid unknown inflammation 
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1.4 Ruminal bacteria as new sources of potential antimicrobials  

Animal digestive tracts are complex ecosystems with a large degree of microbial 

diversity. [71] Bacteria colonizing the gut are usually involved in metabolic transfor-

mations of substrates and occasionally are considered as obligate symbionts of rumi-

nant hosts. [82,72] Consequently, numerous interactions (synergism, cross feeding, 

antagonism) are expected between ruminal bacteria. [73-74] 

Research on antimicrobials produced by ruminal bacteria allowed identification of 

various substances with bactericidal or bacteriostatic characteristics including organic 

acids, [75] hydrogen peroxide, [76] and bacteriocins. [77] These findings encouraged the 

isolation of novel ruminal bacteria with potential antagonism against pathogens. 

Gratia observed that it exists an antagonism between Escherichia coli strains and 

they could inhibit each other in the rumen. [78] Later it was reported that ruminal lac-

tococci were able to produce antibacterial substances. [79] Whitehead then demon-

strated that the lactococcal factor was proteinaceous. [80] Mattick and Hirsh, tested the 

inhibitory substance against pathogenic streptococci, [81] and Taylor et al. attempted 

to use the same inhibitory factor to treat bovine mastitis. [82] Lactococcal strains pro-

duce a variety of antibacterial substances, [83] called bacteriocins, which are riboso-

mally synthesized peptides and are different from classical antibiotics. [84] The classi-

cal definition of bacteriocins was largely based on colicins, [85] and bacteriocins have 

been recently re-defined. [86] 

Mattick and Hirsh called nisin the group N inhibitory substance of Lactococcus lac-

tis, [87] and nisin has been the most studied and best understood bacteriocin. [88] It is a 

relatively short peptide (34 amino acids) with five unusual sulfur-containing (lanthi-

onine) rings and a number of dehydrogenated residues. [89,90] Nisin molecules appear 

to assemble in the cell membrane to form a barrel-like structure that facilitates the 

loss of intracellular solutes. [91] 

Odenyo et al. observed that Ruminococcus albus 8 produced a heat stable protein 

factor that inhibited the growth of Ruminococcus flavefaciens FD1 lawns, [92] and 

further work indicated that other Ruminococcus albus strains produced bacteriocin-
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like compounds that could inhibit Ruminococcus flavefaciens strains and Butyrivibrio 

fibrisolvens. [93] Teather et al. noted that many strains of Butyrivibrio fibrisolvens 

produced bacteriocins that could inhibit other butyrivibrios. [94] They purified two 

butyrivibriocins, AR 10 butyrivibriocin and OR79 butyrivibriocin; both of them had 

relatively wide spectra of activity and were able to inhibit a variety of Gram-positive 

ruminal bacteria. 

Wells and al. showed that many of the lactobacilli produced a substance that could 

inhibit the growth of laboratory Streptococcus bovis strains. [95] They identified the 

most active strain as Lactobacillus fermentum, and this species was previously re-

ported to produce a bacteriocin. [96] 

Because some ruminal bacteria can produce bacteriocins, Teather and Forster specu-

lated that these compounds might provide effective alternatives to antibiotics as feed 

supplements. In order for ruminal bacteriocins to be effective, the peptide would 

need to be relatively stable, to have a broad spectrum of activity, and to remain active 

(not subject to resistance development). [97] 

Lauková and Czikková (1998) noted that Enterococcus faecium is not a predominant 

ruminal bacterium, but bacteriocin-producing Enterococcus faecium strains have 

been isolated from the rumen. [98] Enterococcus faecium CCM4231 and BC25 both 

inhibited Streptococcus bovis, but the bacteriocin BC25 appears to have a bacterio-

static rather than bactericidal mode of action.  

Chan and Dehority (1999) noted that inhibitory activity of Ruminococcus albus 

strains was decreased or completely destroyed by the proteolytic activity of Butyr-

ivibrio fibrisolvens H15c. [106] 

Dehority and Tirabasso (2000) indicated that ruminal bacteria produced a bacterioc-

in-like substance that inhibited ruminal fungi. [84] More recent work indicates that 

Streptococcus bovis strains can also produce bacteriocins. [99,100] Whitford et al. 

(2001) purified a bacteriocin from Streptococcus gallolyticus LRC0255, [112] and 

Russell et al. (2002) demonstrated also that a variety of ruminal bacteria produce 

bacteriocins. [101] Koppová et al. (2006) demonstrated the strong growth-inhibitory 

activity of linoleic (89) and oleic acids (90) in some rumen bacteria. [88] Linoleic acid 
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produced by Pseudobutyrivibrio ruminis inhibited the bacterial growth of Pseudobu-

tyrivibrio ruminis B 24. Linoleic acid was also produced by the ruminal bacteria 

Pseudobutyrivibrio xylanivorans and Butyrivibrio hungatei. [88] 
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In the present work, we isolated and identified ruminal bacteria from different spe-

cies of domestic livestock in Tunisia. These ruminal bacteria exhibiting activity 

against human pathogenic strains and phytopathogenic fungi were analysed for their 

inhibitory substances. 

2 Aim of the present work 

Natural products continue to play a highly significant role in the drug discovery and 

development process. [3] The main goal of the present work was the isolation, purifi-

cation and structure elucidation of new and preferably biologically active secondary 

bacterial and fungal metabolites isolated from special habitats like the rumen, rare 

terrestrial locations and selected aquatic biotopes. Special attention will be focused 

on bacteria from the stomach of ruminal animals. 

 Part one of the present work was focussed on the isolation, purification and 

structure elucidation of compounds produced by selected Tunisian ruminal 

bacteria. The idea behind this work was to explore a new natural origin and to 

find out that ruminal microorganisms could produce inhibitory substances 

with negative effect on pathogenic microorganisms, as it was reported, that in 

the rumen (in vivo) there is an antagonism between ruminal microorganisms 

(protozoa, fungi and bacteria). 
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 Part two of this work was to highlight attention on new structures from terres-

trial bacteria (Streptomyces sp, Pseudomonas, etc.), by using modern tech-

niques of separation and structure elucidation. 

 Part three of this work was an investigation of the ability of marine bacteria 

to produce secondary metabolites. 

 Part four was a study of secondary metabolites produced by two fungi: As-

pergillus flavus and Aspergillus niger.  

 Part five was to check different activities of these isolated metabolites against 

bacteria, fungi, algae, oomycetes (zoosporicidal activity test), brine shrimps 

(cytotoxicity test), and cancer (selective cellular toxicity).  

To achieve this work several chromatographic (i.e. HPLC, Sephadex LH-20, 

silica gel, RP-18 column chromatography, PTLC, etc.), spectroscopic (NMR) 

and mass spectrometry methods were carried out, supported by database 

guidance using AntiBase, [102] the Dictionary of Natural Products [103] and 

Chemical Abstracts. [104] 

 The use of such naturally occurring compounds may reduce the need for syn-

thetic insecticides and herbicides in agriculture. It could be also a contribution 

for pharmaceutical industry and drug discovery in the future. 

 Also, many food industries use preservatives to prevent the spoilage by bacte-

ria, and antimicrobial natural products have already shown this effectiveness 

in such fields. Secondary metabolites may also be used in veterinary indus-

tries to make better use of the feed (nutritional effect). We hope to make a 

contribution to one of these fields. 
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3  General Techniques 

3.1 Collection of strains 

The strains of this work were obtained via cooperations with various microbiological 

groups: 

 The collection of ruminal bacteria was obtained during the Master Thesis of 

the author, Z.I. The collected organisms were isolated from the rumen of Tu-

nisian ruminals and identified with help of Prof. Fethi Ben Hassine and his 

group at the Policlinic CNSS de Bizerte, Tunisia. In the case of the bacterium 

ZIO, the taxonomy was determined with help from E. Helmke, Alfred-

Wegener-Institute for Polar and Marine Research, Am Handelshafen 12, D-

27570 Bremerhaven, Germany. 

 All terrestrial Streptomyces spp. Ank strains were isolated and identified by 

H. Anke, IBWF. [105] The strains were cultivated on M2 medium; the taxono-

my was determined with help of Anja Schüffler, IBWF (Institute for Biotech-

nology and Drug Research, Erwin-Schrödinger-Str. 56, D-67663 Kaiserslau-

tern, Germany). 

 The marine Streptomyces spp. (B strains) were isolated and taxonomically 

identified by E. Helmke from the Alfred-Wegener Institute for Polar and Ma-

rine Research in Bremerhaven, Germany. They were cultivated on M2
+ medi-

um (sea water is added to the M2 medium). 

 The terrestrial WO strains belong to a project with Prof. Wolf on the search 

for compounds with activity against plant pathogenic fungi. 

 The Bacillus sp. ZIR, Bacillus pumilus ZIBP1, and Pseudomonas sp. ZIPS 

were isolated by the author and identified with help of Prof. Fethy Ben Has-

sine and his group at the Policlinic CNSS of Bizerte, Tunisia. 

 The bacteria will be described at the beginning of each chapter on the basis of 

morphological characteristics (colour, shape, etc.). In some cases, the taxon-

omy was fully determined on the RNA level. 
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 The fungi Aspergillus flavus, Aspergillus niger, Fusarium culmorum, Fusari-

um graminearum, Fusarium oxysporum and Botrytis cinerea belong also to 

the collection prepared by the author. 

3.2 Work up procedure for selected bacterial strains 

The general work up procedure of the investigated strains can be summarized in the 

following steps (Figure 2). Firstly, the strains were evaluated based on their chemi-

cal and biological screening. Then the cultivation of the interesting strains is scaled 

up. After isolation of the metabolites, structure elucidation is performed. Finally, 

the activity tests for the isolated compounds are carried out. 

 Isolated strains 

1-L shaker culture Storage 

Crude extract 

Chemical screening 
(Chromatogram, UV, Spray reagents) 

Biological screening 

Evaluation of results 

Upscaling 

Activity test of pure compounds 

Freeze drying of culture broth 
Extraction of lyophilisat with 

h l  

Antibacterial 

Bacillus 
 

Escherichia coli 

Staphylococcus aureus 

Streptomyces 
 

Antialgal 

Chlorella vulgaris 

Chlorella sorokiniana 

Scenedesmus subspicatus 

Antifungal 

Candida albicans  

Mucor miehei (Tü 284) 

 

 

Isolation and Structure Elucidation (NMR, databases) 

 

Figure 2: General screening of the selected strains 

3.3 Pre-screening 

Among the ruminal isolated strains, around 25% were able to produce metabolites 

with bioactivity or further interesting properties. These strains were selected on the 

basis of activity test and also characterized. A so-called pre-screening for biological 
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or chemical interactions of metabolites with test systems was performed for Strepto-

myces strains. In this method, the strains were selected by a number of suitable quali-

tative or quantitative criteria. 

The strains were sub-cultured on agar plates and microscopically examined for con-

taminations. Small pieces of the agar culture were then used to inoculate 1 L Erlen-

meyer flasks with inflections containing 250 ml of medium, followed by incubation 

on a rotary shaker at 37 °C for ruminal bacteria or at 28 °C for Streptomyces and 

Bacillus bacteria. The culture broth was then lyophilized and the dried residue ex-

tracted with ethyl acetate. The obtained crude extract was used for biological, chemi-

cal and pharmacological screenings and also for HPLC-MS. 

3.3.1 Biological screening  

In biological screening, the extracts were subjected to agar diffusion tests using Esch-

erichia coli, Streptomyces viridochromogenes (Tü 57), Bacillus subtilis, Staphylococ-

cus aureus, the fungi Mucor miehei (Tü 284) and Candida albicans, and the micro-

algae Chlorella vulgaris, Chlorella sorokiniana, and Scenedesmus subspicatus as test 

organisms. In parallel, the cytotoxic activity was evaluated against brine shrimps (Ar-

temia salina). 

3.3.2 Chemical screening 

The search and isolation of pure bioactive compounds from bacteria is a multiple step 

procedure and an expensive task. For this reason it is important to eliminate unneces-

sary work like the re-isolation of known metabolites from the crude extract or from a 

partially purified fraction. Chemical screening is a method, which allows reaching this 

aim at the earliest stages of separation and is therefore economically very important. 

The TLC (Thin Layer Chromatography) is one of the cheapest and simplest methods 

used for the detection of bacterial constituents in the crude extract. Compared with 

other methods like HPLC it is easy to perform, quick, requires simple equipment and 

is sufficiently reproducible. A spot of the crude extract is developed on a TLC card 

with a CH2Cl2/MeOH solvent system. The developed TLC plate is inspected under 

UV light, and interesting zones are further localized by exposure to spray reagents. 
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Many sprays reagents are available for the detection, some specific, and other univer-

sal. In our group, only the following spray reagents are used routineously: 

• Anisaldehyde/sulphuric acid gives different colour reactions with many structur-

ally diverse compounds. 

• Ehrlich’s reagent is a specific reagent used to determine indoles and some other 

nitrogen containing compounds; indoles turn pink, blue or violet, pyrroles and furans 

become brown, anthranilic acid derivatives change to yellow. 

• Concentrated sulphuric acid is especially used for polyenes. Short conjugated 

chains are showing a brown or black colour, carotenoids develop a blue or green col-

our. 

• NaOH is used for the detection of peri-hydroxy-quinones, which turn red, blue or 

violet. The deep red prodigiosins are showing the colour of the yellow base. 

• Chlorine/o-dianisidin is used as universal reagent for the detection of peptides. 

3.3.3 Pharmacological and biological assays 

It is evident that in order to screen a crude extract for bioactive substances, an appro-

priate test is need. Many screening programs have been developed in natural product 

chemistry, and are usually divided into two groups: general screening bioassays and 

specialized screens. These screening programs will be different, whether they were 

organized by a pharmaceutical company, or university research groups. In both cases, 

all bioassays should have high capacity, sensitive, low cost, and must give rapid an-

swers. There are two types of screening: the vertical screening mostly used in industry 

shows high selectivity and narrow results (1:10.000-1:20.000). [106] The horizontal 

screening used in our group exhibits low selectivity, however, broad results (1:3-

1:100) and gives therefore a quick overview. In our group the crude extract is 

screened using the agar diffusion test with bacteria (Gram-positive, Gram-negative), 

fungi, plants and higher organisms, the latter for cytotoxicity. Our crude extracts were 

tested against Escherichia coli, Bacillus subtilis, Mucor miehei, Candida albicans, 

Streptomyces viridochromogenes (Tü 57), and Staphylococcus aureus as well as the 

microalgae Chlorella sorokiniana, Chlorella vulgaris and Scenedesmus subspicatus. 
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The brine shrimp toxicity has a strong correlation with cellular cytotoxicity and is 

therefore a good indicator for potential anticancer activity. The bio-autography on 

TLC gives simultaneously more information about an unknown bioactive component 

in the crude extract. This is readily seen with antimicrobial compounds. The pharma-

cological tests in our group were carried out at Oncotest, BASF, or other companies. 

Chemical and biological screening complements each other and allows us to choose 

suitable strains for the scale-up. 

3.4  Cultivation and scale-up 

The cultivation and scale-up steps are carried out only after a primary screening. An 

optimisation of the culture conditions may sometimes be done in order to choose the 

best medium, improve the yield or compare the pattern of produced secondary me-

tabolites. The optimisation is usually applied when the amount of active substances 

obtained is very small.  

There were two possibilities available for the culture of bacteria: the fermentation in 

shaking flaks or in a fermenter. For the latter, a pre-culture of 2 or 5 L is to be used 

for the inoculation. After harvesting, the culture broth is mixed with Celite (diatoma-

ceous earth) and filtered under pressure. The water phase can be submitted to extrac-

tion with ethyl acetate, but it is highly recommended to use a solid phase extraction 

with XAD-16 resin due to the fact that the latter extracts also more polar compounds, 

is not harmful and reduces considerably the costs for solvents. The mycelium is ex-

tracted with ethyl acetate and acetone. The organic phases are evaporated to dryness 

and the remaining crude extracts are used for separations. 

3.5 Isolation methods 

The separation methods depend on the amount of the crude extract and the polarity 

of the compounds of interest. Generally, the crude extract is first defatted using cy-

clohexane, than subjected to silica gel chromatography using a gradient of increasing 

polarity with various solvent systems (CH2Cl2/MeOH or cyclohexane/ethyl acetate 

etc.). Size-exclusion chromatography (Sephadex LH-20) offers the advantage of a 

higher recovery rate and minimizes the destruction of compounds. It is used prefer-

entially when the amount of the crude extract is less than 50 mg. Further methods 
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like RP-18, PTLC and HPLC are also used for some final purification. All steps were 

guided by monitoring on TLC. 

3.6 Partial identification and dereplication 

Nowadays, more than 170 000 compounds have been discovered as natural products 

and about 700 new compounds are added annually from microorganisms. It is a loss 

of time and money if certain compounds are re-isolated again and again.  

It is therefore a great challenge for the natural product chemists to face the steadily 

increasing problem of how to optimise the discovery of new compounds and to min-

imize the re-isolation of known metabolites. Methods of dereplication have been 

developed to recognize known compounds at the earliest stages of the purification or 

from a partially purified mixture; these complementary processes for rapid identifica-

tion of known compounds or the elucidation of a partial structure of an unknown 

compound to prioritise or perform an isolation have been termed “dereplication”. [107] 

Nowadays there are database available where NMR derived sub-structures or physi-

co-chemical properties can be searched using computers. [108] The most useful and 

comprehensive tools for our purpose are the data collection AntiBase (Wiley-VCH) 
[115] and the Dictionary of Natural Products (DNP, Chapman & Hall). [116] The latter 

allows also the dereplication of plant metabolites but has limited spectral infor-

mation, which are the weak features of DNP.  

AntiBase, [115] containing a full range of structure and substructure search capabili-

ties, is much easier to use. AntiBase offers rapid identification of known compounds 

using a combination of structure fragments, high resolution mass spectra, 13C chemi-

cal shifts and other data. Presently, there are over 39,000 microbial compounds in 

AntiBase, so that related structures of new compounds can also be directly com-

pared. AntiBase offers either experimental or SpecInfo-calculated 13C NMR data of 

almost all metabolites, which demonstrates more significant characteristics than oth-

er natural product databases. In addition thousands of original NMR spectra are 

available for direct comparison.  
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A search in the Chemical Abstracts, which is the most comprehensive worldwide 

collection of compounds, accomplished the final confirmation of a compound. These 

databases are also important tools in the identification of new metabolites with re-

spect to compound classes and chromophores.  

Dereplication is also done with new methods like the combination of liquid chroma-

tography and detection methods such as NMR spectroscopy (HPLC-NMR) and the 

tandem mass spectrometry (HPLC-MS/MS), by which biological matrices, e.g. ex-

tracts from marine microorganisms, [109] extracts from plants [110] are screened to ob-

tain most comprehensive information about known constituents with minimum 

amount of material. Because most compounds of interest are thermally labile, HPLC-

ESI-MS/MS is the method of choice to identify known molecules from multi-

component mixtures with high selectivity and sensitivity. [111] Due to the non-chiral 

character of NMR spectroscopy and mass techniques, no information concerning the 

full absolute 3-dimentional structure is available by HPLC NMR or HPLC-MS/MS 

techniques. The CD (circular dichroism) spectroscopy [112] is widely used for the at-

tribution of the absolute configuration by comparison of the experimental data from 

structurally related compounds, if available. 

4 Investigation of selected bacterial and fungal strains: Ruminal 
bacteria 

4.1 Ruminal Pseudomonas aeruginosa ZIO 

The ruminal bacterium Pseudomonas aeruginosa was selected due to its biological 

activity against human pathogenic bacteria and fungi (Figure 3) and phytopathogenic 

fungi. The strain formed separated colonies on LB medium after incubation 24 hours 

at 37 °C.  
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Figure 3:  Activity of Pseudomonas aeruginosa against: (A): Staphylococcus 

aureus, (B): Escherichia coli, (C): Klebsiella pneumoniae 

Pieces of well-grown agar plates were used to inoculate 120 of 1L Erlenmeyer flasks, 

each containing 250 ml of LB medium (LB medium: A solution of 10 g peptone extract, 

5 g yeast extract, 5 g NaCl and 5 g glucose in 1 l of tap water was set to pH 7.8 with 2 N 

NaOH and sterilized for 30 min at 121°C).   The fermentation was carried out at 180 rpm 

on a rotary shaker for 3 days at 37 °C. The brown culture broth was harvested and 

filtered by a filter press (Figure 4) to separate the mycelium, which was extracted 

with ethyl acetate, while the culture filtrate was passed through Amberlite XAD-16.  

 

Figure 4:  Filter press 

The column was washed with 25 L demineralised water and eluted with 15 L metha-

nol. The eluate was concentrated under reduced pressure (Figure 5) and finally ex-

traction of the residue was done with ethyl acetate. 

A B C 
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Figure 5: Rotary evaporator 

On the other hand the Celite phase was extracted with ethyl acetate (3 times) and 

acetone (2 times); the organic phases were then concentrated to dryness. Both crude 

extracts were combined based on TLC yielding a greenish-brown crude extract. The 

TLC showed several UV absorbing bands and with anisaldehyde/sulphuric acid some 

compounds gave a pink colour. 

Chromatography of the crude extract (10.84 g) on silica gel column using a CH2Cl2-

MeOH gradient resulted in four fractions I-IV on monitoring by TLC. They were 

further chromatographed in different ways to isolate the individual compounds in 

pure form (Figure 6). 
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    Pseudomonas aeruginosa
(30 L shaker)

Biomass Filtrate

Mixed with celite and filtered by filter press

Extraction with EtOAc and Acetone
 

XAD-16 (MeOH), evap. EtOAc

CC using silica gel (CH2Cl2/MeOH, gradient elution )

Fraction I Fraction II Fraction IV

Indol-3-carbaldehyde

Crude extract 
(10.84 g)

A1, A2, C1A1

Phenazine-1-carboxylic acid
             

Glycolipid A

Phenyl acetic acid

  Fat 

   3 days

Fraction III

Barakacin (1) Pentadecanoic
acid methyl ester

C1

B1

3-Hydroxyacetyl-indole

A1, C1

A1= Sephadex LH-20 (CH2Cl2/ 40% MeOH)
A2= Sephadex LH-20 (MeOH)
B1= PTLC (CH2Cl2/ 5% MeOH)
C1= Silica gel column (CH2Cl2/MeOH)

 

Figure 6: Work-up scheme of the ruminal bacterium ZIO  

4.1.1 1H-Quinazoline-2,4-dione  

Compound 91 was isolated from fraction I as colourless solid. It was UV absorbing 

under UV at 254 nm, but did not give a colour reaction with anisaldehyde/sulphuric 

acid. It showed a 1H NMR spectrum with downfield signals at δ 7.97 (dd, 1H), δ 7.32 

(t, 1H), δ 7.06 (dd, 1H), δ 6.94 (t, 1H), δ 8.12 (s, NH), δ 11.8 (s br, NH). 
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Figure 7: 1H NMR spectrum (300 MHz, DMSO-d6) of 1H-quinazoline-2,4-

dione (91)  

The 13C NMR spectrum displayed two carbonyl signals at δ 163.8 (C-4) and 162.6 

(C-2), six aromatic carbon signals, four methines, and two quaternary carbon atoms 

(Figure 8). 

 

Figure 8:  13C NMR spectrum (125 MHz, DMSO-d6) of 1H-quinazoline-2,4-

dione (91) 

A search with the mentioned NMR data in the Dictionary of Natural Products [116] 

resulted in 91 as a possible structure. This was confirmed by comparison of the NMR 

data with the literature. Compound 91 was thus assigned as 1H-quinazoline-2,4-

dione. 

1H-Quinazoline-2,4-dione (91) was isolated before from plants [113] and in our group 

also from a microorganism. [114] It has been reported that quinazolinones show anti-

asthmatic, antirheumatic, antihypertonic, anti-anaphylactic, tranquilizing, neuro-

stimulating, and benzodiazepine binding activity. [115-116] The quinazolindione moie-
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ty, in particular, is widely found in natural purine bases, alkaloids and many biologi-

cally active compounds. [117] For example, 3-substituted quinazolinones, such as 

SGB-1534 and ketanserin have been found to have antihypertensive activities medi-

ated via α-adrenoceptor and serotonic receptor antagonism, [118,119] respectively. 6,7-

Dimethoxy-1H-quinazoline-2,4-dione is a key intermediate for the production of the 

medical drugs prazosin (Minipress), [120] bunazosin (detantol), [137] and doxazosin 

(cardenalin). [137] 7-Chloro-1H-quinazoline- 2,4-diones is a key intermediate for the 

production of drugs such as FK366 [121-122] and KF31327. [123] 

The quinazolinedione ring system can generally be prepared by the reaction of an-

thranilic acid with urea, [124,125] anthranilamide with phosgene, [126] and anthranilic 

acid with potassium cyanate [127] or chlorosulfonyl isocyanate. [128] 

N
H

NH

O

O

 

91 

4.1.2 Barakacin  

Purification of fraction II using PTLC followed by Sephadex LH-20 afforded 25 mg 

of barakacin (92), a yellow solid. It showed an intense green fluorescence on TLC 

under UV (366 nm). The reaction of 92 with anisaldehyde/sulphuric acid gave an 

orange colour and with Ehrlich's reagent, the spot turned to red-violet (Figure 9) in-

dicating an indole derivative.  
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Figure 9:  TLC of barakacin (92): A: under UV at 366 nm, B: after spraying 

with anisaldehyde/H2SO4 (orange), C: after spraying with Ehrlich's reagent (red-

violet) 

       

Figure 10:  Barakacin (92) in CDCl3 under UV at 366 nm 

The 1H NMR spectrum of compound 92 showed the pattern of three disubstituted 

aromatic systems. The first pattern showed two ortho-coupled 2H doublets at δ 7.50 

(J = 7.9 Hz) and 7.34 (J = 8.1 Hz), and two 2H triplets of doublets at δ 7.20 (J = 7.1, 

1.1 Hz) and 7.07 (J = 7.1, 1.0 Hz) indicating the presence of two 1,2-disubstituted 

benzene rings. Another 2H signal at δ 6.82 (2H, d, J = 1.7 Hz) and an H/D ex-

changeable broad signal at δ 7.94 (2H) together with the positive Ehrlich's reaction 

indicated a 3-substituted indole ring. Two ortho-coupled 1H doublets of doublets at δ 

7.62 (J = 7.8, 1.5 Hz) and 7.02 (J = 8.3, 1.1 Hz), and two triplets of doublets at δ 

7.29 (J = 7.3, 1.6 Hz) and 6.90 (J = 7.9, 1.1 Hz) indicated a third 1,2 -disubstituted 

benzene ring. Finally, the 1H NMR spectrum displayed two narrow doublets at δ 6.89 

(J = 0.7 Hz) and 6.11 (J = 0.8 Hz) along with a broad OH signal at δ 12.43.  

 

C      B      A      
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Table 2: Physico-chemical properties of barakacin (92) 

 Barakacin (92) 

Appearance Yellow solid  

Rf 0.90 (CH2Cl2/2% MeOH); 0.61 (CH2Cl2) 

Colour Reaction Orange with Anisaldehyde/H2SO4 spraying reagent. 

Red-Violet with Ehrlich's reagent 

Solubility Soluble in CHCl3, DMSO, MeOH, EtOH, and EtOAc. 

Insoluble in hexane, benzene and H2O 

Molecular formula C26H19N3OS 

(+)-ESI-MS: m/z (%) 864.8 ([2M+Na]+, 100), 444.1 ([M+Na]+, 10), 422.0 

([M+H]+, 15) 

(-)-ESI-MS: m/z (%) 840.9 ([2M-H]-, 92), 420.2 ([M-H]-, 100) 

(+)-HRESI-MS:  

Found 422.1321370 [M+H]+ 

Calcd. 422.13216 [M+H] +, for C26H20N3OS  

UV/VIS (0.20 mg/10 ml 

MeOH): λmax (log ε) 

(MeOH): 205 (4.43), 221 (4,77), 282 (4,27), 289 (4.25), 

326 (4.09);  

(MeOH/HCl): 209 (4.66), 220 (4.76), 282 (4.22), 289 

(4.23), 343 (4.03) 

(MeOH/NaOH): 205 (4.41), 223 (4.76), 283 (4.21), 361 

(3.92) nm. 
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Figure 11: 1H NMR spectrum (CDCl3, 300 MHz) of barakacin (92) 

 

The 1H and 13C NMR spectra confirmed the presence of two indole moieties in a 

symmetrical orientation.  

 

Figure 12: 13C NMR spectrum (CDCl3, 125 MHz) of barakacin (92) 

The HMBC spectrum of 92 indicated only 18 carbon signals of which seven were 

due to quaternary carbon atoms, and eleven methine carbons. All carbon signals were 

localised in the sp2 region, except for the methine signal at δc 36.6 (δH 6.11). The 

quaternary carbon atom at δc 168.7 could be due to a carbonyl or indicate an sp2 car-

bon localised between two heteroatoms as in a thiazole moiety (-N = Cq-S-). This 

agreed with the empirical formula and the strong green fluorescence, which resem-

bled that of aeruginoic acid, [129-130] dihydroaeruginoic acid [149,131] and the recently 

isolated karamomycins A-C. [132] 
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The molecular weight was determined by ESI-MS: Three quasi-molecular ion peaks 

in positive and two in negative ESI-MS mode, respectively, confirmed the molecular 

weight of 92 as 421 Dalton. (+)-HRESI-MS of compound 92 delivered the molecular 

formula C26H19N3OS. The 1H-1H COSY spectrum showed the expected correlations; 

the indole rings were further confirmed by HMBC cross signals (Figure 13). Correla-

tions from H-2'' (δ 6.82) to C-3'', C-3''a, C-7''a, and C-6' along with the correlation 

from H-6' (δ 6.11) to C-2'', C-3'' and C-3''a supported the assignments of the indole 

moiety (fragment A, Figure 13). 

N
H

6'5''

7''

3''

 

Figure 13: Fragment A 

S

N

S

N

2' 1'

3'
4'

6'

5'

2' 1'

3'
4' 6'

5'

 
Figure 14:  Fragments B1 and B2 
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Table 3: 13C NMR (125 MHz) and 1H NMR (300 MHz) data of barakacin (92) and 

pulicatin (93) in CDCl3
 a). The indole part of 92 was compared with vibrindole A 

(3,3'-bis-indolylmethane); δ values, J in [Hz]. 

Position Barakacin (92) 93 

δH
 (J in Hz) δC δC 

1 - 156.7 156.6 
1-OH 12.43 (s) - - 
2 - 117.2 115.4 
3 7.62 (dd, 7.8, 1.5) 126.9 126.8 
4 6.90 (td, 7.9, 1.1) 119.3 119.2 
5 7.29 (td, 7.3, 1.6) 131.5 131.2 
6 7.02 (dd, 8.3, 1.1) 117.6 117.5 
2' -  168.7 166.3 
4' - 157.9 149.5 
5' 6.89 (d, 0.7) 113.1 128.6 
6' 6.11 (d, 0.8) 36.6 58.5/28.0b 
(NH) 7.94 (2H, s) - - 
2'', 2''' 6.82 (2H, d, 1.7) 123.2 121.1 
3'', 3''' - 117.4 121.8 
3a'', 3a''' - 126.7 127.0 
4'', 4''' 7.50 (2H, d, 7.9) 119.5 119.7 
5'', 5''' 7.07 (2H, td, 7.1, 

1.0) 
119.4 119.0 

6'', 6''' 7.20 (2H, td, 7.1, 
1.1) 

122.0 121.7 

7'', 7''' 7.34 (2H, d, 8.1) 111.2 111.0 
7a'', 7a''' - 136.5 136.6 

a) referenced on CDCl3 with δH = 7.27 and δC = 77.00; b) 58.5: C-6' of 93; 
28.0: CH2 and values below are of vibrindole A 
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Figure 15:  1H-1H COSY spectrum (CDCl3, 600 MHz) of barakacin (92) 

The HMBC correlations of methines H-6 (δ 7.02) to C-2 and C-4, and H-3 (δ 7.62) 

to C-5, C-2' and the oxy-quaternary carbon C-1 indicated the presence of a 2-

substituted phenol (δ ΟH 12.43); H-3 showed an additional correlation with C-2' 

(Fragment C, Figure 16). 

The proton doublet of H-6' at δ 6.11 (J = 0.8 Hz) showed further couplings with C-4' 

and C-5' and the H-5' signal at δ 6.89 (d, J = 0.7 Hz) correlated also with C-2', C-4' 

and C-6', giving two substructures B1 or B2 (Figure 14), which overlapped with at-

oms 6' and 2' in fragments A and C, respectively (Figure 13 and Figure 16). 

These correlations revealed that the fragment A and C were connected via a thiazole 

ring B1 or B2 (Figure 14). 
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Figure 16:  Fragment C 

A distinction between the 2,4- and 2,5-disubstituted thiazoles B1 and B2 (Figure 14) 

was not possible on the basis of 2D correlations. However, comparison with pulicatin 

C (2) [133] indicated a close similarity for the phenylthiazole part, and the indole sig-

nals matched those of vibrindole A (3,3'-bis-indolylmethane [134] perfectly (see Table 

3) As the shift of thiazol carbons are scarcely influenced by sp3 C-residues, the above 

spectral information and the molecular formula finally established the structure of 

barakacin as 2-{4-[bis-(1H-indol-3-yl)-methyl]-thiazol-2-yl}-phenol (92, Figure 19). 

It is the first natural thiazolyl-indole alkaloid. [135] 

 

Figure 17:  HMBC spectrum (CDCl3, 600 MHz) of barakacin (92) 

 



46 Investigation of selected bacterial and fungal strains: Ruminal bacteria 

 

  

OH

S

N

N
H

N
H

1

3

5
1'

3'

1''

4'

6'5''

7''

3''

5'

5'''

7'''

3'''

1'''

A

B
C

A'

 

OH

S

N

OH  

   92      93 

Figure 18: HMBC correlations (→) connecting fragments A~C of barakacin (92) 

and structure of pulicatin C (93). 
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Figure 19:  (↔) 1H-1H COSY and (→) HMBC correlations of barakacin (92)  

From the above spectral information, the molecular formula, and subsequently the 

double bond equivalence as well as the precise connectivities of fragments A-C, the 

structural formula of barakacin was finally established as 2-{4-[bis-(1H-indol-3-yl)-

methyl]-thiazol-2-yl}-phenol (92). The structure was confirmed on the basis of the 

MS and NMR interpretation and by comparison with related spectra, as well as lit-

erature data. By a search in AntiBase, [115] the Dictionary of Natural products (DNP) 
[116] and the Chemical Abstract (CA) [117], no results were revealed, pointing to the 

novelty of 92 as the first thiazolyl-indol alkaloid isolated from nature, which was 

named as barakacin (92). 
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The UV spectra (MeOH) of 92 displayed four strong bands at λmax = 221, 282, 290 

and 326 nm in neutral solution. Under basic methanol conditions, the latter band 

showed a bathochromic shift to λmax = 361 nm (Figure 20). 

 

  

A 
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Figure 20:  UV/vis spectra of barakacin (92); Neutral (MeOH), Acidic (MeOH + 

HCl), Basic (MeOH + NaOH) 

The antibacterial and antifungal activities of barakacin (92) were qualitatively as-

sessed using the agar diffusion method. Although a pronounced antibacterial activity 

of many indole-alkaloids against Gram-positive bacteria have been reported, 

barakacin (92) was inactive at 40 µg/paper disc against the tested organisms. The 

B 

C 



Ruminal Pseudomonas aeruginosa ZIO  49 

 

strong activity of the crude extract of P. aeruginosa against the tested strains was due 

to phenazine-1-carboxylic acid (43). 

Barakacin (92) showed, however, a weak and unselective cytotoxic activity against a 

range of human cancer cell lines LXFA 629L and LXFL 529L (lung), MAXF 401NL 

(breast), MEXF 462NL (melanoma), RXF 944L (kidney) and UXF 1138 (uterus) 

with a mean IC50 value of 2.8 µg/ml (mean IC70 = 5.4 µg/ml).  

4.1.3 Rhamnolipid A (Glycolipid A): 

Compound 94 was isolated from fraction IV as a polar oily compound, which turned 

to dark green after spaying with anisaldehyde/sulphuric acid. 

The 1H NMR spectrum of 94 showed signals at δ 5.40, 4.80, 4.25, 3.80, 3.70, 3.40, 

2.38, 2.50 and at δ 1.25. The signals at δ 0.82, 1.20-1.62 and δ 1.25 are characteristic 

of long chain aliphatic fatty acids. 

 

 

Figure 21:  1H NMR spectrum (CDCl3, 300 MHz) of rhamnolipid A (94) 

The 13C NMR spectrum of 94 showed in the aliphatic region lipid signals at δ 22.5-

34.5 for two chains of CH2, a CH3 signal at δ 14.1, and three CH signals between 

71.2 and 73.8. The signals at δ 17.6, 67.7, 70.3, 71.2, 73.8, 95.1 are an indication of a 

sugar moiety. In the aromatic region, it displayed an ester and a carboxylic signal at δ 

171.5 and δ 174.2.  
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Table 4: 1H and 13C NMR spectral data of rhamnolipid A (94)  

Position δ H δ C C 

type 

C-1 2.50 71.3 CH 

C-2 5.40 39.8 CH2 

C-3 − 171.5 =C-O- 

C-4 4.25 71.5 CH 

C-5 2.38 1.20 CH2 

C6-C9 1.20-1.62 22.5-34.5 CH2 

C-10 0.82 14.1 CH3 

COOH − 174.2 COOH 

C-1′-5′ 1.20- 1.62 22.5-34.5 CH2 

C-6′ 0.82 17.0 CH3 

C-1′′ 4.81 95.1 CH 

C-2′′ 3.80 71.2 CH2 

C-3′′ 3.40 67.7 CH2 

C-4′′ 3.34 73.8 CH2 

C-5′′ 3.70 70.3 CH2 

C-6′′ 1.20 17.6 CH3 
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Figure 22:  13C NMR spectrum (CDCl3, 125 MHz) of rhamnolipid A (94) 

A search with the mentioned NMR data in the Dictionary of Natural Products [116] 

and according to the results given by mass spectrometry, resulted in 94 as the most 

plausible structure. Compound 94 was thus assigned as rhamnolipid A (94)  
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Cytotoxicity and proliferation assay of rhamnolipid A (94) 

Antitumor activity of compound 94 was tested in a monolayer cytotoxicity and pro-

liferation assay using human tumor cell lines as described previously. [385] 

Briefly, the number of viable cells after 4 days of incubation with a test compound 

was determined using propidium iodide as a read-out. Antitumor activity including 

the induction of apoptosis and the inhibition of cell proliferation was recorded as a 

reduction of the viable cell number relative to control wells and expressed as T/C 

(test/control) value. The requirement of antitumor activity was a T/C value of <30%. 

Tumor selectivity was defined as a 3-fold lower individual IC70 value of a cell line 
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compared to the mean IC70 value over the 37-cell line panel. All compounds were 

tested in triplicate in a panel of 37 human tumor cell lines at five different concentra-

tions ranging from 0.001 µg/ml up to 10 µg/ml. Twenty-four out of the thirty seven 

test cell lines had been established from patient-derived tumor xenografts growing in 

nude mice as described by Roth et al. [136] 

The origin of the donor xenografts was described by Fiebig et al. 1992. [137] The re-

maining 12 cell lines were kindly provided by the US National Cancer Institute or 

purchased from the American Type Culture Collection (Rockville, MD, USA).[156] 

Table 5:  In vitro antitumor activity of rhamnolipid A (94) against tumor cell 

lines in a monolayer proliferation assay. 

Tumor type Tumor cell line N° 
Test/Control (%) at drug  

concentration (30 µg/ml) 

Colorectal CFX HT29 6+++ 
Gastric GXF 251L 14++ 

Lung A Adeno LXF 529 NL 10 ++ 
Lung A Adeno LXF 629 L 5 +++ 

Breast MAXF 7 +++ 
Melanoma Xenograft MEXF 462 NL 7 +++ 

Ovarien Cancer Xenograft OVXF 899L 2 +++ 
Pancreas PAXF 10 ++ 
Prostate PRXF 14 ++ 

Pleuramesothelioma PXF 1752L 15 ++ 
Renal RXF 486L 25 ++ 

Uterus body UXF 1138L 4 + 

- (T/C = 50) + (30< = T/C < 50) ++ (10 < = T/C < 30) +++ (T/C < 10) 
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Table 6: In vitro antitumor activity of rhamnolipid A (94) against tumor cell 

lines in a monolayer proliferation assay. 

Tumor type Tumor cell line N° 
IC50 

µg/ml 

IC70 

µg/ml 

IC90 

µg/ml 

Colorectal CFX HT29 2.950 5.138 8.949 
Gastric GXF 251L 3.898 6.579 11.103 

Lung A Adeno LXF 529 NL 3.207 5.663 10.000 
Lung A Adeno LXF 629 L 3.080 5.198 8.773 

Breast MAXF 3.487 5.692 9.291 
Melanoma Xenograft MEXF 462 NL 2.900 5.158 9.172 
Ovarien Cancer Xeno-

graft OVXF 899L 3.007 4.961 8.185 

Pancreas PAXF 2.682 5.179 10.000 
Prostate PRXF 3.814 6.515 11.130 

Pleuramesothelioma PXF 1752L 3.874 6.660 11.450 
Renal RXF 486L 4.780 8.627 15.570 

Uterus body UXF 1138L 3.467 5.495 8.709 

 Mean n = 12 3.386 5.831 10.041 

 
4.1.4 Phenazine-1-carboxylic acid  

Compound 43 was obtained as a yellow solid from fraction III by further PTLC. 

Compound 43 showed UV absorbance under 254 nm and turned to yellow after 

spraying with anisaldehyde/sulphuric acid. The 1H NMR spectrum showed signals 

for seven aromatic protons: two doublets of doublets at δ 9.00 (1H) and δ 8.58 (1H) 

and two multiplets between δ 8.40-8.20 (2H) and δ 8.10-7.98 (3H). From the intensi-

ties and coupling patterns, two aromatic 1,2-disubstituted and 1,2,3-trisubstituted 

rings could be derived. The down field shift pointed to their fusion with hetero-

atoms. The (+)-ESI mass spectrum of compound 43 fixed its molecular weight as 

224 Dalton. The EI mass spectrum exhibited in addition to the molecular ion a base 

peak at m/z 180 resulting from the loss of a carboxy group, and the mass m/z 180 is 

indicative for the phenazine skeleton. A search in AntiBase [115] led to phenazine-1-

carboxylic acid (43). The structure was further confirmed by comparing the data with 

authentic spectra and the literature. [138] 
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Figure 23: 1H NMR spectrum (300 MHz, CDCl3) of phenazine-1-carboxylic acid 

(43) 

Phenazine-1-carboxylic acid (43), also known as tubermycin B was isolated previ-

ously from microorganisms Pseudomonas, [] Streptomyces cinnamonensis, [139] Strep-

tomyces misakiensis [38] and Actinomadura dassonvillei. [140] It exhibits a weak activi-

ty against Gram-positive bacteria, and a moderate activity against both Mycobacte-

rium tuberculosis BCG and Mycobacterium tuberculosis H37Rv (streptomycin re-

sistant). [141] Other phenazines have been found to inhibit DNA-dependent RNA syn-

thesis, and an intercalation mechanism has been proposed for their antibiotic action. 
[147,148148] 
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4.1.5 3-(Hydroxyacetyl)-indole 

TLC of fraction III exhibited compound 95 as a middle polar UV absorbing band, 

which turned to orange when exposed to anisaldehyde/sulphuric acid. The compound 

was obtained as colourless solid.  
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Figure 24: 1H NMR spectrum (300 MHz, CD3OD) of 3-hydroxyacetyl-indole 

(95) 

The 1H NMR spectrum showed a broad singlet of an acidic proton at δ 10.29, three 

signals with intensity of 5H protons at δ 7.58 (d), 7.38 (m), 7.08 (m), 7.00 (m, 2H). 

This resembled an indole skeleton substituted at 3-position. Additionally, in the ali-

phatic region, a 2H singlet at δ 3.74 of an oxygenated methylene group attached to an 

sp2 carbon was observed.  
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A search in AntiBase [115] pointed to 3-hydroxyacetyl-indole (95), and the latter was 

further confirmed by direct comparison with an authentic spectrum and the literature. 
[142,143] Compound 95 was isolated previously from the fungus Lactarius deliciosus, 
[144] marine red algae [145] and sponges. [146] It was also isolated from myxobacteria 

Archangium gephyra [162] in addition to several other indole derivatives, which could 

be responsible for the antifungal properties of the extract. 3-Hydroxyacetyl-indole 

(95) was isolated as tryptophane metabolite from a staurosporine producer, Strepto-

myces staurosporeus. [147] 
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4.1.6 Indole-3-carbaldehyde  

From fraction III, compound 96 was obtained as colourless solid by Sephadex LH-20 

(CH2Cl2/ 40% MeOH), giving an UV absorbing spot on TLC which was stained to 

orange by anisaldehyde/sulphuric acid.  

The 1H NMR spectrum showed a doublet at δ 8.05 with a small coupling constant (J 

= 3.4 Hz) suggesting a meta coupled proton. Moreover, four aromatic protons at δ 

7.95 (s, 1H), 7.41 (d, 1H), and 7.17 (m, 2H), indicated a 1,2-disubstituted aromatic 

ring. The 1H NMR data pointed to an indole moiety substituted at 3-position. A 

search in AntiBase [115] confirmed the compound as indolyl-3-carbaldehyde (96), 

which was finally confirmed by direct comparison with authentic spectra. 

 

 

Figure 25: 1H NMR spectrum (300 MHz, CD3OD) of indole-3-carbaldehyde (96) 
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4.1.7 Cyclo(Phe,Pro) 

Compound 97 was isolated as colourless solid from fraction IV by Sephadex LH-20 

chromatography. It showed UV absorbance and turned to violet by anisalde-

hyde/sulphuric acid. The 1H NMR spectrum showed a multiplet of a phenyl group at 

δ 7.30, a broad singlet at δ 6.08 of an acidic proton (NH), and two signals at δ 4.15 

and δ 3.98 for two methines. The spectrum revealed multiplets at δ 3.62 (m, 1H, Ha-
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10) and 3.58-3.45 (9-CH2), and the ABX system of a methylene group attached to a 

heteroatom [2.80 (dd, 1 H, Hb-10) and 2.39 (m)]. In addition, multiplets of two fur-

ther methylene groups at δ 2.10-1.85 were exhibited. 

 

Figure 26:  1H NMR spectrum (300 MHz, CDCl3) of cis-cyclo(Phe,Pro) (97) 

The ESI mass spectrum displayed a molecular ion peak at m/z 267 [M+Na]+. A 

search in AntiBase [115] afforded two isomers, namely cis-cyclo(Phe,Pro) (97) and 

trans-cyclo(Phe,Pro) (98). Comparing the 1H NMR and carbon values of CH-3 and 

CH2-10 in both isomers with literature data [148,149] pointed to cis-cyclo(Phe,Pro)  

(97). 
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The cyclic dipeptides cyclo(Phe,Pro) have previously been isolated from Rosellinia 

necatrix. [150] Cyclo(Phe,Pro) was also isolated from Streptomyces sp. AMLK-335 

and exhibited antimicrobial activity against four pathogenic microorganisms, such as 

Bacillus subtilis IAM 1069, Micrococcus luteus JCM 1464, Staphylococcus aureus 

TK 784, and Saccharomyces cerevisiae IFO 1008. [151] 
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4.1.8 Triethylamine  

Compound 99  was isolated as oily material. It showed no UV absorbance at 254 nm, 

and was colourless after spraying with anisaldehyde/sulphuric acid. The 1H NMR 

spectrum showed in the aliphatic region two signals: a methylene quartet at δ 3.22 

due to the attachment to a heteroatom and a triplet at δ 1.15.  

 

Figure 27: 1H NMR spectrum (300 MHz, CD3OD) of triethylamine (99) 

A search in AntiBase [115] with these data gave triethylamine (99). It was further con-

firmed by the literature data. [152] As triethylamine is a highly volatile liquid, it was 

obviously isolated as an inorganic salt (as further carbon signals were missing). 

 

Figure 28: 13C NMR spectrum (125 MHz, CD3OD) of triethylamine (99) 

Table 7: 13C and 1H NMR data (125, 300 MHz) of triethylamine (99) in comparison 

with literature data. [153] 

 

Position 

Experimental Literature [172] 

δC C type δH (mult.) δC δH (mult.) 

1 8.1 CH3 (t) 1.15 (t) 11.09 1.05 CH3 (t) 

2 45.9 CH2 (q) 3.2 (q) 46.96 2.58 CH2 (q) 
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Triethylamine (99) is commonly used in organic synthesis due to its basic properties 

and because it is liquid at room temperature. [154] Triethylamine (99) is often used in 

the preparation of esters and amides from acyl chlorides. [155] It is an organic acceptor 

in synthesis and a salt former in precipitation and purification operations. [156] Tri-

ethylamine (99) is mainly used in the production of quaternary ammonium com-

pounds for textile auxiliaries and quaternary ammonium salts of dyes. [157] It is a sta-

bilizer for chlorinated hydrocarbons and vinyl compounds, synthesis of semisynthet-

ic penicillins and cephalosporins and solubilizers for herbicicides in combination 

with 2,4-dichlorophenoxyacetic acid. [158] It is useful as an intermediate for manufac-

turing medicines, pesticides and other chemicals. [177] 

Triethylamine (99) is also used as an ingredient in sealing paint, in the manufacture 

of some paper and board adhesives, in reactions, as a stabilizer for the chlorinated 

solvents perchloroethylene and trichloroethylene, as an anti-livering agent for urea 

and melanine-based enamels, in the recovery of gelled paint vehicules, as an accela-

tor and activator for rubber, as a corrosion inhibitor, as a propellant, [159] as a wetting, 

penetrating, and waterproofing agent of quaternary ammonium compounds, as an 

emulsifying agent for dyes, for the production of octadecyloxymethyltriethylammo-

nium chloride (textile treatment agent), as an ingredient of photographic develop-

ment accelerator, [175] and for many other applications. 

Triethylamine (99) is the active ingredient in FlyNap, a product for anaesthetising 

Drosophila melanogaster. [160] Compound 99 is used in mosquito and vector control 

labs to anaesthetise mosquitoes. [179] It is used to prepare buffer solutions; also, the 

bicarbonate salt of triethylamine (often abbreviated TEAB, triethylammonium bicar-

bonate) is useful in reverse phase chromatography, often in a gradient to purify nu-

cleotides and other biomolecules.  
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The toxicity of triethylamine (99) in experimentally and occupationally exposed in-

dividuals has been evaluated. Severe visual disturbances and changes in electrical 

activity in the cerebral cortex have been detected in human volunteers exposed to 

triethylamine by inhalation. Occupationally exposed workers have reported visual 

disturbances associated with exposure to triethylamine. Several case reports also in-

dicate that exposure to triethylamine causes ocular and respiratory abnormalities. 

4.2 Ruminal bacterium Citrobacter freundii ZIG 

The ruminal bacterium Citrobacter freundii was selected due to its biological activity 

against human pathogenic bacteria such as Staphylococcus aureus and Klebsiella 

pneumoniae and the phytopathogenic fungi Fusarium culmorum, Fusarium gramine-

arum and Phoma tracheiphila. 

Several compounds were isolated and identified as oleic acid (100), myristic acid 

(101), palmitoleic acid (102), palmitic acid (103), 9,10-methanohexadecanoic acid 

(104), isoxanthohumol (105), cyclo(Pro,Leu) (107), cyclo(Tyr,Pro) (109), phenol 

(111) and adenine (112). 

The bacterium formed separated colonies on LB medium after incubation for 24 

hours at 37 °C. Pieces of well-grown agar plates were used to inoculate 120 of 1L 

Erlenmeyer flasks, each containing 250 ml of LB medium. The fermentation was 

carried out at 180 rpm on a rotary shaker for 3 days at 37 °C. The brown culture 

broth was harvested and filtered by a filter press, to separate the mycelium, which 

was extracted with ethyl acetate, while the culture filtrate was passed through Am-

berlite XAD-16. The column was washed with 25 L demineralised water and eluted 

with 15 L methanol. The eluate was concentrated under reduced pressure and finally 

the aqueous residue extracted with ethyl acetate. On the other hand, the Celite phase 

was extracted with ethyl acetate (3 times) and acetone (2 times); the organic phases 

were then dried. Both crude extracts were combined based on TLC yielding a green-

ish-brown crude extract. The TLC showed several UV absorbing bands and with 

anisaldehyde/sulphuric acid some compounds gave pink colour. 
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Chromatography of the crude extract (3.25 g) on a silica gel column using a CH2Cl2-

MeOH gradient resulted in three fractions I-III by TLC monitoring. They were fur-

ther chromatographed in different ways to isolate the constituents in pure form. 

Citrobacter freundii
(10 L, 3 days, 37 °Cshaker)

Biomass Filtrate

Mixed with Celite and filtered by filter press

Extraction with EtOAc and Acetone XAD-16, MeOH 

Column Chromatography using silica gel 

(CH
2
Cl

2
:MeOH, gradient elution )

Fraction I Fraction II Fraction III

Crude extract 
(3.25 g)

Sephadex LH-20
(MeOH)

Sephadex LH-20
(MeOH)

Fat (1g) Isoxanthohumol PhenolOleic acid Cis-(Pro,Leu) Adenine

Cyclo- (Tyr,Pro)-

(10 L, 3 )

Mixed and filtered by filter press

XAD-16,

(CH
2
Cl

2
:MeOH, gradient elution )

(3.25 g)

Sephadex LH-20
(MeOH)

Sephadex LH-20
(MeOH)

Cis-

Cyclo- -  

Figure 29: Work-up scheme of the ruminal Citrobacter freundii  

4.2.1 Oleic acid 

Compound 100 was isolated from fraction I as colourless, non-UV absorbing oil, 

which turned to blue with anisaldehyde/sulphuric acid. The 1H NMR spectrum ex-

hibited an exchangeable proton signal at δ 11.48, a multiplet at δ 5.36 of two olefinic 

protons (H-9, 10), three methylene signals connected to sp2 carbons at δ 2.34 (t, CH2-

2), and 2.00 (m, CH2-9, 10), as well as seven methylenes at δ 1.28. Additionally, one 

methyl triplet was observed at δ 0.85. By comparison of these data with reference 

mass spectra, this compound was identified as oleic acid (100). 
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Oleic acid (100) is the main monounsaturated fatty acid of olive oil. It suppresses 

Her-2/neu over-expression, which synergistically interacts with anti-Her.2/neu im-

munotherapy by promoting apoptotic cell death of breast cancer cells with Her-2/neu 

oncogene amplification. [161] In addition, it was reported that oleic acid (100) is a po-

tent inhibitor of fatty acid and cholesterol synthesis in C6 glioma cells. Oleic acid 

(100) showed anticancer activity against breast cancer cells. [180] Furthermore, it was 

reported that oleic acid inhibits lipogenesis in C6 glioma cells. [162] 

In addition to oleic acid (100), other oily compounds were obtained from the same 

fraction by GC-MS measurement and were characterized by gas chromatographic 

comparison with NIST spectra as one saturated fatty acid (myristic acid, 101) and 

three unsaturated acids (palmitoleic acid, 102), palmitic acid (103), and 9,10-

methanohexadecanoic acid (104).  
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4.2.2  Isoxanthohumol  

Compound 105 was isolated as colourless solid from fraction II; it exhibited a UV 

absorbing band, which showed no colour with anisaldehyde/sulphuric acid and an 

UV fluorescence pale yellow band at 366 nm. The 1H NMR spectrum of 105 dis-

played two doublets each with intensity of 2H at δ 7.30 and 6.80 as an indication of a 

1,4-disubstituted aromatic ring. In addition, a downfield 1H singlet at δ 6.04 could be 

due to an aromatic proton between two electron-donating OH-groups. Furthermore, 

an oxymethine proton gave a dd at δ 5.22, which could be adjacent to an additional 

methylene group present as ABX between δ 2.95-2.60. A 1H triplet at δ 5.17 of an 

olefinic proton linked to a methylene group was observed as dd at δ 3.20. Further-

more a 3H singlet at δ 3.78 of a methoxy group was observed. Finally, it showed two 

methyl singlets at δ 1.61 and 1.57, which could be attached to an olefinic carbon. The 

partial structures derived thereof are given below (Figure 31). 

The search in AntiBase [115] with these data and comparison with reported literature 

values [163] gave a hit for isoxanthohumol (105). Comparison of the 1H NMR spec-

trum with authentic spectra from our collection confirmed this assignment.  

 

Figure 30:  1H NMR spectrum (300 MHz, CD3OD) of isoxanthohumol (105) 
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Figure 31: Partial structures of isoxanthohumol (105) 

Isoxanthohumol (105) is an isomer of the prenylated flavonoid xanthohumol (106), 

which is the most important prenylated chalcone of hop (Humulus lupulus). [164] The 

two isomers were both isolated from the widely cultivated plant Humulus lupulus L. 

(Cannabianacae), and from the roots of Sophora flavescens. [165] Isoxanthohumol 

(105) was first isolated (and named humulol) and later identified as a flavanone by 

Verzele et al. in 1957. [166] 
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Xanthohumol (106) is converted to isoxanthohumol by thermal treatment and in-

creased pH value during the brewing process. [167] Xanthohumol (106) has been 

shown to have antiproliferative and cytotoxic effects in human cancer cell lines. [168] 

It has also been displayed to inhibit diacylglycerol acetyltransferase (DGAT). [169]  

Isoxanthohumol (105) has received much attention as a proestrogen, [170] and antivi-

ral agent, [171] as antioxidant, [172] and in recent years as a cancer chemopreventive 

agent. [173,174] 
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4.2.3 Cis-Cyclo(Pro,Leu)  

Compound 107 was isolated as colourless solid from fraction II on Sephadex LH-20. 

It showed a UV absorbance and turned to violet by anisaldehyde/sulphuric acid. 

The 1H NMR spectrum showed a broad 1H singlet of an amide NH at δ 5.98, two 

methine protons at δ 4.13 (t), and 4.02 (dd). Furthermore, a 2H multiplet between 

3.64-3.53 (9-H2), a 1H multiplet at δ 2.45-2.28 (10-Ha), and a multiplet between δ 

2.24-1.64 of 5H were observed. In addition, a 1H multiplet at δ 1.61-1.45 (7-Hb), 

and two 3H doublets of two equivalent methyl groups were found at δ 1.0 and 0.96, 

delivering an isopropyl system. 

The 1H NMR spectrum was compared with authentic spectra from our collection. A 

search in AntiBase [115] resulted in two possible isomers; cis-cyclo(Leu,Pro) (107) 

and trans-cyclo(Leu,Pro) (108). The comparison of the spectral data with reported 

literature pointed to cis-cyclo(Leu,Pro) (107). [175] 

Cis-cyclo(Leu,Pro) (107) is a cyclic dipeptide, produced e.g. by Rosellinia necatrix. 
[169] It has a potent antifungal activity against a wide range of fungal pathogens, in-

cluding eyespot, scab, powdery mildews, leaf spot disease, club root, dallar spot, and 

grey mould. [176] Cis-cyclo(Leu,Pro) (107) isolated from Streptomyces KH-614 

showed antimicrobial activity against Candida albicans IAM 4905, Mucor ramanni-

anus IAM6218, Rhizoctonia solani IFO 6218, Aspergilus fumigatus ATCC 42202, 

Glomerella cingulata IFO 9767, IFO5994, Trichophton mentagrophytes ATCC 

18749, and Trichophyton rubrum ATCC 44766. [195] Cis-cyclo(Leu,Pro) (107) 

showed also antifungal activity against Pyricularia oryzae, which causes blast dis-

ease of rice. [195]  
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4.2.4 Cyclo(Tyr,Pro) 

Compound 109 was isolated as colourless solid from fraction II on Sephadex LH-20. 

It showed a UV absorbance and turned to violet after spraying with anisaldehyde/sul-

phuric acid. It showed also a colour staining to blue by chlorine/anisidine reaction, 

pointing to an additional peptide moiety. 

 

Figure 32:  1H NMR spectrum (300 MHz, CD3OD) of cis-cyclo(Tyr,Pro) (109) 

The 1H NMR spectrum showed a 1,4-disubstituted aromatic ring due to the presence 

of AA',BB’ signals at δ 7.01 and 6.68. It displayed a broad singlet at 4.97 of an acidic 

proton (NH), as well as two methines attached to electron withdrawing substituents 

at δ 4.28 and 3.98. The spectrum revealed doublet signals at δ 3.67 and 2.70 for the 

ABX system of a methylene group, and a multiplet at δ 3.68-3.30 (9-CH2) for a 

methylene group attached to a heteroatom. In addition, multiplets of two further 

methylene groups at δ 1.2, 1.70 and 2.30 were exhibited. 

A search in AntiBase [115] led to the structural isomers cis-cyclo(Tyr,Pro) (109) and 

trans-cyclo(Tyr,Pro) (110). Comparing the chemical shifts of H-3 and CH2-10 in 

both isomers (109), and (110) with the discussed data, confirmed the compound as 

cis-form (109). 
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The cyclic dipeptides cyclo(Tyr,Pro) 109 and 110 have previously been isolated from 

Altemaria alternata. [177] The diketopiperazines are characterised by the presence of 

two chiral centres at positions 3 and 6 to afford four isomers. They have antimicrobi-

al activity. [178-179] 

4.2.5 Phenol 

Compound 111 was isolated as colourless solid with the typical smell of phenol. The 
1H NMR spectrum showed overlapping signals at δ 6.72 (d) and 6.78 (t) and one 

triplet at δ 7.18. The 13C NMR spectrum showed two CH signals with double intensi-

ty at δ 116.2 and δ 130.4 and a CH at δ 120.5, also a quaternary carbon at δ 158.2. 

 

Figure 33:  1H NMR spectrum (300 MHz, CD3OD) of phenol (111) 

Table 8: 13C and 1H NMR data of phenol (111) 

Position δC C type δH (mult.) 

1 158.2 Cq − 

3,5 130.4 CH 6.78 (t) 

4 120.5 CH 6.72 (t) 

2,6 116.2 CH 7.18 (d) 

-OH − − 5.18 (s, br, 1H) 
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Figure 34:  13C NMR spectrum (125 MHz, CD3OD) of phenol (111) 

A search in AntiBase [115] with the NMR data led to phenol (111). The typical smell 

and comparison of this compound with a phenol sample from our lab collection con-

firmed its identity. 

Phenol (111) is a versatile precursor for a large collection of drugs, most notably 

aspirin but also many herbicides and pharmaceuticals. Phenol (111) was widely used 

as an antiseptic, especially as carbolic soap, from the early 1900s through the 1970s 

and in wounds heavily contaminated with antibiotic-resistant organisms. [180] Phenol 

(111) is also used in the preparation of cosmetics including sunscreen, [181] hair dyes, 

and skin lightening preparations. Phenol (111) and its vapours are corrosive to the 

eyes, the skin, and the respiratory tract. [182] Repeated or prolonged skin contact with 

phenol may cause dermatitis, or even second and third-degree burns due to phenol's 

caustic and defatting properties. [183] Inhalation of phenol vapour may cause lung 

oedema. [205] The substance may cause harmful effects on the central nervous system 

and heart, resulting in dysrhythmia, seizures, and coma. [184] 
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4.2.6 Adenine  

On TLC, a polar band UV absorbing at 254 nm was detected in fraction III, which 

stained to blue by spraying with anisaldehyde/sulphuric acid. It was isolated and pu-

rified using PTLC followed by Sephadex LH-20 chromatography to afford a colour-
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less solid. The 1H NMR spectrum in DMSO-d6 showed two highly downfield shifted 

singlets each with intensity of 1H at δ  8.1 and 8.05 and one broad H/D-exchangeable 

singlet at 7.05 of 2H. A search in AntiBase [115] with the spectral data and a compari-

son with authentic spectra from our collection pointed to adenine (112). 

Adenine (112) named also angustmycin B is widespread throughout in animal and 

plant tissues. It was isolated first from the Actinomycete sp. 6 A-704 by Yüntsen et 

al. [185] as an antibiotic with in vitro activity against Mycobacterium tuberculosis 607 

and Mycobacteria phlei. Additionally, it showed antiviral activity and pharmaceuti-

cal useful properties to extend the storage time of whole blood preparates. [186] Ade-

nine (112) is a purine component of DNA, RNA, of coenzymes and of biosynthetic 

intermediates. 

 

Figure 35:  1H-NMR-spectrum (DMSO-d6, 300 MHz) of adenine (112) 
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4.3 Ruminal bacterium Gemella morbillorum ZIK 

The ruminal bacterium ZIK was cultivated on LB medium for 24 hours at 37 °C. 

Pieces of well grown agar plates were used to inoculate 20 of 1L Erlenmeyer flasks, 

each containing 250 ml of LB medium.  
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Figure 36:  Work-up scheme of the ruminal Gemella morbillorum 

The fermentation was carried out at 180 rpm on a rotary shaker for 3 days at 37 °C. 

The culture broth was harvested and filtered to separate the biomass, which was ex-

tracted with ethyl acetate (3 times) and acetone (2 times), respectively. The culture 

filtrate was then passed through Amberlite XAD-16. The column was washed with 

25 L demineralised water and eluted with 15 L methanol. The eluates were concen-

trated under reduced pressure and finally extraction of the residue was done with 
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ethyl acetate. The organic phases were dried. Both crude extracts were mixed prior to 

TLC yielding 1.29 g of a crude extract. Chromatography of the crude extract on a 

silica gel column using a CH2Cl2-MeOH gradient with successively increasing polar-

ity resulted in three fractions I-III according to monitoring by TLC. 

 

4.3.1 Anthranilic acid 

Compound 113 was isolated as pale yellow solid from fraction II using Sephadex 

LH-20 MeOH. It showed a blue spot under UV 254 nm and an intensive blue UV 

fluorescence at 366 nm and turned to yellow after spray with anisaldehyde/sulphuric 

acid.  

The 1H NMR spectrum revealed four protons in the aromatic region, two doublets at 

δ 6.65 and δ 7.95 and two triplets of doublets at δ 6.68 and δ 7.37 forming a 1,2-

disubstituted aromatic system. Based on NMR and MS data and a search in Anti-

Base, [115] compound 113  was elucidated as anthranilic acid. 

 

Figure 37: 1H NMR spectrum (300 MHz, CDCl3) of anthranilic acid (113) 

Anthranilic acid (113) is widely abundant in bacteria and fungi. It is a biosynthetic 

key intermediate for several alkaloids having the quinoline, acridine, quinazoline 

skeletons. [187,188] Examples are skimmiamine (114 [210,189] or peganine (115) which 

are frequently present in the Rutaceae family and of the phenazines, which formally 

can be divided into two molecules of anthranilic acid. [190] 
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4.3.2 1-Hydroxy-4-methoxy-2-naphthoic acid 

Compound 116 was isolated from fraction III as colourless solid. On TLC, it gave an 

intense blue UV fluorescence; the zone turned light brown with anisaldehyde/sul-

phuric acid.  

The 1H NMR spectrum of compound 116 showed a typical pattern of four ortho-

coupled protons (two doublets at δ 8.20 and δ 8.05 and two overlapping triplets at δ 

7.43) indicating a 1,2-disubstitued aromatic system. A 1H singlet (7.35) indicated a 

further penta-substituted aromatic ring. Finally, the singlet of an sp2-bound methoxy 

group was located at δ 3.85. 
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Figure 38:  1H NMR spectrum (300 MHz, CD3OD) of 1-hydroxy-4-methoxy-2-

naphthoic acid (116) 

 

 

 

Figure 39:  13C NMR spectrum (125 MHz, CD3OD) of 1-hydroxy-4-methoxy-2-

naphthoic acid (116) 

The molecular weight of compound 116 was determined as 218.0 Dalton by EI-MS. 

HREI-MS deduced the molecular formula C12H10O4.  

OH

O

OH

O

CH3  

116 

Based on the spectroscopic data and a search in AntiBase, [115] this compound was 

determined as 1-hydroxy-4-methoxy-2-naphthoic acid (116) and confirmed by com-

parison with authentic spectra from our collection and with the literature. [191] 
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Table 9: 1H and 13C NMR data of 1-hydroxy-4-methoxy-2-naphthoic acid 

(116) in comparison with literature values [214] in CD3OD 

Position δH δH Literature [214] δC δC Literature [214] 

1 ─ ─ 155.1 155.3 
2 ─ ─ 110.2 125.8* 
3 7.35 (s) 7.19 (s) 104.3 101.8 
4 ─ ─ 148.0 147.6 
4a ─ ─ 130.0 129.8 
5 8.05 8.18 (1H, d) 122.2 121.8 
6 7.35 7.62 (1H,ddd) 128.0 128.4 
7 7.43 7.56 (1H, ddd) 126.4 126.1 
8 8.20 8.33 (1H, d) 124.0 123.4 
8a ─ ─ 126.0 125.8 
9 ─ ─ 178.2 173.9 
10 3.85 3.96 (3H, s) 56.0 55.1 

*Wrong value reported in literature 

 

4.4 Ruminal bacterium Enterobacter amnigenus ZIH 

The bacterium ZIH was cultivated in small scale. The first 5 l culture of Enterobacter 

amnigenus was grown in 1 l Erlenmeyer flasks filled with 300 ml of LB-medium 

(peptone 8 g, yeast extract 5 g, NaCl 5 g per liter distilled water, adjusted to pH 7.8) 

on a linear shaker with 95 rpm at 37 °C. After three days of fermentation, the culture 

broth was used to inoculate a Braun Biostat U fermenter, filled with 20 l of LB me-

dium. The following conditions were maintained: stirring at 200 rpm, 37 °C, pH 6.5 

± 1.5, aeration 1.5 m3/h. The culture broth was harvested after 5 days.  

The biomass was filtered off by means of a pressure filter and extracted with ethyl 

acetate and acetone. On basis of their similar chromatograms, both extracts were 

combined, yielding 3.3 g of crude extract, which was chromatographed by silica gel 

column chromatography (CC; CH2Cl2/MeOH, stepwise gradient) under TLC moni-

toring to afford four fractions I-IV. 
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Figure 40:  Work-up scheme for the ruminal Enterobacter amnigenus 

4.4.1 Nß-Acetyltryptamine  

Compound 117 was isolated as colourless solid from fraction II; it showed a UV ab-

sorbing band, which turned to orange/violet by anisaldehyde/sulphuric acid and pink 

by Ehrlich's reagent, as indication of an indole derivative. 

The 1H NMR spectrum displayed a broad NH singlet at δ 8.30, five signals of aro-

matic protons as well as three signals in the aliphatic region. In the aromatic region, 

it showed two doublets each with intensity of 1H at δ 7.60 and 7.38, two overlapped 

triplets at δ 7.26-7.08 forming an 1,2-disubstituted benzene ring, as well as a doublet 

at δ 7.03 of a proton with a m-coupling or next to an amino group. In the aliphatic 

region, a broad singlet at δ 5.70 of an NH moiety was observed, a quartet at δ 3.60 

for methylene protons, which showed a triplet after H/D exchange, confirming that it 
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is adjacent to an amino group. Furthermore, a triplet at δ 2.98 of methylene protons 

indicated an ethandiyl group, while a singlet of a methyl group typical for an acetyl 

group was observed at δ 1.93. A search in AntiBase [115] led to Nβ-acetyltryptamine 

(117), which was further confirmed by comparison with an authentic spectrum and 

the literature. [192] 

Nß-Acetyltryptamine (117) is known as secondary metabolite from different species 

of plants [193] e.g. leaves of Prosopis nigra (Liguminosae), [116] as well as from bacte-

ria e.g myxobacterium Archangium gephyra strain Ar T205; it is known for its anti-

fungal properties. [162]  
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4.4.2 Tyrosol 

Fraction III yielded on Sephadex-LH 20 compound 118, which was isolated as col-

ourless oil. It was absorbing at 254 nm, and turned to a red colour when sprayed with 

anisaldehyde/sulphuric acid. 

 

Figure 41: 1H NMR spectrum (300 MHz, CD3OD) of tyrosol (118) 
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The 1H NMR spectrum of compound 118 displayed a pair of doublets at δ  7.09 and 

6.74 integrating for two protons each and corresponding to a A2B2 system with the 

same coupling constant, characteristic of a 1,4-disubstituted aromatic ring. The up-

field shift of these signals is the evidence of electron donating groups on the aromatic 

ring. At δ 3.65, a triplet appeared integrating for two protons and corresponding to 

the two geminal protons of a hydroxymethylen group present in the molecule. At 

δ 2.72, another triplet appeared which integrated for two protons that corresponded 

to a methylene linked to the aromatic ring. 

OH
OH  

118 

A search in AntiBase [115] using the above spectroscopic data and comparison of the 
1H NMR spectroscopic data with those in the literature [194-194] resulted in tyrosol 

(118), which has been further confirmed by comparing with authentic spectra as well 

as literature data. [195,196] 

Tyrosol (118) is a compound of pharmacological interest showing antioxidating ac-

tivity. It has been used in atherosclerosis treatment, protecting low-density lipopro-

teins (LDL) from oxidation, which played an important role in the initiation and pro-

gress of cardiovascular disease. [197-198] Tyrosol (118) is present in a variety of natural 

sources. The principal source in the human diet is olive oil. In olive oil, tyrosol forms 

esters with fatty acids. [199] As an antioxidant, tyrosol can protect cells against injury 

due to oxidation. [200] Tyrosol (118) was also reported to be antibiotically weakly 

active against Saccharomyces cerevisiae (>100), Nematospora corlyi (> 100) as well 

as to be moderately phytotoxic and antifungal. [201] Compound 118 is widespread in 

fungi e.g. Candida sp., [226] Ceratocystis fimbriata, Cochliobolus lunata, G. fuikuroi, 

Pyricularia oryzae [202] as well as several Ceratocystis sp. isolated from leaves of 

Ligustrum ovalifolium and the bark of Fraxinus excelsior, or Gibberella fuikuroi and 

peanuts. [203] 
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4.4.3 Phenol  

From the same fraction III compound 111 was isolated as colourless solid and gave 

pink colour after spray by anisaldehyde /sulphuric acid. It is UV absorbing at 254 

nm. Compound 111 was isolated before from the ruminal ZIG and described in para-

graph 4.2.5 in CD3OD. 

 

Figure 42: 1H NMR spectrum (300 MHz, CDCl3) of phenol (111)  

The 1H NMR spectrum of 111, in CDCl3, displayed three resonances in the aromatic 

region at δ 7.28 (2H, d, J = 8.5 Hz, H-2, 6), at δ 6.87 (1H, t, J = 8.5 Hz, H-4), at δ 

6.82 (2H, t, J = 8.5 Hz, H-3, 5). It also displayed an exchangeable proton for an OH 

group at δ 5.62 (1H, br, s). On the basis of the above data as well as by comparison 

with the literature, it was deduced that compound 111 was phenol. 

4.4.4 Tryptophol 

Compound 119 was isolated as brown solid from fraction IV, by Sephadex LH-20 

(MeOH). It showed a UV absorbing band at 254 nm, and was stained to violet by 

anisaldehyde/sulphuric acid. The 1H NMR spectrum of compound 119 showed a 1H 

signal for an exchangeable proton at δ = 8.05 (s, br, 1 H, NH). In the aromatic region, 

it showed also a 1,2-disubstituted aromatic ring due to the presence of four 1H sig-

nals at δ 7.63 (d, 1 H, 4-H), 7.39 (d, 1 H, 7-H), 7.21 (dd, 1 H, 5-H), 7.19 (dd, 1 H, 6-

H), and one singlet at 7.10 (s, 1 H, 2-H); the OH signal was not invisible. 

In the aliphatic region, it showed two 2H triplets at δ 3.93 (t, 3J = 6.6 Hz, 2 H, 9-

CH2) and 3.05 (t, 3J = 6.6 Hz, 2 H, 8-CH2): According to the shifts, a 1,2-

disubstituted ethylene group could be attached at one side to an sp2 carbon and at the 

other side to a hetero atom (O or N).  
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EI-MS showed a molecular ion peak at m/z 161 followed by a base peak at m/z 130 

due to the indolyl-3-methylene ion. A search in AntiBase [115] led to the identification 

of compound 119 as tryptophol, which was further confirmed by comparison of the 

sample with the data of authentic NMR spectra from our collection and in the litera-

ture. 

Tryptophol (119) is a very common metabolite of plants and fungi. [204] Tryptophol 

was firstly obtained by Ehrlich from fermentation of amino acids by yeast. [205] It was 

also isolated and easily identified from this strain. It is reported to inhibit the growth 

of Gram-positive bacteria and Candida albicans. [206] 
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4.4.5 Brevinic acid 

Compound 120 was isolated from fraction III as a purple pigment. It showed UV 

absorbance under 254 nm. The 1H NMR spectrum showed in the aromatic region 

signals at δ 7.61, 7.64, 7.91 and 7.94. In the aliphatic region it displayed signals at δ 

2.10, 2.50, 3.09, 3.68 and 5.22. 

 

Figure 43:  1H NMR spectrum (300 MHz, CD3OD) of brevinic acid (120) 
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Figure 44:  13C NMR spectrum (125 MHz, CD3OD) of brevinic acid (120) 

 

Table 10: 13C and 1H NMR data of brevinic acid (120) 

Position δC C type δH (mult.) 

1 126.6 CH δ 7.94 (d, 1H) 
2 135.6 CH 7.61 (t, 1H) 
3 133.4 CH 7.64 (t, 1H) 
4 128.2 CH 7.91 (d, 1H) 
4a 131.6 Cq ─ 

5 182.5 Cq ─ 

5a 114.5 Cq ─ 

6 ─ ─ ─ 

7a 32.0 CH2 3.09 (dd, J = 16 Hz, 6 Hz, 1H) 
7b 32.0 CH2 3.68 (dq, J = 16 Hz, 6 Hz, 1H) 
8a 32.5 CH2 2.10 (m, 1H) 
8b 32.5 CH2 2.50 (m, 1H) 
9 58.0 CH 5.22 (dd, 1H) 
10 ─ ─ ─ 

10 a 147.9 Cq ─ 

11 180.2 Cq ─ 

11 a 134.2 Cq ─ 
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A search in AntiBase [115] using the above spectroscopic data and comparison of the 

NMR spectroscopic data with those reported in the literature resulted in brevinic acid 

(120). 

4.4.6 Indole-3-lactic acid 

Compound 121 was isolated as colourless oil from fraction IV. It exhibited UV ab-

sorption at 254 nm and turned red by anisaldehyde/sulphuric acid. The 1H NMR 

spectrum of 121 revealed five aromatic protons, which were indicative for a 3-

substituted indole moiety. The spectrum showed two doublets of doublets at δ 7.65 

and 7.37 and two triplets of doublets at δ 7.05 and 6.95, respectively, of a 1,2-

disubstituted benzene ring. In addition there was a singlet at δ 7.11. In the aliphatic 

region, the signal of an oxygenated methine group at δ 4.21 and signals of diastereo-

topic methylene protons at δ  2.90 and 2.95 were visible, which indicated the neigh-

bourhood of a stereogenic centre and possibly of an sp2-carbon or a hetero atom.  

 

Figure 45: 1H NMR spectrum (CD3OD, 300 MHz) of indole-3-lactic acid (121) 
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The ESI mass spectrum gave a pseudomolecular ion peak at m/z 228 [M+Na]+, 

which fixed the molecular weight to 205 Dalton. Based on the above spectroscopic 

data, the isolated compound was identified as indole-3-lactic acid (121), which was 

further confirmed by comparing the data with the authentic spectra.  

Compound 121 was frequently found in bacteria, fungi and yeasts and exhibited ac-

tivity against Candida albicans. It is a naturally occurring indole derivative, prefera-

bly detected in soil bacteria and fungi and only in low amounts in plants. [207] It is a 

weak auxin analogue. [233] Indole-3-1actic acid is formed from tryptophane via tryp-

tamine. [208] 
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4.4.7 Butyl glycoside 

Compound 122 was isolated from fraction IV as colourless polar compound after 

purification by using Sephadex LH-20 and RP-18 chromatography columns. It was 

not UV absorbing and turned to green after spraying with anisaldehyde/sulphuric 

acid. 

The 1H NMR spectrum displayed at δ 4.75 (d, J = 1.5 Hz) a doublet of an anomeric 

proton (which suggested the presence of a sugar moiety), a multiplet of four oxygen-

ated methines between δ 3.76-3.50 and two oxygenated methylene groups at δ  3.40, 

3.72 and 3.68, 3.80. In addition, it showed two multiplets of two methylenes at 

δ 1.40 and 1.60 and one methyl group at 0.93. 
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Figure 46:  1H NMR spectrum (300 MHz, CD3OD) of butyl glycoside (122) 

The 13C NMR spectrum revealed ten carbon atoms, seven of them were oxygenated. 

The resonance at δC 101.5 was again characteristic for the acetal carbon of a sugar 

skeleton. The other oxygenated carbon signals were observed at δC 74.6 (CH-2'), 

72.7 (CH-3'), 72.3 (CH-4'), 68.6 (CH-5'), 68.3 (CH2-1), and 62.9 (CH2-6'), respec-

tively. Additionally, three signals at δC 32.7, 20.5 and 14.2 were assigned as two 

methylenes and one methyl of an aliphatic chain.  

 

 

Figure 47: 13C NMR spectrum (125 MHz, CD3OD) of butyl glycoside (122) 
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Table 11: 1H and 13C NMR data, HMBC and COSY correlations of butyl glyco-

side (122) in CD3OD 

Position δC C 

 

δH (mult.; J in Hz) COSY HMBC 

1 68.3 CH2 3.40 2 1' 

  CH2 3.72 2 1' 

2 32.7 CH2 1.60 (m, 2H) 3 ─ 

3 20.5 CH2 1.40 (m, 2H) 2, 4 1, 2, 4 

4 14.2 CH3 0.91 (t, 3J = 7.3 Hz, 3H) 3 2, 3 

1' 101.5 CH 4.75 (d, 3J = 1.5 Hz, 1H) 2' 1, 2', 3' 

2' 74.6 CH 3.50 (m) 3' ─ 

3' 72.7 CH 3.76 (m)  4' ─ 

4' 72.3 CH 3.76 (m) 5' ─ 

5' 68.6 CH 3.60 (m) 6' 3', 4' 

6' 62.9 CH2 3.68 (m)  5' 5' 

 

The oxymethylene group at δ 3.40/3.72 (δC 68.3) coupled with the anomeric carbon 

and with the n-propyl residue by COSY and HMBC, respectively.  Compound 122 

was correspondingly elucidated as a butyl hexopyranoside 122, in agreement with 

the (+)-ESI MS data (m/z = 259 for [M+Na]+). A search in AntiBase [115] and the 

Chemical Abstract for compound 122 resulted in no hits. The compound is obviously 

new; the configuration remains, however, open at present, but can probably solved 

best by comparison with a synthetic sample. 

4.4.8 Other metabolites  

From the same strain, uracil (126) and adenine (124) were isolated. Compound 126 is 

a pyrimidine base of RNA; it base pairs with adenine and replaces thymine during 

DNA transcription. Methylation of uracil produces thymine.  

Uracil (126) helps in the body to carry out the synthesis of many enzymes necessary 

for cell function through bonding with ribose and phosphate. [209] Uracil (126) serves 

as coenzyme for reactions in the human body and in plants. [209] 
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Compound 126 is also involved in the biosynthesis of polysaccharides and the trans-

portation of sugars containing aldehyde functions. It can also increase the risk for 

cancer in cases in which the body is extremely deficient in folate. [210] The deficiency 

in folate leads to increased ratio of (dUMP)/ (dTMP) and uracil misincorporation 

into DNA and eventually low production of DNA.[236] Uracil (126) can be used to 

determine microbial contamination of tomatoes. The presence of uracil is an indica-

tion of lactic acid bacteria contamination in the fruit. [211] 

From this bacterium Enterobacter amnigenus ZIH, 3-hydroxyacetyl-indole (95) was 

also isolated described previously in 4.1.5), together with two diketopeparazines, 

cyclo(Phe,Pro) (97) and cyclo(Pro,Leu) (107), which were already described previ-

ously in paragraphs 4.1.7 and 4.2.3, respectively. 

4.5 Ruminal Serratia rubidae ZIE 

The strain Serratia rubidae ZIE was grown in LB medium at pH 7 in 80 of 1 L Er-

lenmeyer flasks each containing 250 ml. The culture was cultivated on a shaker at 37 

°C.  

 

Figure 48: Culture of Serratia rubidae  

After 3 days, the pink culture was harvested and was filtered with the aid of the filter 

press (Figure 4). The water phase was given on an Amberlite XAD-16 column and 

eluted with methanol.  

 

Figure 49: Water phase adsorbed on XAD-16 column 
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The mycelium was extracted with ethyl acetate and acetone. The two extracts were 

brought to dryness under vacuum and finally combined, as the TLC of both extracts 

were same, resulting 6.2 g of dark pink crude extract.  

 

Figure 50: Mycelium obtained after filtration by filter press 

From this ruminal bacterium Serratia rubidae, eight compounds were isolated, some 

of which had been previously described in this thesis; they were identified as thy-

mine (123), adenine (124), thymidine (125), uracil (126), prodigiosin (127), indole-3-

acetic acid (128), 1-acetyl-β-carboline (129), actinomycin D (131) and 1-hydroxy-4-

methoxy-2-naphthoic acid (134). However, from HPLC-MS of the crude extract, a 

compound with a molecular weight of m/z 1049 was observed. Preliminary ESI-

MS/MS studies revealed that the compound was potentially a new cyclopeptide 

structurally related to surfactin C.  
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Figure 51: Work-up scheme of the ruminal Serratia rubidae ZIE  

4.5.1 Surfactin derivative 

The crude extract of this strain was submitted to HPLC-ESI-MS, where the presence 

of peptide homologues with quasimolecular ions at m/z values of 1058.8, 1072,9 and 

1086.9 were detected.  

A compound with molecular weight m/z 1049 was observed and further investigated 

by HR-MS to obtain the molecular formula C54H95N7O13, and then submitted to 

HPLC-ESI-MS/MS (Figure 52). 
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Figure 52: Tandem Mass Spectrometry. HPLC-ESI-MS/MS of the selected peak m/z 

1050 [M+H]+  

ESI-MS/MS is particularly useful in the elucidation of peptides as it induces amide-

bond cleavage and hence the amino acid sequence of peptides can be obtained. 

 

Figure 53: Partial amino acid sequence [Leu-Leu-Asp-Leu-Leu] of the peptide with 

the molecular weight m/z 1049 
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Figure 54: Tandem Mass Spectrometry 

 

 

Figure 55: Tandem Mass Spectrometry  

Preliminary ESI-MS/MS studies revealed that the compound was a potentially new 

cyclopeptide structurally related to surfactin C, Figure 54. Further mass spectrometry 

measurements are needed to confirm the sequence of this peptide. 
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A number of surfactins have been isolated from Streptomyces sp. as well as Bacillus 

spp. Surfactins obtained from Bacillus subtilis [212] are most efficient biosurfactants, 

and exhibit potent antifungal, and antitumor activities against Ehrlich ascites carci-

noma cells. They are known to inhibit fibrin clot formation, as well as cyclic adeno-

sine 3',5'-monophosphate phosphodiesterase. [213,214] 

 

4.5.2 Prodigiosin 

Fraction II exhibited gradient pink spots on TLC, and was subjected to Sephadex 

LH-20 MeOH. The resulting sub-fraction was further purified by PTLC (5% 

MeOH/DCM) and then again by Sephadex LH-20 MeOH. 

 

 

Figure 56: Fraction II from the crude extract of the ruminal Serratia rubidae 

eluted on Sephadex LH-20 (MeOH)  

 

Figure 57: TLC showing prodigosines, which turned to yellow with NaOH 
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The pink spots on TLC turned to yellow after moistening with sodium hydroxide, as 

indication of prodigosins; they turned to blue after spraying with anisalde-

hyde/sulphuric acid. The blue compound (see Figure 56) could not be isolated. 

Prodigosines were reported to have antibacterial, [215] antifungal, [241] antiprotozoal, 

antimalarial, [216] immunosuppressive, [217] and anticancer properties. [218] 
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4.5.3 Indole-3-acetic acid  

Working up of fraction III on Sephadex LH-20 led to compound 128 as a colourless 

solid. It showed a UV absorbing band, which turned to orange and pink with anisal-

dehyde/sulphuric acid and Ehrlich’s reagent, respectively. The 1H NMR spectrum of 

compound 128 showed in the aromatic region two 1H doublets at δ 7.53, δ 7.37, two 

1H triplets at δ 7.09 and 7.01 for 1,2-disubstituted benzene ring, as well as a singlet 

at 7.17; this signal pattern was indicative for an indole group. In the aliphatic region 

a methylene singlet was found at δ 3.94. By searching in AntiBase, [115] compound 

128 was identified as indole-3-acetic acid. [219] 

Indole-3-acetic acid (128) is widespread in human urine, fungi, corn, and can be cat-

egorised as an auxin (phytohormon). [220] It is one of the important hormones respon-

sible for the acceleration of growth of higher plants (plant growth regulator). It plays 

an important role in a number of plant activities, including fruit development, abscis-

sion, and root initiation. [221]  
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4.5.4 1-Acetyl-β-carboline 

Compound 129 was isolated as pale yellow solid from fraction III. It formed a 

strongly UV absorbing band with blue fluorescence that gave a yellowish-green col-

our with anisaldehyde/sulphuric acid. The 1H NMR spectrum of 129 showed a broad 

NH or OH signal at δ 10.31, two doublets at δ 8.55 and δ 8.17 with the coupling con-

stant of 4.9 Hz, which is smaller than the ortho coupling and larger than a meta cou-

pling of a benzene system; thus, a heteroaromatic ring was supposed. The doublet at 

δ 8.16 (1H), two doublets of doublets at δ 7.61 (2H), and a multiplet at δ 7.34 (1H) 

revealed a 1,2-disubstituted benzene ring. In addition, the spectrum exhibited one 

singlet at δ 2.90 of an acetyl group. A search in AntiBase [115] resulted in 1-acetyl-β-

carbolin (129), which was further confirmed by comparison with the authentic spec-

tra as well as literature data. [222] 

 

Figure 58: 1H NMR-spectrum (CDCl3, 300 MHz) of 1-acetyl-β-carboline (129) 
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β-Carboline alkaloids are metabolites from plants, [223,224] bacteria and fungi, many of 

them exhibit phamacological activities [225] e.g are enzyme inhibitors (monoamineox-

idase, cAMP-phosphodiesterase) or antiviral agents [226] and of special interest be-

cause of their strong affinity to the benzodiazepine receptor. β-Carbolines are also 

used as herbicides and fungicidal agents. [227] 

4.5.5 4-Hydroxy-5-methyl-furan-3-one 

Compound 130 was oily and showed a UV absorbing band at 254 nm, which turned 

to violet with anisaldehyde/sulphuric acid. The 1H NMR spectrum of compound 130 

showed in the aliphatic region two singlets at δ 2.32 (s, 3H) and at δ 4.60 (s, 2H). 

 

Figure 59: 1H NMR spectrum (300 MHz, CDCl3) of 4-hydroxy-5-methyl-furan-

3[2H]-one (130) 

4-Hydroxy-5-methyl-furan-3[2H]-one (130) was extracted before from Pinaceae 

species (plants) and has also been isolated in parallel to the present thesis in our 

group;228 it has strong anti-oxidant properties and a skin-whitening activity. It is not 

irritating and could be applied in cosmetics. [229]  

The antioxidant activity of compound 130 was more interesting than that of ascorbic 

acid and its derivatives which are unstable in an aqueous medium and liable to oxida-
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tions, and cause irritations to the skin. Kojic acid also has drawbacks as its skin-

whitening activity is insufficient and it is unstable. Compound 130 has the ability to 

inhibit melanine formation and it is stable for long period of time. Compound 130 

has also been used as flavouring agent for food. [255]  

O

O

CH3

OH

 

130 

4.5.6 Actinomycin D 

Compound 131 was isolated from fraction IV by Sephadex LH-20 in methanol as 

reddish-orange coloured solid. It was UV absorbing and showed no colour change 

with NaOH, but turned to red with concentrated sulphuric acid. 

The 1H NMR spectrum showed four NH doublets between δ 8.1 and 7.2, indicative 

for a peptide. The spectrum showed also two ortho-coupled protons at δ 7.39 (d, 3J = 

7.9 Hz, 1H, H-7), and 7.67 (d, 3J = 7.9 Hz, 1H, H-8) of a 1,2,3,4-tetrasubstituted ar-

omatic ring, and two 3H singlets at δ 2.20 and 2.43 for methyl groups attached to an 

aromatic system. This is characteristic for the phenoxazinone chromophore (Figure 

60) in actinomycins. 

O

N

CH3 CH3

O

NH2

NOON
H H

 

Figure 60: Phenoxazinone chromophore 



Ruminal Serratia rubidae ZIE  95 

 

The spectrum also exhibited eight proton signals of oxygenated or α-amino acid pro-

tons between δ 6.0 and 4.5. Further signals were observed between 4.03-3.40 for 

many methylene and methine groups. Six 3H singlets were observed between δ 2.93-

2.23, four of them for N-methyl groups, and two for methyl groups attached to an 

aromatic ring. Additionally, the spectrum showed five multiplets between 0.99-0.82. 

 

Figure 61:  1H NMR spectrum (300 MHz, CDCl3) of actinomycin D (131) 

The 13C NMR spectrum exhibited 11 signals between δ 100.1-148.0 and one signal at 

δ 178.5, which are attributed to the twelve ring-carbon atoms of the phenoxazinone 

system. Twelve sp2 carbonyls were observed around δ 166.0-174.0 and are character-

istic to those of amide and lactone-carbonyl groups of a peptide. The α-carbon atoms 

of the amino acids were shown in the region δ 46.0-60.0. In addition, two signals of 

oxygenated methine carbons were at δ 71.0 and δ 75.0. 

 

Figure 62: 13C NMR spectrum (300 MHz, CDCl3) of actinomycin D (131) 
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A search in AntiBase [115] resulted in actinomycin D (131). Compound 131 was fur-

ther confirmed by comparing the spectra with authentic ones as well as the literature. 
[161,230] The actinomycins form a family of chromopeptide antitumor antibiotics iso-

lated from various Streptomyces strains. [231-232] They have a phenoxazinone chromo-

phore in common and are varying only in the amino acid content of their two dep-

sipentapeptide moieties. [233] 

Actinomycin complexes termed A, B, C, D, I, X, Z, as well as other actinomycin 

analogues have often been reviewed. [234] Actinomycin C3 and D (131) have found 

clinical application as anticancer drug, particularly in the therapy of Wilm’s tumor 
[235] and soft tissue sarcoma in children. [236] Actinomycin D has been proposed as a 

therapeutic agent for AIDS, because it is a potent inhibitor of HIV-1 minus-strand 

transfer. [237] 

4.6 Ruminal Klebsiella pneumoniae ZIC  

The ruminal bacterium ZIC was cultivated on LB medium for 24 hours at 37 °C. 

Pieces of well grown agar were used to inoculate 20 of 1L Erlenmeyer flasks, each 
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containing 250 ml of LB medium. The fermentation was carried out at 180 rpm on a 

rotary shaker for 3 days at 37 °C. The culture broth was harvested and filtered to sep-

arate the biomass, which was extracted with ethyl acetate (3 times) and acetone (2 

times), respectively. The culture filtrate was then passed through Amberlite XAD-16. 

The column was washed with 25 L demineralised water and eluted with 15 L metha-

nol. The eluates were concentrated under reduced pressure and finally extraction of 

the residue was done with ethyl acetate. The organic phases were dried. Both crude 

extracts were mixed according to TLC yielding 1.41 g of a crude extract. Chromatog-

raphy of the crude extract on a silica gel column using a CH2Cl2-MeOH gradient 

with successively increasing polarity resulted in three fractions I-III, according to the 

TLC monitoring.  

Klebsiella pneumoniae
(20 L shaker)

  Biomass Filtrate

Mixing with celite and filtered by filterpress

Extract. with EE and acetone
 

XAD-16, MeOH , evap.

CC using silica gel (CH2Cl2:MeOH, gradient elution )

Fraction I Fraction II Fraction III

Fat

Crude extraxt 
(1.41g)

Sephadex LH-20
(MeOH)

Sephadex LH-20 
(MeOH)

   Genisteine

4-Hydroxybenzoic acid  

Uracil Adenine

 

Figure 63: Work-up scheme of the ruminal Klebsiella pneumoniae 
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Four compounds were isolated from the ruminal Klebsiella pneumoniae; all of them 

were known and were identified as 4',5,7-trihydroxyisoflavone (genisteine, 133), 

uracil (126), 4-hydroxybenzoic acid (134), and adenine (124). 

4.6.1 4',5,7-Trihydroxyisoflavone (genisteine) 

Compound 133 was isolated from fraction II as white powder, which showed UV 

absorption at 254 nm. The molecular formula C15H10O5 was deduced by HRESIMS. 

The aromatic region of the 1H NMR spectrum of compound 133 showed signals at δ 

8.03 (d), 6.38 (dd), 6.19 (d) and an A2B2 pattern at δ 7.38 (d) and 6.82 (d). 

The above data indicated that compound 133 could be an isoflavone. A search in 

AntiBase [115] by using the above spectroscopic data resulted in genisteine (133). 

 

Figure 64: 1H NMR spectrum (300 MHz, CD3OD) of 4’,5,7-trihydroxyisoflavone 

(133) 

 

Figure 65: 13C NMR spectrum (125 MHz, CD3OD) of 4′,5,7-

trihydroxyisoflavone (133)  

4',5,7-Trihydroxyisoflavone (genisteine) (133) is a phenolic phytoestrogen found in 

numerous plants, soybeans and fava beans. [238,239] Isoflavones like compound 133 

have been reported to act as antioxidants, free radical scavengers, metal chelators, 

and antibacterial agents. [265-240] In addition, isoflavones are known to have medicinal 

and chemopreventive activities on human health. [241-242] 
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The hydrogenated product 3′,4′,5,7-trihydroxyisoflavone (132) [243] of genisteine 

(133) has potent antioxidant properties that contribute to their cholesterol-lowering 

effects, cardiovascular protection, antitumor effects, and anticarcinogenic proper-

ties.[244-245] Furthermore, compounds with the ortho-dihydroxy group are known to 

exhibit anti-inflammatory and anti-allergic activities, [277] and express anticarcino-

genic proprieties due to the inhibition of protein tyrosine kinases [246] by acting as 

potent tyrosinase inhibitors [247] and active inhibitors of lipoxygenases. [248] Hydrox-

ylated isoflavones are invaluable compounds for lowering the incidence of cancer-

related diseases. [277,249] 

 

O

O
OH

OH

OH 3´-specific hydroxylated form
 

O

O
OH

OH

OH

OH

3´,4´, 5, 7- tetrahydroxyisoflavone  

             133                                          132 

Figure 66: 3´-specific hydrogenation of genisteine (133)  

Genistein (133) itself is a specific inhibitor of protein tyrosine kinase, has been 

shown to inhibit UVB induced skin carcinogenesis in hairless mice. [250] It inhibits 

the growth and proliferation of testicular cells and is a potential diagnostic and thera-

peutic tool in testicular pathophysiological research. [251] 

As genisteine is a common plant product, 133 and derivatives were isolated from 

fermentations in media containing plant-derived nutrients such as soybean meal or 

cotton seed meal likely originate from the medium components and not from micro-

bial biosynthetic origin. [252] 

Genistein was found to be a strong topoisomerase inhibitor, similarly to some 

chemotherapeutic anticancer drugs like etoposide and doxorubicin. [253, 254] 

In high doses it was found to be strongly toxic to normal cells. [255] This effect may 

be responsible for both the anticarcinogenic and carcinogenic potential of the sub-

stance. [256,257] 
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4.6.2 4-Hydroxybenzoic acid 

Compound 134 was also obtained from fraction II as white crystalline solid and 

showed UV absorption at 254 nm. The 1H NMR spectrum of compound 134 showed 

only two doublets as A2X2 pattern at δ 7.78 (2H, d, J = 8.5 Hz, H-3,5) and 6.45 (2H, 

d, J = 8.5 Hz, H-2,4) and a carboxylic proton at δ 11.42 (1H, br s). A search in Anti-

Base [115] resulted in 4-hydroxybenzoic acid (134), which was further confirmed by 

comparison with the authentic spectra as well as literature data. 

OH

OHO

 
134 

4-Hydroxybenzoic acid (134) is widespread in many plants, as well as in microor-

ganisms as the free acid or in form of derivatives. It was firstly isolated from fruits of 

Catalpa bignonioides. [116] 

4.7 Ruminal bacterium Pseudomonas aeruginosa ZIL 

The ruminal bacterium Pseudomonas aeruginosa 210 was isolated in Tunisia from 

the rumen of a cow. After three days of fermentation, the culture broth was used to 

inoculate a Braun Biostat U fermenter, filled with 20 l of LB medium. The culture 

broth was harvested after 5 days. The biomass was filtered off by means of a pres-

sure filter and extracted with ethyl acetate and acetone, while the filtrate was passed 

through an Amberlite XAD-16 column. After concentration, the aqueous residue was 
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extracted with ethyl acetate. The extracts from the mycelium and the water phase 

were similar on TLC and were combined, yielding 3.54 g of a greenish-brown resin. 

Silica gel column chromatography (CC; CH2Cl2/MeOH, stepwise gradient) under 

TLC monitoring afforded four fractions I-IV. Fraction II obtained from CH2Cl2: 

CH3OH 9.9:0.1 showed a single spot on TLC, which on final purification using silica 

gel (CH2Cl2/ 5 % MeOH) and Sephadex LH-20 (CH3OH) CC resulted in 1-

phenazinol (20 mg) and phenazine-1-carboxamide (42) (25 mg). Fraction III ob-

tained with 0.2 % MeOH was again subjected to CC on silica gel and finally purified 

by Sephadex LH-20 (CH3OH) to provide 2-n-heptyl-1-hydroxy-1H-quinolin-4-one 

(135) (100 mg). Fraction IV obtained with 0.3 % MeOH afforded 3-n-heptyl-3-

hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione (137) (15 mg) after Sephadex LH-20 

(CH3OH) and PTLC (CH2Cl2: CH3OH, 9.3:0.7). A mixture of rhamnolipid A (94) 

and B (140) (50 mg) was obtained from fraction V (0.5 % MeOH) by using Se-

phadex LH-20 (CH3OH).  

     Pseudomonas aeruginosa
    (20 L shaker)

      1-phenazinol
    2-n-heptyl-1hydroxy-1H-quinolin-4-one

  Biomass Filtrate

Mixing with celite and filtered by filterpress

Extract. with EE and acetone
 

XAD-16, MeOH , evap.

CC using silica gel (CH2Cl2:MeOH, gradient elution )

Fraction II Fraction III Fraction IV Fraction V

Crude extraxt 
(3.54g)

Sephadex LH-20
(MeOH)Sephadex LH-20 

(MeOH)

 Sephadex LH-20
       (MeOH)

   
  3-n-heptyl-3-hydroxy-1,2,3,4-tetrahydoquinoline-2,4-dione 

    Phenazine-1-carboxamide

Sephadex LH-20 
(MeOH)

Fraction I

      Niax

  Mixture of glycolipid A and B

 
Figure 67:  Work up scheme for the ruminal Pseudomonas aeruginosa 
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4.7.1 2-n-Heptyl-1-hydroxy-1H-quinolin-4-one 

Compound 135 was isolated as a colourless crystalline solid. The UV spectrum 

showed absorption bands at 355, 254 and 215 nm for aromatic and α,β-unsaturated 

systems. The molecular formula C16H21NO2 was deduced through HRESIMS of the 

pseudomolecular ion peak at m/z 260.16450 [M+H] +. The aromatic region of the 1H 

NMR spectrum showed signals of an ortho-disubstituted benzene (Table 12), two 1H 

doublets at δ 8.23, 8.05 and two 1H triplets at δ 7.55 and 7.33, J = 7.8 Hz). An addi-

tional 1H singlet appeared at δ 6.22, and signals between δ 2.60 and 0.81 indicated 

an n-heptane chain. At δ  11.9, the singlet of a D2O replaceable proton was visible. A 

search in AntiBase [115] with these data pointed to the quinolone antibiotic 2-n-heptyl-

1-hydroxy-1H-quinolin-4-one (135), a tautomer of KF-8940 (136). [258] The 2D 

NMR data confirmed the identity of 135 (Table 12).  

 
Figure 68: 1H NMR spectrum (300 MHz, CDCl3) of 2-n-heptyl-1-hydroxy-1H-

quinolin-4-one (135) 

 

 

Figure 69: 13C NMR spectrum (125 MHz, CDCl3) of 2-n-heptyl-1-hydroxy-1H-

quinolin-4-one (135) 

 



Ruminal bacterium Pseudomonas aeruginosa ZIL  103 

 

N CH3

OH

O
4

4a
5

8
8a

1'

2'

3'

7'

1

 

N
+

OH

O  
           135   136  

 

Table 12: 1H and 13C NMR data, HMBC and COSY correlations of 2-n-heptyl-

1-hydroxy-1H-quinolin-4-one (135) in (CDCl3) 

  Experimental Literature[302] 

Position δC
a δH

b (J in Hz) 
HMBCc 
(H→C) 

COSYc 
(H→H) 

δH
b (J in Hz) δC

a 

2 155.5 − − − − 155.6 

3 105.4 6.23, s 2, 4, 4a, 1' − 6.39 105.5 

4 170.5 − − − − 170.4 

4a 123.6 − − − − 123.7 

5 124.7 8.23, d (7.8) 4, 7, 8a H-6 8.27 132.1 

6 124.9 7.33, t (7.8) 8, 4a H-5,7 7.58 124.9 

7 132.1 7.55, t (7.8) 5, 8a H-6,8 7.36 124.8 

8 116.5 8.05, d (7.8) 6, 4a, 8a H-7 8.07 116.5 

8a 140.5 − − − − 140.6 

1' 31.6 2.67, t (7.6) 2, 3, 3' H2-2' 2.78 31.7 

2' 29.4 1.50, m − H2-1',3' 1.6 27.5 

3' 27.4 1.23, br s − − 1.2 29.5 

4' 28.9 1.23, br s − − 1.2 29.0 

5' 31.7 1.23, br s − − 1.2 31.7 

6' 22.6 1.23, br s − − 1.2 22.6 

7' 14.0 0.80, t (6.3) 5', 6' H2-6' 0.84 14.0 
a 1H-NMR spectrum at 300 MHz; b 13C-NMR spectrum at 150 MHz; c HMBC and 
COSY spectra at 300 MHz 

Compound 135 was tested in vitro for anticancer activity in a panel of 37 human tu-

mor cell lines derived from solid human tumors comprising bladder, central nervous 



104 Investigation of selected bacterial and fungal strains: Ruminal bacteria 

 

  

system, colon, gastric, head and neck, lung, mammary, ovarian, pancreatic, prostate 

and renal cancers, as well as cell lines established from human melanoma, pleu-

ramesothelioma and the uterus body. Compound 135 exhibited a mean IC50 value of 

28.852 μg/ml, a mean IC70 value of 29.442 µg/ml and a mean IC90 value of 31.842 

µg/ml (Table 14). 

 

Table 13: In vitro antitumor activity of 2-n-heptyl-1-hydroxy-1H-quinolin-4-one 

(135) against tumor cell lines in a monolayer proliferation assay. 

Tumor type Tumor cell line N° 
Test/Control (%) at Drug 
Concentration (30 µg/ml) 

Lung A Adeno LXF 529 NL 13 ++ 

Lung A Adeno LXF 629 L 9 +++ 

Melanoma Xenograft MEXF 462 NL 44 + 

Uterus body UXF 1138L 40+ 

- (T/C = 50) + (30< = T/C < 50) ++ (10 < = T/C < 30) +++ (T/C < 10) 

 

Table 14: In vitro antitumor activity of 2-n-heptyl-1-hydroxy-1H-quinolin-4-one 

(135) against tumor cell lines in a monolayer proliferation assay. 

Tumor type Tumor cell line N° IC50 µG/ml 
IC70 

µG/ml 

IC90 

µG/ml 

Lung A Adeno LXF 529 NL 4.896 13.044 34.749 

Lung A Adeno LXF 629 L 9.619 16.753 29.179 

Melanoma Xenograft MEXF 462 NL 21.418 65.854 >30.000 

Uterus body UXF 1138L 20.030 44.932 >30.000 

 Mean n = 12 28.852 29.442 31.842 
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Compound 135 was tested for its effects on the motility of the zoospores of the 

grapevine downy mildew pathogen, P. viticola. Compound 135 inhibited motility of 

zoospores and subsequent lysis of the cells in a dose- and time-dependent manner 

(Table 15). In presence of 135, zoospores moved very slowly in their axis, instead of 

displaying straight swimming in a helical fashion. This phenomenon continued for 

several minutes depending on the dose of the compound 135 and then the zoospores 

lysed. This is the first report on motility inhibitory and lytic activities of a natural 

product isolated from a ruminant bacterium, Pseudomonas aeruginosa.  

Table 15:  Motility inhibitory and lytic activities (% ± s.e) of compound 135 iso-

lated from the ruminal bacterium Pseudomonas aeruginosa against the zoospores of 

grapevine downy mildew pathogen Plasmopara viticola 

  15 min 30 min 45 min 60 min 

Com-
pound 
135 

Dose 

(µg 
ml-1) 

Motility 
inhibi-
tion 

Lysis 
Motility 
inhibi-
tion 

Ly-
sis 

Mo-
tility 
in-
hibi-
tion 

Ly-
sis 

Motil-
ity 
inhibi-
tion 

Ly-
sis 

5 32±4 7±1 51±5 37±3 75±7 62±4 78±9 
68±
7 

10 77±5 42±7 88±6 72±5 90±8 82±7 97±4 
86±
5 

25 100±0 
100±
0 

nt nt nt nt nt nt 

50 100±0 100±
0 

nt nt nt nt nt  nt 

Data presented here are average value ± s.e. of at least three applications in each dose 

of test compound 
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Figure 70: Motility inhibitory (A) and lytic (B) activities of 2-n-heptyl-1-hydroxy-

1H-quinolin-4-one (135) against zoospores of grapevine downy mildew pathogen, 

Plasmopara viticola. 

Peronosporomycetes are distinct from fungi and are phylogenetic relatives of brown 

algea and diatoms. [259] They cause many destructive diseases in plants, animals, 

fishes and humans. Plasmopara viticola is a serious pathogen of grapevine world-

wide. Many fungicides are ineffective against this phytopathogen, and hence, bioac-

tive compounds with new mode of action are needed to combat this economically 

important pest. Under favourable environmental conditions, the fungus P. viticola 

infects grapevine leaves by means of characteristic biflagellated motile zoospores 

released from airbone sporangia coming from other infected plants. The zoospores 

aggregate to stomata of the grapevine leaf by swimming through water films and 

then rapidly encyst to become round cystospores by shedding their flagella. [384, 260] 

The cytospores then rapidly germinate to form germ tubes and penetrate host tis-

sue through the stomata. Interruption of any of these asexual stages eliminates the 

potential for pathogenesis. [261] 
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The success of any zoosporic pathogen can be attributed in part to the speed of 

asexual differentiation to generate bi-flagelled motile zoospores and their ability to 

find hosts through chemotaxis. [262] Therefore, compounds that can interfere with 

normal swimming behaviour and early development of P. viticola are supposed to be 

important as lead compounds in the management of this phytopathogen. 

2-n-Heptyl-1-hydroxy-1H-quinolin-4-one (135) was isolated before by Hays et al. as 

antibiotic from Pseudomonas aeruginosa.[263] Lightbown and Jackson revealed that 

2-n-heptyl-1-hydroxy-1H-quinolin-4-one (135) was an antagonist of dihydrostrepto-

mycin and an inhibitor of electron transport through the cytochrome b~c1 segment of 

the respiratory chain.[264,265] Kitamura et al. proved that 2-n-heptyl-1-hydroxy-1H-

quinolin-4-one (135) at high concentrations inhibited 12-lipoxygenase and cyclooxy-

genase.[290] 

4.7.2 3-n-Heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione 

Compound 137 was also isolated as a colourless crystalline solid. The aromatic re-

gion of the 1H NMR spectrum showed signals of an ortho-disubstituted benzene (Ta-

ble 16), namely two 1H doublets at δ 7.81, 7.05 and two 1H triplets at δ 7.58 and 

7.18. Additional signals between δ 2.60 and 0.81 indicated an n-heptane chain. The 

ESI mass spectrum revealed the pseudomolecular ion peak at m/z 275 [M+Na]+.  

 

Figure 71: 1H NMR spectrum (300 MHz, CD3OD) of 3-n-heptyl-3-hydroxy-

1,2,3,4-tetrahydroquinoline-2,4-dione (137) 
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Figure 72: 13C NMR spectrum (125 MHz, CD3OD) of 3-n-heptyl-3-hydroxy-

1,2,3,4-tetrahydroquinoline-2,4-dione (137) 

A search in AntiBase [115] by using the above spectroscopic data as well as the mo-

lecular weight suggested that the isolated compound was 3-n-heptyl-3-hydroxy-

1,2,3,4-tetrahydroquinoline-2,4-dione (137) having the molecular formula 

C16H21NO3. This was further confirmed by comparing with literature data. [290] 3-n-

Heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione (137) was isolated before 

by Neuenhaux et al. as a metabolite of Pseudomonas aeruginosa. [266] 

Compounds 135 and 137 were described as 5-lipoxygenase inhibitors. [290] Com-

pound 135 was a potent and selective inhibitor of the 5-lipoxygenase of rat baso-

philic leukemia cells in a dose-dependent manner: the half maximal inhibitory con-

centration (IC50) was 1.5 x 10-7 M according to Kitamura et al. [290]  

Quinolones are forming a rather new class of clinically versatile antibiotics, which 

are predominantly useful in the treatment of a broad spectrum of gram-negative 

pathogens. [267] For many of them, an inhibition of the bacterial enzyme gyrase has 

been described. [268] Their medicinal application originates from the treatment of uri-

nary infections, [269] but recently also an extremely strong activity against Helicobac-

ter pylori has been described. [270] Also some naturally occurring derivatives are 

known, but their number is still low. Most of them are bearing an acetate-derived or 

isoprenoid side chain at C-2 or C-3. 
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Table 16: 1H and 13C NMR data, HMBC and COSY correlations of 3-n-heptyl-

4-hydroxyquinoline-N-oxide (137) in CD3OD 

 Experimental in CD3OD Literature[290] in CDCl3 
Position δC

a δH
b (J in Hz) δC

a δH
b (J in Hz) 

1-NH − − − 9.30 
2 197.6 − 155.6 − 
3 83.8 − 108.2 3.83 
4 174.8 − 178.9 − 
4a 120.6 − 124.9 − 
5 128.1 7.81, d 131.7 7.91 
6 124.1 7.18, t 125.2 7.18 
7 137.2 7.58, t 123.6 7.59 
8 117.3 7.05, d 118.7 7.07 
8a 142.5 − 140.8 − 
1' 41.6 2.8, m 34.4 1.8 
2' 32.7 1.21, m 29.2 1.2 
3' 30.4 1.21, br s 29.2 1.2 
4' 30.0 1.21, br s 29.0 1.2 
5' 23.9 1.21, br s 31.6 1.2 
6' 23.6 1.21, br s 22.6 1.2 
7' 14.4 0.80, t 14.0 0.83 

 

 

4.7.3 Polypropylenglycol 

Compound 138 was obtained as colourless oil; it displayed a non-UV active zone and 

gave white zone on a pink background by spraying with anisaldehyde/sulphuric acid 

reagent and heating. The 1H NMR spectrum of compound 138 showed only two 

peaks in the aliphatic region, one methyl doublet at δ 1.10 for CH3 groups and a 3H 

multiplet at δ 3.48 of overlapping oxygenated methine and oxymethylene groups. 

After a search in AntiBase [115] using the mentioned spectroscopic data, the isolated 

compound was assigned as polypropylenglycol (138).  
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Figure 73: 1H NMR spectrum (300 MHz, CD3OD) of polypropylenglycol (138) 

Polypropylenglycol (138) is a polymer of CH(CH3)-CH2OH units and often used as 

antifoaming agent in fermenter cultures. We realized here and with other strains that 

it is also a natural product. 
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4.7.4 1-Phenazinol 

Compound 139 was obtained as green needles from fraction IV by further applying 

PTLC. The 1H NMR spectrum showed in the aromatic region seven aromatic pro-

tons: two doublets of doublets at δ 8.22 (1 H) and 8.18 (1 H) and two multiplets at δ 

7.82-7.84 (2 H), two others doublets at δ 7.22 and δ 7.81 and a triplet at δ 7.76. 

Hence, an aromatic 1,2-disubstituted and a 1,2,3-trisubstituted ring could be derived. 

The displayed downfield shift pointed to a connection with heteroatoms. A search in 

AntiBase [115] led to 1-phenazinol. The compound was further confirmed by compar-

ing the data with authentic spectra. 
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Figure 74: 1H NMR spectrum (300 MHz, CDCl3) of 1-phenazinol (139) 

The 13C NMR spectrum displayed in total twelve carbon signals in the aromatic re-

gion between δ 108.8 and δ 151.6, five of quaternary atoms and seven of methine 

groups). 

 

Figure 75: 13C NMR spectrum (125 MHz, CDCl3) of 1-phenazinol (139) 
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1-Phenazinol (139) is a brightly green pigment that is one of the characteristic sec-

ondary metabolites of the bacterial genus Pseudomonas; it is believed to function as 

antagonistic agent in microbial competitiveness. [271] 
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Table 17: 1H and 13C NMR data, HMBC and COSY correlations of 1-

phenazinol (139) in CDCl3 

 

Position 

1-Phenazinol (139) 

δ H
a (J in Hz) δ C

b HMBCc (H→C) COSYc (H↔H) 

1 − 151.6 − − 

2 7.22 (d) 108.8 1, 4, 4a, 10a, 7.81 

3 7.76 (t) 131.8 1, 4a − 

4 7.81 (d) 119.9 − 7.22 

4a − 143.8 − − 

5a − 144.1 − − 

6 8.18 (dd) 129.1 5a 7.82 

7 7.82 (m) 130.4 6 8.22 

8 7.84 (m) 130.7 − 8.22 

9 8.22 (dd) 129.8 7, 8, 9a 7.82, 7.84 

9a − 141.1 − − 

10a − 134.6 − − 

  a: 300 MHz, b: 125 MHz, c: 600 MHz 

4.7.5 Phenazine-1-carboxamide 

Compound 42 was isolated as pale yellow-greenish solid. The 1H NMR spectrum 

showed seven aromatic proton signals, three were adjacent in a first spin system at δ 

9.02 (dd 1H, H-2), 7.97 (dd, 1H, H-3), 8.42 (dd, 1H, H-4), and four in a second di-

substituted benzene ring at δ 8.28 (m, 1H, H-6), 7.93 (dd, 1H, H-7), 7.89 (dd, 1H, H-

8) and 8.23 (m, 1H, H-9); in addition two exchangeable protons were observed at δ 

10.74 (brs, 1H, 1-NH) and at δ 6.38 (brs, 1H, 1-NH). Signals in the aliphatic region 

were absent. The ESI mass spectrum delivered a pseudomolecular ion peak at m/z 

246 for [M+Na] +, which gave a molecular weight of 223 Dalton. The HRESI mass 

spectrum established the molecular formula C13H9N3O. By a search in AntiBase [115] 
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and comparison of the spectroscopic data with authentic spectra and literature data, 

the isolated compound was assigned as phenazine-1-carboxamide (42). 

 

 

Figure 76: 1H NMR spectrum (CDCl3, 300 MHz) of phenazine-1-carboxamide 

(42) 

N

N
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42 

4.7.6 Rhamnolipid A and rhamnolipid B 

Compounds 94 and 140 were tentatively characterized according to the chromato-

graphic and spectroscopic data as a mixture of two lipids, giving on TLC two polar 

spots which turned to intense green after spraying with anisaldehyde/sulphuric acid. 

The 1H NMR spectrum (Figure 77) showed signals at δ 4.83, 3.80, 3.40, 3.65-3.75, 

and at δ 1.25. The signals at δ 0.88, 1.15-1.62 and δ 1.25 are characteristic of a long 

aliphatic chain. Comparing the spectrum of the mixture 94/140 with the spectrum of 

rhamnolipid A (94, sometimes also named as glycolipid A, Figure 21) suggested that 

both compounds were chemically related.  
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Figure 77: 1H-NMR-spectrum (CDCl3, 300 MHz) of rhamnolipid A (94) and 

rhamnolipid B (140) 
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According to the results of mass spectrometry, two pseudomolecular ions were de-

tected at m/z =  503.4 [M-H]- and 649.6 [M-H]-. According to these data, a search in 

AntiBase identified compounds 94 and 140 as rhamnolipids A and B. 

Due to their detergent properties, glycolipids can be used in drug delivery, clean up 

of oil spills, and enhanced oil recovery. Among these biosurfactants, the sugar parts 

are variable and may consist of rhamnose, trehalose, mannose and sophorose as hy-

drophilic moieties. In addition to surface activity, recently microbial glycolipids were 

shown to have biological activities to induce cell differentiation, [272,273] have antimi-
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crobial activities for plant disease control [274,275] and even some immunological ac-

tivities. [276] Rhamnolipid B had bactericidal activity against Mycobacterium tubercu-

losis. [277] 

Rhamnolipids could be utilized as biodegradable surfactants and antimicrobial agents 
[307] for their amphiphilic nature and also as a source of rhamnose, which is used as a 

fine chemical for the synthesis of a widely used flavour, 2,5-dimethyl-4-hydroxy-2,3-

dihydrofuran-3-one (Furaneol). [278,279] 

These substances are of commercial interest because of their biodegradability and 

low toxicity. Applications can be found in food, pharmaceutical, cosmetics and espe-

cially chemical industries, basically in any industry or processes where surface activ-

ity properties in multiphase systems are encountered. [280] 

The production of rhamnolipids could be improved by media optimisation and use of 

waste materials. Recently, biorenewable waste was used as a carbon source for pro-

duction of lipopeptides and glycolipids. [281, 282]  

5 Terrestrial bacteria 

5.1 Terrestrial Bacillus sp. ZIR  

The terrestrial Bacillus sp. ZIR isolated from the rhizosphere of a palm tree in Tuni-

sia was inoculated from well grown plates into 40 1L Erlenmeyer flasks, each con-

taining 250 ml of LB medium. The fermentation was carried out at 95 rpm on a line-

ar shaker for 3 days at 28 °C. It formed a brown culture broth, which was filtered 

over Celite and adsorbed on Amberlite XAD-16, while the mycelium was extracted 

with ethyl acetate and acetone. The crude extract (4.50 g) was subjected to silica gel 

column chromatography and then to size exclusion chromatography. The oily frac-

tions I-III were subjected to GC-MS analysis. One major compound was isolated 

from fraction IV.  
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Sephadex LH-20 (MeOH)

Strain R
(10 l shaker)

Biomass Filtrate

Mixing with celite and filtered by filterpress

3 x EtOAc and 2 x Acetone, evap. XAD-2 ( MeOH/H
2
O) , evap.

SCC (DCM-MeOH )

   I   II  III       IV

Fat

F

Water residue

Extract. with ethylacetate &
 evap. under Vac.

Crude extraxt 
(4.5 g)

3 days

Fat Fat ZIKSR1

Monensin-B (500 mg)  

Figure 78: Work-up scheme of the Bacillus strain ZIR  

5.1.1 Monensin B 

TLC of fraction IV exhibited a colourless and non-UV absorbing spot, which turned 

dark brown after spraying with anisaldehyde/sulphuric acid and heating. Purification 

of this fraction using Sephadex LH-20 with methanol resulted in monensin B (141) 

as brownish solid. The ESI mass spectrum of 141 exhibited pseudomolecular ion 

peaks at m/z 679 [M + Na]+ in the positive mode. HRSIMS analysis suggested a mo-

lecular formula of C35H60O11. 

The 1H NMR spectrum of 141 in CDCl3 exhibited signals for seven oxymethine pro-

tons, one oxymethylene at δ 3.92 (H-26) as well as a methoxy group at δ 3.37 (H-

35). In addition overlapped signals for six methine and seven methylenes between 

1.3-2.5 were observed. Finally the 1H NMR spectrum showed signals for eight me-

thyl groups in the range of δ 1.45-0.83. 
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Figure 79:  1H NMR spectrum (300 MHz, CDCl3) of monensin B (141) 

The 13C NMR spectrum of 141 in CDCl3 afforded evidence of one carboxylic acid 

CO at δ 181.2 (C-1), thirteen signals of oxygenated sp3 carbons including four qua-

ternary carbons at δ 106.4 (C-9), 88.1 (C-25), 86.2 (Cq-12), and 83.8 (Cq-16), seven 

methines in the range of δ 85.5-70.1, one methylene at δ 64.2 (C-26) as well as one 

methoxy group at δ 58.0 (C-35). There were further 28 signals between δ 54 and 10. 

Searching in AntiBase [115] and Chemical Abstracts using the previous NMR and 

mass data resulted in monensin B (141). The structure was further confirmed by 

comparison with authentic spectra as well as literature data. 

 

 

Figure 80: 13C NMR spectrum (125 MHz, CDCl3) of monensin B (141) 
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Figure 81:  1H-1H COSY ( ) and HMBC ( ) correlation of monensin B 

(141)  
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Table 18: 1H NMR (300 MHz) and 13C NMR data (125 MHz) of monensin B (141) 

in CDCl3 

monensin B (141) 

Position 
1H (Int., mult., J 

[Hz]) 
13C Position 

1H (Int., mult., J 
[Hz]) 

13C 

1 − 181.2 19 2.32, 1.61 (2H, m) 34.0 
2 2.45 (1H, dd, 6.7, 10.2) 45.9 20 3.12 (1H, m, 9.6, 3.9) 77.8 

3 3.12 (1H, dd, 10.2, 1.3) 83.9 21 3.84 (1H, m) 76.3 

4 2.06 (1H, m) 38.6 22 1.44 (1H, m) 32.9 

5 4.00 (1H, dd, 11.3, 2.1) 69.1 23 1.39 (2H, m) 36.9 

6 2.00 (1H, m) 36.2 24 1.56 (1H, m) 37.4 

7 3.88 (1H, m) 71.6 25 − 88.1 

8 1.94, 1.61 (2H, m) 34.5 26 3.92 (1H, m) 64.2 

9 − 106.4 27 0.85 (3H, d, 3.9) 16.5 

10 1.96 40.2 28 0.83 (3H, d, 3.2) 17.0 

11 1.96 34.0 29 0.91 (3H, d, 6.9) 14.5 

12 − 86.2 30 1.19 (3H, s) 24.1 

13 3.65 (1H, dd, 15.5, 5.2) 82.7 31 1.45 (3H, s) 28.2 

14 1.88, 1.52 (2H, m) 28.3 32 0.94 (3H, d, 7.2) 11.0 

15 2.32, 1.52 (2H, m) 31.2 33 1.10 (3H, d, 6.9) 11.5 

16 − 83.8 34 1.17 (3H, d, 6.7) 16.8 

17 3.92 (1H, d, 3.5) 88.0 35 3.37 (3H, s) 58.0 

18 2.27 (2H, m) 36.0    
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Monensins are important polyether ionophore antibiotics, isolated from Streptomyces 

cinnamonensis. For example, monensin (142) was broadly used as an anticoccidial 

agent for poultry and to improve the efficiency of feed used in ruminant animals. 
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Monensin A (15) and B (141) also displayed activities against Bacillus subtilis, [283] 

which agrees with the result from the biological pre-screening. The biosynthetic 

pathway of monensin (142) has attracted a great deal of interest [284,285]
 and it has 

been proposed that the cyclic ether groups in monensin might proceed via a cascade 

of cyclisation steps on a triepoxy-intermediate, which was supported by isotope la-

belling experiments. [286-287]  

 

 R1 R2 R3 

Monensin B (141) CH3 CH3 CH3 

Monensin A (15) CH3 CH3CH2 CH3 

Monensin (142)  CH3 H CH3 
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Figure 82: Biosynthetic pathway for monensin A (15) and B (141)  

5.2 Terrestrial Pseudomonas sp. ZIPS  

The terrestrial Pseudomonas aeruginosa ZIPS was cultivated on LB medium for 24 

hours at 28 °C. Pieces of well grown agar plates were used to inoculate 20 of 1L Er-

lenmeyer flasks, each containing 250 ml of LB medium. The fermentation was car-

ried out on a rotary shaker for 3 days at 28 °C. The culture broth was harvested and 

filtered to separate the biomass, which was extracted with ethyl acetate and acetone, 

respectively. The culture filtrate was then passed through Amberlite XAD-16. The 

column was washed with 25 L demineralised water and eluted with 15 L methanol. 

The eluates were concentrated under reduced pressure and finally extraction of the 
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residue was done with ethyl acetate. The organic phases were dried. Both crude ex-

tracts were mixed yielding 3.5 g of a crude extract. Chromatography of the crude 

extract on silica gel column using CH2Cl2-MeOH gradient with successively increas-

ing polarity resulted in four fractions I-IV followed by monitoring with TLC.  

Four known compounds were isolated and were identified as phenazine-1-carboxylic 

acid (43), linoleic acid (89), anthranilic acid (113), and cis-cyclo(Tyr,Pro) (109). 

 

      Pseudomonas aeruginosa
(10 l shaker)

  Biomass  Filtrate

Mixing with celite and filtered by filterpress

3 x EtOAc and 2 x Acetone, evap. XAD-2 ( MeOH/H2O) , evap.

SCC (DCM-MeOH )

Sephadex LH-20 
       (MeOH)

Water residue

Extract. with ethylacetate &
 evap. under Vac.

Crude extraxt 
(3.5 g)

7 days

Fat Linoleic acid

Fraction I  Fraction II  Fraction III  Fraction IV  

  Phenazine-1-carboxylic 
                 acid

Anthranilic acid

Cis-cyclo (Tyr, Pro)

Sephadex LH-20 
       (MeOH)

 

Figure 83: Work-up scheme of Pseudomonas sp. ZIPS 

5.2.1 Linoleic acid 

Compound 89 was obtained as low polar colourless UV absorbing oil, which stained 

to blue by anisaldehyde/sulphuric acid. This colour reaction was a hint for a terpene, 

steroid or unsaturated fatty acid. The 1H NMR spectrum exhibited a broad 1H singlet 

at δ 11.2 of a free carboxylic acid group. In addition, a 4H multiplet was observed 
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between δ 5.41-5.25 (m, 4 H, 9,10,12,13-CH), which could be assigned to two ole-

finic double bonds. Furthermore, a 2H triplet of methylene group adjacent most like-

ly to a sp2 carbon was displayed at δ 2.78 (t, 3J = 6.0 Hz, 2 H, 11-CH2). Furthermore, 

a triplet of two magnetically equivalent methylene groups likely adjacent to sp2 car-

bons was displayed at δ 2.38 (t, 3J = 7.2 Hz, 2 H, 2-CH2). Additionally, two multi-

plets were observed at δ 2.08 (m, 4 H, 8,14-CH2) and 1.63 (m, 4 H, 3-CH2), each of 

4H as of two methylene groups; the first of them could be linked to a sp2 carbon. 

Moreover, a multiplet of 10 protons was observed in the range of δ 1.40-1.20, point-

ing to a side chain of 5 methylene groups. At the end, a 3H triplet was observed at δ 

0.85 (m, 3 H, 18-CH3). This agrees with linoleic acid. The structure was further con-

firmed by comparison with authentic spectra as well as literature data. 

 

Figure 84: 1H NMR spectrum (300 MHz, CDCl3) of linoleic acid (89) 

Linoleic acid (89) is known as a constituent of most vegetable and animal fats and is 

used biosynthetically as essential fatty acid for the production of prostaglandin, and 

was frequently isolated from marine brown algae. [288] Compound 89 was isolated 

also recently from a Micrococcus species using GC/MS methods. [289] 
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5.3 Terrestrial Streptomyces sp. 195 

The terrestrial Streptomyces sp. 195 was cultivated on M2 agar medium at 28 °C for 

five days. This culture was used to inoculate 100 of 1 L Erlenmeyer flasks each con-

taining 250 ml of M2
 medium (25 L). After incubation at 28 °C on a linear shaker for 
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seven days, the dark brown culture broth was filtered under vacuum. The biomass 

was extracted with ethyl acetate followed by acetone. The filtrate was subjected to an 

XAD-16 column; the resin was washed with distilled water and eluted with metha-

nol. The extracts were concentrated under vacuum to obtain a brown oily crude ex-

tract (1.75 g), which showed on TLC a non-absorbing band giving a blue-violet col-

our with anisaldehyde/sulphuric acid. The crude extract was subjected to silica gel 

column chromatography (CC) eluting with CH2Cl2, followed by stepwise addition of 

CH3OH to yield two fractions I and II. Fraction I contained fat and was not further 

investigated. Fraction II was subjected to Sephadex LH-20 (MeOH) followed by 

reverse phase RP-18 chromatography to afford (1R,2S,4S)-2-(1-hydroxy-6-

methylheptyl)-4-hydroxymethyl-butanolide (143).  

 Streptomyces sp. 195
(10l shaker)

Mycelium Filtrate

Mixing with celite and filtered by filterpress

3 x EtOAc and 2 x Acetone, evap. XAD-2 ( MeOH/H2O) , evap.

SCC (DCM-MeOH )

   Fat  Fraction II

1(1-R,2S,4S)-2-(1-Hydroxy-6-methylheptyl)-4-hydroxymethyl-butanolide

Sephadex LH-20 (MeOH)
RP-18

F

Water residue

Extract. with ethylacetate and 
 evap. under Vacum

Crude extraxt 
(1.75 g)

10 days

 

Figure 85: Work-up scheme of bacterial Streptomyces sp. 195 

5.3.1 5-Hydroxymethyl-3-(1-hydroxy-6-methyl-heptyl)-dihydrofuran-2-one  

Compound 143 was isolated as UV inactive pale yellow oil, which turned blue-violet 

after spraying with anisaldehyde/sulphuric acid. The 1H NMR spectrum of 143 dis-

played methylene protons at δ 4.20 and 4.60 as ABX system; their downfield shift 
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was explained by their attachment to oxygen. By HREIMS, a molecular formula of 

C13H24O4 was determined, which agreed with the 1H and 13C NMR data. 

 

 

Figure 86: 1H NMR spectrum (300 MHz, CDCl3) of 5-hydroxymethyl-3-(1-

hydroxy-6-methyl-heptyl)-dihydrofuran-2-one (143) 

 

 

Figure 87: 13C NMR spectrum (125 MHz, CDCl3) of 5-hydroxymethyl-3-(1-

hydroxy-6-methyl-heptyl)-dihydrofuran-2-one (143) 
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Table 19: 1H NMR and 13C NMR data of 5-hydroxymethyl-3-(1-hydroxy-6-

methyl-heptyl)-dihydrofuran-2-one (143) in CDCl3 

Position δC δH (mult.; J in Hz) 
1 179.9 – 
2 46.3 2.78 (ddd, J = 2.6 Hz, J’ = 8Hz, J” = 10.5 Hz, lH) 

3 23.0 2.05 (ddd, J = 4Hz, J’ = 10 Hz, J” = 12.8 Hz, 1H) 

 

 
  2.35 (ddd, J = J’ = 8 Hz, J” = 12.8 Hz, lH, Hα-3) 

4 80.0 4.60 (m, 1H) 

5 64.4 3.55 (dd, J = 7Hz, J’ = 2.5Hz, lH) 

 1´ 69.3 4.08 (m, 1H, br) 

2´ 34.8 1.05- 1.55 aliphatic side chain 

3´ 32.5 1.05- 1.55 aliphatic side chain 

4´ 27.7 1.05- 1.55 aliphatic side chain 

5´ 22.4 3.83 (dd, 1H, J = 7 Hz, J’ = 1.5 Hz, H-5’) 

6´ 29.2 (lH) 

Me-7´ 22.5 0.81 (d, J = 7.2 Hz, 3H) 

Me-8´ 22.5 0.81 (d, J = 7.2 Hz, 3H) 

 

5-Hydroxymethyl-3-(1-hydroxy-6-methyl-heptyl)-dihydrofuran-2-one (143) is simi-

lar to the previously described virginiae butanolides, but possesses a different substi-

tution pattern in the γ-lactone ring. Total synthesis and absolute configuration of this 

compound were established and determined by Pathirana et al. [290] The examination 

of the isolated compound 143 exhibited high cytotoxic activity against brine shrimps 

(Artemia salina).  
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5.4 Terrestrial Streptomyces sp. Ank 315 

The strain Streptomyces sp. Ank 315 formed grey mycelial colonies on M2 agar after 

10 days at 28 °C. 

 

Figure 88: Culture of Streptomyces sp. Ank 315 on agar plate 

The strain Streptomyces sp. Ank 315 was selected due to its biological activity 

against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, the fungus Mucor 

miehei (Tü284) and the yeast Candida albicans. 

The Streptomyces sp. Ank 315 was cultivated on 25 L and 60 L scale using 1L Er-

lenmeyer flasks containing 250 mL of M2 medium at 28 °C for 8 days on a linear 

shaker (250 rpm).  

 

Figure 89: Culture of Streptomyces sp. Ank 315 in M2 liquid medium 

The culture broth was mixed with Celite and filtered with a filter press. The filtrate 

was passed through an Amberlite XAD-16 column, the resin was washed water and 

eluted with methanol. The methanol phase was concentrated and the aqueous residue 

was extracted with ethyl acetate. The mycelium was extracted sequentially with ethyl 

acetate and then acetone. The extracts showed similar compositions on TLC and 

were combined. They were further chromatographed in different ways to get their 

constituents in pure form.  
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Six new chromophenazines A-F (144-152) [9-methyl-5-(3'-methyl-but-2'-enyl)-5H-

benzo[a]phenazine-7-one (144), 9-methyl-5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-dihy-

dro-benzo[a]phenazine-1-carboxylic acid (145), 5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-

dihydro-phenazine-1-carboxamide (146), 3-benzoyl-5-(3'-methylbut-2'-enyl)-5,10-di-

hydro-phenazine-1-carboxylic acid (147), 3,7-dibenzoyl-5-(3'-methyl-but-2'-enyl)-

5,10-dihydro-phenazine-1-carboxylic acid (151), and 3,7-dibenzoyl-5-(3'-methyl-

but-2'-enyl)-5,10-dihydro-phenazine-1-carboxamide (152)], together with phenazine-

1-carboxylic acid (43), anthranilic acid (113), tryptophol (119) and 1-phenazinol 

(139) were isolated from Streptomyces sp. Ank 315. 

Compounds 144 and 145 were obtained from the 25 L cultivation, whereas com-

pounds 146, 147, 151 and 152 were isolated from the 60 L cultivation. Details of the 

isolation are shown in Figure 90 and Figure 91. 

Streptomyces sp. Ank 315
(25 L shaker)

Mycelium Filtrate

Mixed with celite and filtered by filter press

Extraction with EtOAc and Acetone
 

XAD-16, MeOH 

Column Chromatography using silica gel (CH2Cl2:MeOH, gradient
elution )

Fraction I Fraction II Fraction III

   1-Phenazinol              
       (12 mg)

Crude extract 
(3.65 g)

Sephadex LH-20
(MeOH)

 Sephadex LH-20
      (MeOH)

Phenazine-1-carboxylic
            acid (20 mg)

Tryptophol
   (10 mg)

PTLC (7% MeOH/CH2Cl2)

                Fat (1.5g)

chromophenzine A
 (5 mg)

Phenazine-1-carboxamide 
                (20 mg)

chromophenzine B
 (5 mg)

 

Figure 90: Isolation of chromophenazine A (144) and chromophenazine B (145) 
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Streptomyces sp. Ank 315
(60 L shaker)

Mycelium Filtrate

Mixed with celite and filtered by filterpress

Extraction with EtOAc and Acetone
 

XAD-16, MeOH 

Fraction I Fraction II Fraction III

    1-Phenazinol              
       (25 mg)

Crude extract 
(8.39 g)

Sephadex LH-20
(MeOH)

 Sephadex LH-20
      (MeOH)

Phenazine-1-carboxylic
acid (40 mg)

Tryptophol
   (10 mg)

PTLC (7% MeOH/CH2Cl2)

                Fat (2.7g)

Fraction IV

Anthranilic acid
      (12 mg)

PTLC (7%
MeOH/CH2Cl2)
Sephadex 
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  (1.5 mg)
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  (2.3 mg)  

Figure 91: Isolation of chromophenazines C (146) - F (152)  

5.4.1 Chromophenazine A 

Fraction II was subjected to Sephadex LH-20 in methanol, where the sub-fraction 

three showed by PTLC monitoring an intense orange fluorescence under UV at 366 

nm. The coloured zone became colourless on TLC after spraying with anisalde-

hyde/sulphuric acid.  

Compound 144 was isolated as an orange powder with long-wavelength absorptions 

at λmax 463 sh, 490, and 519 sh nm. It showed an intense orange fluorescence on TLC 

under UV at 366 nm. The molecular mass was determined by ESIMS in the positive 
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and negative mode, respectively, and the molecular formula C22H20N2O resulted by 

HRESIMS of the [M+H] + signal at m/z 329.  

The 1H NMR spectrum of 144 (Table 20) displayed eight aromatic protons of disub-

stituted and trisubstituted aromatic systems: The first pattern showed partially over-

lapping ortho-coupled 1H doublets at δ 7.96 (dd, J = 7.9, 1.5 Hz) and 7.32 (d, J = 7.9 

Hz) and triplets at δ 7.36 and 7.56, indicating a 1,2-disubstituted benzene ring. The 

second pattern indicated with 1H doublets at δ 8.74 (J = 8.2 Hz), 8.14 (J = 1.7 Hz) 

and a dd signal at δ 7.54 (J = 8.2, 1.7 Hz) a 1,3,4-trisubstituted benzene ring. An ad-

ditional 1H singlet was observed at δ 6.12, and a 3H singlet at δ  2.52 indicated the 

presence of an ar-Me group.  

 

Figure 92: 1H-NMR-spectrum (300 MHz, CDCl3) of chromophenazine A (144) 

The 13C NMR and HSQC spectra of 144 (Table 20) disclosed in total 22 carbon sig-

nals for three methyls, one methylene, nine sp2 methine and nine quaternary sp2 car-

bon atoms. The downfield signal at δ 181.9 was due to an α,ß-unsaturated ketone. 

The signals at δ  138.2 (Cq-3'), 116.5 (C-2'; δ H 5.14, m), 45.7 (C-1'; δ H 4.76, d, J = 

5.4 Hz, CH2), 25.6 (δ H 1.77, Me), and 18.7 (δ H 1.91, Me) pointed to the presence of 

a prenyl group, which was obviously connected to nitrogen, as the shift of the meth-

ylene group indicated. [291,292] Respectively, there were HMBC cross signals from the 

1'-CH2 group to C-4a and C-5a, indicating an N-prenylated diphenylamine deriva-

tive.  
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Figure 93: 13C NMR spectrum (125 MHz, CDCl3) of chromophenazine A (144) 

 

Figure 94: HMBC spectrum (300 MHz, CDCl3) of chromophenazine A (144) 

The position of the prenyl unit was further confirmed by 1D NOE experiments, in 

which the irradiation into the methylene signal (δ 4.80) showed an enhancement of 

the H-4 (δ 7.32) and H-6 (δ 6.14) signals. 

 

Figure 95: 1D NOE spectrum (125 MHz, CDCl3) of chromophenazine A (144) 
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To explain the colour, a ring closure forming a phenoxazinone, a 10H-acridin-3-one 

or a 10H-phenazin-2-one must be assumed. While phenoxazinones (the chromophore 

of actinomycins) are already excluded by the elemental composition and 10H-

acridin-3-ones have never been isolated from nature, the UV data of 144 resembled 

strongly those of endophenazine B (38).[30] The 2D NMR data confirmed indeed a 

phenazin-2-one skeleton: According to the COSY data and the signal multiplicity, 

ring A was ortho-disubstituted. The connection of the remaining atoms followed 

mainly from HMBC cross signals of H-6 with C-5a, 7, 7a and 11b. The meta-

coupling proton H-8 correlates with the carbonyl C-7. All other correlations were in 

full agreement with structure A (Table 20). Compound 144 was subsequently eluci-

dated as 9-methyl-5-(3'-methyl-but-2'-enyl)-5H-benzo[a]phenazin-7-one (name ac-

cording to IUPAC rules), for which we suggest the name chromophenazine A (144). 
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Figure 96: Structure of chromophenazine A (144) and solutions in neutral, acidic, 

and basic methanol (from left to right) 

 

Figure 97: UV spectrum of chromophenazine A (144) in CD3OD 
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Table 20: 1H and 13C NMR data HMBC and COSY correlations of chromo-

phenazines A (144) in CDCl3 

 

Position 

Chromophenazine A (144) 

δ H
a (J in Hz) δ C

b HMBCc (H→C) COSYc (H↔H) 

1  7.96 (dd, 7.9, 1.5) 130.8 3, 4a H2 

2  7.36 (t, 7.9) 123.6 4,12a H1/H3 

3 7.56 (t, 7.9) 130.9 4a H2/H4 

4 7.32 (d, 7.9) 113.4 2,3,12a H3 

4a – 131.3 – – 

5a – 139.2 – – 

6 6.12 s 99.4 5a,7, 7a,11b – 

7  – 181.9 – – 

7a – 132.7 – – 

8 8.14 (d, 1.7) 125.4 10,11a, 9-Me H9-Me 

9 – 141.7 – – 

9-Me 2.52 s 21.9 8, 9,10 H8 

10 7.54 (dd, 8.2, 1.7) 131.8 8, 11a, 9-Me H11 

11 8.74 (d, 8.2) 125.0 7a, 9,11b H10 

11a  – 129.5 – – 

11b – 146.9 – – 

12a – 135.0 – – 

1' 4.76 (d, 5.4) 45.7 4a,5a,2' H2'/H4'/H5' 

2' 5.14 m 116.5 4',5' H1' 

3' – 138.2 – – 

4' 1.77 s 25.6 2',3',5' H1'/H5' 

5' 1.91 s 18.7 2',3',4' H1'/H4' 

a 1H NMR spectra were recorded at 300 MHz; b 13C NMR spectra were recorded at 

125 MHz; c HMBC and COSY spectra were recorded at 600 MHz 

5.4.2 Chromophenazine B 

A second minor component 145 was isolated as orange powder as well, with intense 

orange fluorescence on TLC under UV (366 nm). The UV and NMR data were very 
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similar to those of 144, but ring A was now 1,2,3-trisubstituted instead of 1,2-

disubstituted, as two clearly separated doublets and a triplet in the aromatic range 

indicated (Table 21). The molecular formula C23H20N2O3 (determined by HRESIMS 

of the pseudo-molecular ion peak at m/z 373.15459 ([M+H]+) differs by CO2 from 

144, and the proton data pointed to a carboxylic group at position 1 or 4 in ring A. 
13C data could not be measured due to the small available amount; there was an NOE 

signal between CH2-1' and H-6, confirming the prenyl residue again at N-5; the ex-

pected correlation with H-4 was, however, not visible. Our assignment of chromo-

phenazine B as 9-methyl-5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-dihydrobenzo[a]phen-

azine-1-carboxylic acid (145) is therefore based solely on the similarity of the shifts 

of H-2 – H-4 with the respective protons in 146. 

For the biosynthesis of 144 and 145, a 5,9-diprenylated phenazine precursor related 

to 38 or to the aglycone of aestivophoenin C [293] can be assumed, whose cyclization 

would give rise to ring D in 144 and 145, respectively.  

         

Figure 98: A: Chromophenazine A (144), B: Chromophenazine B (145) (left) in 

MeOH and (right) under UV at 366 nm; C: anthranilic acid. D: starting line. 

 

Figure 99:  1H NMR spectrum (600 MHz, CDCl3) of chromophenazine B (145) 

A B 

B 

A 

C D 
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Table 21: 1H NMR data of chromophenazines B (145) in CDCl3 

 

Position 

chromophenazine B 
(145) 

 

Position 

chromophenazine B 
(145) 

δH
a (J in Hz) δH

a (J in Hz) 

1 – 9-Me 2.58 s 

2 8.34 (d, 8.1) 10 7.56 (d, 8.4) 

3 7.71 (t, 8.2) 11 8.41 (d, 8.2) 

4 7.64 (d, 8.3) 11a – 

4a – 11b – 

5a – 12a – 

6 6.19 s 1' 4.80 (d, 5.4) 

7 – 2' 5.13 (t, 5.5) 

7a – 3' – 

8 8.22 s 4' 1.80 s 

9 – 5' 1.93 s 

a 1H NMR spectrum was recorded at 300 MHz 

5.4.3 Chromophenazine C 

The violet chromophenazine C (146) showed absorptions at 224, 281, 361 and 531 

nm; the molecular formula C18H17N3O2 was established by HRESIMS of the pseu-

domolecular ion peak [M+H]+ at m/z 308. The 1H NMR spectrum of 146 (Table 22) 

displayed signals of a 1,2,3-trisubstituted benzene ring with similar shifts as for 145. 

In addition, a doublet at δ 7.58 (1H, d, J = 7.6 Hz), a doublet of a doublet at δ 7.12 
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(1H, J = 7.6, 1.2 Hz) and a narrow doublet at δ 6.16 (1H, d, J = 1.2 Hz) pointed to a 

1,2,4-trisubstituted benzene ring. The presence of an N-prenyl group was again indi-

cated by signals at δ 5.10 (1H, m), 4.81 (2H, d, J = 4.8 Hz), 1.96 (3H, s), and 1.78 

(3H, s). 

 
Figure 100 1H NMR spectrum (600 MHz, CDCl3) of chromophenazine C (146) 

The 13C NMR/HSQC data of 146 (Table 22) disclosed 18 carbon signals for two 

methyls, one methylene, seven methines and eight quaternary carbon atoms. The 

downfield signals at δ 183.9 and 166.3 indicated the presence of a conjugated ketone 

and an amide or acid group. In comparison with 144 and 145, the annulated benzene 

ring D was missing in 146. The position of the prenyl group was the same as in 144 

and 145, as CH2-1' (δ 4.81) showed 3JC,H correlations with C-4a (δ 131.8) and C-5a 

(δ 137.1). This was again supported by an NOE enhancement of H-4 (δ 7.58) and H-

6 (δ 6.16) after irradiation of CH2-1' (δ 4.81) and CH-2'.  

 

Figure 101: 13C NMR spectrum (125 MHz, CDCl3) of chromophenazine C (146) 
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The amide carbonyl (δ 166.3) showed an HMBC correlation with H-2 (δ 8.42) thus 

confirming the position at C-1. The acidic amide proton at δ 6.46 showed a COSY 

cross signal with the second amide proton at 9.86 and additionally a weak HMBC 

correlation with C-1. On the basis of these data, chromophenazine C must be 5-(3'-

methyl-but-2'-enyl)-7-oxo-5,7-dihydrophenazine-1-carboxamide (146).  

 
Figure 102: UV/Vis spectrum of chromophenazine C (146) 

As chromophenazine C (146) and endophenazine B (38) are having the same chro-

mophore, the similarity of their absorption spectra (λmax = 531 for 146 and 545 nm sh 

for 38, respectively) is expectable; the colour of the chromophore has also been con-

firmed by synthetic products. [294] DFT calculations [295] explained also why 144 and 

145 absorbed at shorter wavelength than 146, as their HOMO/LUMO energy differ-

ence is substantially larger.  
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Table 22: 1H and 13C NMR data HMBC and COSY correlations of chromo-

phenazine C (146) in CDCl3 

 

Position 

Chromophenazine C (146) 

δ H
a (J in Hz) δ C

b HMBCc (H→C) COSYc (H↔H) 

1 – 130.5 – – 

2 8.42 (d, 7.6) 127.8 4, 4a,10a, CONH2 H3/H4 

3 7.75 (t,7.6) 132.1 1,2,4,4a,10a H2/H4 

4 7.58 (d,7.6) 117.5 1,2,10a H2/H3/H1' 

4a – 131.8 – – 

5a – 137.1 – – 

6 6.16 (d, 1.2) 100.2 5a,7,9a H1'/H8 

7 – 183.9 – – 

8 7.12 (dd, 7.6, 1.2) 137.2 6,9a H6/H9 

9 7.58 (d, 7.6) 133.6 5a,7 H8 

9a – 147.5 – – 

10 – – – – 

10a – 132.9 – – 

1' 4.81 (d, 4.8) 46.5 2',3',4a,5a H2'/H4/H6/H4'/H5' 

2' 5.10 (m) 115.5 4',5' H1'/H4'/H5' 

3' – 139.3 – – 

4' 1.96 (s) 18.8 2', 3', 5' H1'/H2' 

5' 1.78 (s) 25.6 2', 3', 4' H1'/H2' 

1'' – – – – 

2'',6'' – – – – 

3'',5'' – – – – 

4'' – – – – 

C = O – – – – 

COR1 – 166.3 – – 

NH2 9.86, 6.35 (2s) – – – 
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Figure 103: HMBC spectrum (600 MHz, CDCl3) of chromophenazine C (146) 

The 10H-phenazin-2-ones are keto-tautomers of 2-hydroxyphenazines. correspond-

ing to semi-empirical calculations, [328] the phenolic hydroxyphenazine tautomers are 

more stable than the keto forms, and so it is understandable that amongst the about 

30 natural 2/3-hydroxyphenazines, only one was claimed to be the keto tautomer: in 

the violet endophenazine B (38), [296] N-5 is alkylated as in 144-145, so that a rear-

rangement to the more stable phenol is blocked. A single N-5 monosubstituted 3-

phenazinol has been described, but in the dark red 1,8-phenazinediol-10-oxide,297 the 

long-wavelength absorption at 540 nm is perhaps better explained by the tautomeric 

9,10-dihydroxy-10H-phenazin-2-one form. 

5.4.4 Chromophenazine D 

Chromophenazine D (147) was isolated as a dark red solid with absorption bands at 

389 and 491 nm in the visible range. The broad signal at 3446 cm-1 in the IR spec-

trum gave a hint for the presence of a carboxylic group, which was confirmed by a 

CO signal at δ 169.0. The molecular formula C25H22N2O3 was established by 

HRESIMS of the pseudo-molecular ion peak [M-H]− at m/z 397. The NMR spectra 

of 147 (Table 23) indicated again the presence of a prenyl group as in 144-146, and 

an additional benzoyl residue (Figure 104).  
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Figure 104: 1H NMR spectrum (300 MHz, DMSO-d6) of chromophenazine D 

(147) 

 

 

Figure 105: 13C NMR spectrum (125 MHz, DMSO-d6) of chromophenazine D 

(147) 

 

Figure 106: UV/Vis spectrum of chromophenazine D (147) in CD3OD 



140 Terrestrial bacteria 

 

  

A search in AntiBase [115] with an N-prenyldihydrophenazine substructure, a benzoyl 

fragment and a carboxy group resulted in aestivophoenins A (148), [298] B (149) and 

benthophoenin (150), respectively. The position of the carboxylic acid, benzoyl and 

prenyl moieties were confirmed to be the same as in 148 by 2D NMR spectra, espe-

cially 1H,1H COSY and HMBC correlations (Table 23). In the HMBC spectra, H-2 (δ 

7.51) showed a 3J correlation with the acid carbonyl (δ 169.0) confirming its position 

at C-1, and the attachment of the benzoyl group at C-3 was obvious from the 3J cor-

relation of H-6 (δ 6.16) and H-8 (δ 6.43) with the benzoyl carbonyl (δ 193.1). Ac-

cording to these data, chromophenazine D (147) was confirmed as 3-benzoyl-5-(3'-

methylbut-2'-enyl)-5,10-dihydrophenazine-1-carboxylic acid, an isomer of the so far 

undescribed aglycone of aestivophoenin A (148).  

 

 

Figure 107: HMBC spectrum (600 MHz, DMSO-d6) of chromophenazine D (147) 
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Table 23: 1H, 13C NMR, HMBC and COSY correlations of chromophenazine D 

(147) in DMSO-d6  

 

Position 

Chromophenazine D (147) 

δH
d (J in Hz) δC

b HMBCc (H→C) COSYc 

(H↔H) 

1 – 116.7 – – 
2 7.51 (d, 1.8) 130.7 4,10a,CO2H,C = O H4 
3 – 135.5 – – 
4 6.45 (s br) 109.0 2,10a H2 
4a – 134.7 – – 
5a – 134.0 – – 
6 6.16 (d br, 7.7) 110.6 7,8,5a,9a H7/H8 
7 6.49 (t, 7.7) 121.7 5a,9 H6 
8 6.43 (t, 7.4) 120.8 6,9a H6/H9 
9 6.15 (d, 7.4) 112.3 7,8,5a,9a H8 
9a – 132.7 – – 
10 12.24 (s br) – 1,4a,5a,9,9a,10a – 
10a – 143.6 – – 
1' 3.95 (d, 4.3) 42.9 4a,5a,2',3' H2'/H4'/H5' 
2' 5.03 (m) 119.0 4',5' H1'/H4'/H5' 
3' – 135.4 – – 
4' 1.70 (s) 17.8 2',3', 5' H1'/H2' 
5' 1.72 (s) 25.3 2',3', 4' H1'/H2' 
1'' – 139.0 – – 
2'',6'' 7.55 (m) 128.2 2, 4'', C = O H3'',5''/ H4'' 
3'',5'' 7.48 (t, 7.0) 127.9 1'' H2'', 6''/ H4'' 
4'' 7.56 (m) 130.5 2'',6'', C = O H3'',5''/ H2'', 6'' 
C = O – 193.1 – – 
COR1 – 169.0 – – 
NH2 – – – – 

a 1H NMR spectra recorded at 600 MHz; b 13C NMR spectra were recorded at 125 

MHz; c HMBC and COSY spectra were recorded at 500 MHz; d recorded at 300 

MHz 
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5.4.5 Chromophenazine E 

For the pink chromophenazine E (151), the molecular formula C32H26N2O4 was de-

duced by means of HRESIMS of the pseudo-molecular ion peak [M-H]− at m/z 501. 

The 1H NMR spectrum of 151 (Figure 108) showed signals for a 1,2,4-trisubstituted 

and meta-coupled proton signals of a tetrasubstituted benzene ring (Table 24). In 

addition, signals for two benzoyl groups at δ 7.61-7.55 (10H, signals overlapping; 2 

CO at δ 193.4, 193.0) and a carboxy group (δCO 168.2) were observed (Figure 109). 

An N-prenyl residue was again found, and a singlet at δ 13.1 indicated NH-10 of a 

further dihydrophenazine. A substructure search [115] resulted in benthophoenin, [325] 

which had, however, at N-5 a C10-prenyl residue instead of a C5-prenyl group.  

 

Figure 108: 1H NMR spectrum (300 MHz, DMSO-d6) of chromophenazine E 

(151) 

 

Figure 109: 13C NMR spectrum (125 MHz, DMSO-d6) of chromophenazine E 

(151) 

Irradiation into the allyl methylene group C-1' caused an enhancement of the signals 

of H-4 and H-6, so that N-5 and not N-10 must be prenylated as in the previous 

chromophenazines (Figure 110). 
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Figure 110: NOE spectrum (600 MHz, DMSO-d6) of chromophenazine E (151) 

The attachment of the carboxy group at C-1 and a benzoyl group at C-3 was con-

firmed by HMBC spectra, in which H-2 (δ 7.51) showed 3J correlations with the acid 

carbonyl (δ 168.2) and the benzoyl carbonyl (δ 193.4). The position of the second 

benzoyl residue at C-7 was derived from 3J correlations of H-6 (δ 6.53) and H-8 (δ 

6.87) with the carbonyl at δ 193.0 (Figure 112).  

 

Figure 111: UV/vis spectrum of chromophenazine E (151) in CD3OD 
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Figure 112: HMBC spectrum (600 MHz, DMSO-d6) of chromophenazine E (151)  

Hereby the structure of chromophenazine E was established as 3,7-dibenzoyl-5-(3-

methyl-but-2-enyl)-5,10-dihydrophenazine-1-carboxylic acid (151).  
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Table 24: 1H and 13C NMR data, HMBC and COSY correlations of chromo-

phenazine E (151) in DMSO-d6  

 

Position 

Chromophenazine E (151) 

δH
a (J in Hz) δC

b HMBCc (H→C) COSYc (H↔H) 

1 − 118.2 −  
2 7.51 (d, 1.2) 130.0 4,9a,10a, 7'' H4 
3 − 130.9 − − 
4 6.50 (d, 1.8) 109.6 2,4a,10a, 7'' H2 
4a − 134.6 − − 
5a − 134.1 − − 
6 6.53 (d, 1.1) 110.6 8,5a,9a,7''' H8 
7 − 129.6 − − 
8 6.87 (dd, 7.9,1.8) 126.7 6,9a,7''' H6/H9 
9 6.23 (d, 7.9) 111.2 5a,7 H8 
9a − 138.6 − − 
10 13.12 (s) − 1,4a,5a,9,9a − 
10a − 141.5  − 
1' 3.94 (d, 5.4) 43.0 4a, 5a,2',3' H2'/H4'/H5' 
2' 5.03 (th, 5.9, 1.4) 117.9 4', 5' H1'/H4'/H5' 
3' − 136.2 − − 
4' 1.59 (s) 17.6 2', 3', 5' H1'/H2'/H5' 
5' 1.71 (s) 25.4 2', 3', 4' H1'/H2'/H5' 
1''  138.7d − − 
2'',6'' 7.60 (m) 128.5d 7'' H2'',6''/H3'',5'' 
3'',5'' 7.50 (m) 128.1d 1'' H3'',5''/H2'',4'',6'' 
4'' 7.60 (m) 131.1d 2'',6'',7'' H4''/H3'',5'' 
7'' − 193.4d − − 
1''' − 138.3d − − 
2''',6''' 7.60 (m) 128.4d 4''',7''' H2''',6'''/H3''',5''' 
3''',5''' 7.50 (m) 128.0d  H3''',5'''/H2''',4''',6''' 
4''' 7.60 (m) 130.9d 2''',6''', 7''' H4'''/H3''',5''' 
7''' − 193.0 − − 
1-COR1 − 168.2 – − 

a  1H NMR spectra were recorded at 300 MHz; b 13C NMR spectra were record-

ed at 125 MHz; c HMBC and COSY spectra were recorded at 500 MHz; 
d the 

values of the benzoyl shifts cannot be distinguished and are tentatively assigned 

according to calculations using ACD 
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5.4.6 Chromophenazine F 

Chromophenazine F (152) was isolated as red powder with a absorption band at 511 

nm at longest wavelength. The molecular formula C32H27N3O3 was determined by 

HRESIMS of the pseudo-molecular ion peak [M-H]- at m/z 500. The proton spectrum 

of 152 (Figure 113) was nearly identical with that of 151, and the 2D data led to the 

same carbon skeleton (Figure 114).  

 

Figure 113: 1H NMR spectrum (600 MHz, CDCl3) of chromophenazine F (152) 

 

 

Figure 114: 13C NMR spectrum (125 MHz, CDCl3) of chromophenazine F (152) 

 

Figure 115: 1D-NOESY spectrum (600 MHz, CDCl3) of chromophenazine F 

(152) 
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Figure 116: HMBC spectrum (600 MHz, CDCl3) of chromophenazine F (152) 

The positions of the substituents were derived from 2D NMR data as for 151 and 

found to be the same. With respect to the empirical formula, the signal at δ 170.1 

was, however, assigned to an amide group instead of an acid. These data identified 

chromophenazine F (152) as 3,7-dibenzoyl-5-(3-methyl-but-2-enyl)-5,10-dihydro-

phenazine-1-carboxamide. 

O

N
H

N

CH3 CH3

NH2O

O

4a

9

2

1'
2'

3'
4'5'

6
1''

7''

4''

 

152 



150 Terrestrial bacteria 

 

  

Chromophenazines E (151) and F (152) are closely related with benthophoenin (150) 

isolated from Streptomyces prunicolor and to the methyl ester 153 thereof. [324] The 
1H and 13C data resemble those of the benthophoenins, as expected (Table 25).  
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Figure 117: UV/Vis spectrum of chromophenazine F (152) 
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Table 25: 1H and 13C NMR data HMBC and COSY correlations of chromo-
phenazine F (152) in CDCl3  

Position 
Chromophenazine F (152) 

δH
a (J in Hz) δC

b HMBCc (H→C) COSYc (H↔H) 

1 − 109.4 − − 

2 7.10 (d, 1.4) 123.9 1,3,4,4a,10a, 7''' H4/H9 

3 − 129.3 − − 

4 6.52 (s br) 113.0 2,3,4a,10a,7'' H2/H10 

4a − 136.4 − − 

5a − 134.7 − − 

6 6.72 (d, 1.2) 112.0 7,8,5a,9a,7'' H8/H10 

7 − 132.2 − − 

8 6.93 (dd, 7.9,1.4) 127.0 6,9a,7''' H6/H9 

9 6.20 (d, 7.9) 112.3 5a,7 H2/H8 

9a − 136.8 −  

10 10.3 (s) − 1,4a,5a,9 H4/H6 

10a − 142.8 − − 

1' 3.91 (d, 6.3) 44.2 4a, 5a, 2', 3' H1'/H4'/H5' 

2' 4.99 (m) 117.4 4', 5' H2'/H4'/H5' 

3' − 137.5 − − 

4' 1.50 (s) 17.8 2', 3', 5' H1'/H2'/H5' 

5' 1.68 (s) 25.8 2', 3', 4' H1'/H2'/H4' 

1'' − 137.9d − − 

2'',6'' 7.67 (d, 7.8) 129.3d 1'',4'',7'' H2'',6''/H3'',5'' 

3'',5'' 7.45 (t, 7.8) 128.0d 1'' H3'',5''/H2'',4'',6'' 

4'' 7.51 (tt, 7.5, 1.2) 131.6d 2'',6'' H4''/H3'', 5'' 

7'' − 194.1d − − 

1''' − 138.3d − − 

2''',6''' 7.67 (d, 7.8) 129.2d 4''',7''' H2''',6'''/H3''',5''' 

3''',5''' 7.42 (t, 7.8) 128.2d 1''' H3''',5'''/H2''',4''',6''' 

4''' 7.54 (tt, 7.5, 1.3) 131.8d 2''',6''' H4'''/H3''',5''' 

7''' − 194.7 − − 

1-COR1 – 170.2 –    − 

a  1H NMR spectra were recorded at 300 MHz; b 13C NMR spectra were record-
ed at 125 MHz; c HMBC and COSY spectra were recorded at 500 MHz; 

d the 
values of the benzoyl shifts cannot be distinguished and are tentatively assigned 
according to calculations using ACD 
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Table 26: 1H, 13C NMR HMBC and COSY correlations of chromophenazine E (151) 
in DMSO-d6 and chromophenazine F (152) in CDCl3, in comparison with related 
compounds; coupling constants J in [Hz]. 

 

Atom 

no. 

Chromophenazine E 
(151) 

Chromophenazine F 
(152) 

Benthophoenin 
(150) 

Benthophoenin 
methyl ester (153) 

δH
a (J in Hz) δC

b δH
c (J in Hz) δC

b 
δH

a (J 
in Hz) 

δC
b 

δH
a (J in 
Hz) 

δC
b 

1 – 118.2 – 109.4 – 124.9 – 107.5 
2 7.51 (d, 1.2) 130.9 7.10 (d, 1.4) 123.9 7.73 131.8 7.53 127.5 

3 – 130.0 – 129.4 – 136.8 – 129.5 
4 6.50 (d, 1.8) 110.6 6.52 (s br) 113.0 Np* 112.7 6.67 113.2 
4a – 134.6 – 136.4 – 132.8 – 136.1 

5a – 134.1 – 134.7 – 132.8 – 134.8 

6 6.53 (d, 1.1) 109.6 6.72 (d, 1.2) 112.0 6.69 113.0 6.76 112.4 
7 – 129.6 – 132.2 – 135.9 – 132.7 

8 6.87 (dd, 7.9,1.8) 126.7 
6.93 (dd, 
7.9,1.4) 

127.0 6.99 128.3 6.98 126.6 

9 6.23 (d, 7.9) 111.2 6.20 (d, 7.9) 112.3 6.32 112.9 6.25 112.4 
9a – 138.6 – 136.8 – 139.9 – 136.4 

10 13.12 (s) – 10.3 (s) – – – 9.80 – 
10a – 141.5 – 142.8 – 143.8 – 143.8 
1' 3.94 (d, 5.4) 43.0 3.91 (d, 6.3) 44.2 Np* 44.9 – 44.2 

2' 5.03 (td, 5.9, 1.4) 117.19 4.99 (m) 117.4 5.06 119.5 5.02 117.1 
3' – 136.9 – 137.5 – 141.7 – 141.4 
4' 1.59 (s) 17.6 1.50 (s) 17.8 2.08 16.5 2.08 16.3 

5' 1.71 (s) 25.4 1.68 (s) 25.8 1.68 40.5 1.62 39.5 
6' – – – – 2.08 27.2 2.01 26.4 
7' – – – – 5.06 124.9 5.02 123.7 

8' – – – – – 132.5 – 131.7 

9' – – – – 1.61 17.8 1.61 17.7 

10' – – – – 1.59 25.8 1.56 25.6 

1'' – 138.7d – 137.9d – 139.9 – 138.4 
2'', 6'' 7.60d 128.5d 7.67 (d, 7.8)d 129.3d 7.66 130.3 7.69 129.4 
3'', 5'' 7.50d 128.1d 7.45 (t, 7.8)d 128.0d 7.50 129.3 7.43 128.1 

4'' 7.60d 131.1d 
7.51 (tt, 
7.5,1.2)d 

131.5d 7.59 132.6 7.53 131.7 

7'' – 193.4d – 194.1d – 197.1 – 194.8 
1''' – 138.3d – 138.3d – 139.9 – 138.1 

2''',6''' 7.60d 128.4d 7.67 (d, 7.8)d 129.2d 7.66 130.3 7.69 129.4 
3''', 5''' 7.50d 128.0d 7.42 (t, 7.8)d 128.2d 7.50 129.3 7.45 128.1 

4''' 7.60d 130.9d 
7.54 (tt, 
7.5,1.3)d 

131.8d 7.59 132.6 7.55 131.7 

7''' – 193.0 – 194.7 – 197.1 – 194.2 
1-

COR1 
– 168.2 – 170.2 – 173.8 – 168.2 

1-
CO2Me 

– – – – – – 3.81 52.1 
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Chromophenazine F 

(152)  
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5.4.7 Chromophenazines: Unusual ESI-MS and CID-MS/MS Fragmentations  

Surprisingly, in the positive ion mode electrospray mass spectra of chromophenazine 

D, E, and F intensive signals were observed at m/z 398 (chromophenazine D, 147), 

m/z 502 (chromophenazine E, 151) and m/z 501 (chromophenazine F, 152) corre-

sponding to the odd-electron M+• ions. The identity of these species was confirmed 

by HR-ESIMS (Table 27). Typically, under electrospray condition even-electron 

quasi-molecular ions were formed by protonation or as adducts with ions from the 

solution phase (e.g. Na+, K+, NH4
+). However, in (+)-ESI, oxidation of the analyte 

molecules can occur leading to the M+• ions described above. Additionally, [M+H]+ 

ions were detected with low intensity for chromophenazine E (151) and F (152), but 

not for chromophenazine D (147). However, the formation of [M]+• species was not 

observed for chromophenazine A (orange, 144), B (orange, 145), and C (violet, 146). 

Obviously, the red coloured chromophenazines D (147), E (151), and F (152) with at 

least one benzoyl group in conjugation to the phenazine moiety are able to stabilize a 

radical within the molecule in the gas phase and so they can be oxidized very easily 

under electrospray conditions (positive ion mode) forming radical cations preferably. 

Furthermore, the isoprene subunit can be cleaved very rapidly by tandem mass spec-

trometry using collision-induced dissociation. For chromophenazines D (147), E 

(151), and F (152) a loss of ∆m/z 69 was observed corresponding to the cleavage of 

an odd-electron isoprenyl radical [C5H9
•] from the radical molecular ion peak [M+•] 

(chromophenazine D (147), m/z 398 to m/z 329, chromophenazine E (151), m/z 502 

to m/z 433, chromophenazine E (151), m/z 501 to m/z 432) forming even-electron 

fragment ions (Table 28). In contrast, for chromophenazines A (144) and C (146), 

loss of a neutral even-electron isoprene unit (m/z 68, C5H8) was observed. On the 

other hand, the even-electron negative ions of chromophenazines D (147), E (151), 
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and F (152) formed by deprotonation in the (-)-ESI mode were also able to cleave off 

an odd-electron isoprenyl radical [C5H9
•] forming negatively charged odd-electron 

fragment ions [chromophenazine D (147), m/z 397 to m/z 328, chromophenazine E 

(151), m/z 501 to m/z 432, chromophenazine F (151), m/z 500 to m/z 431]. 

 

Table 27: Ionic species of chromophenazines D (147), E (151), and F (152) 

formed by (+)-ESI-MS. 

Compounds Proposed 
species 

Elemental 
composition 

Exact 
mass 

measured 

Exact 
mass cal-
culated 

Relative 
intensity 

Chromophenazine 
A (144) 

[M]+• 

[M+H]+
 

[M-H]+ 

C22H20N2O 

C25H23N2O 

C22H19N2O 

n.d. 

329.1650 

n.d. 

 

328.1570 

329.1648 

327.1492 

- 

high 

- 

Chromophenazine 

 C (146) 

[M]+• 

[M+H]+
 

[M-H]+ 

C18H17N3O2 

C18H18N3O2 

C18H16N3O2 

n.d. 

308.1396 

n.d. 

307.1315 

308.1394 

306.1237 

- 

high 

- 

Chromophenazine 

D (147) 

[M]+• 

[M+H]+
 

[M-H]+ 

C25H22N2O3 

C25H23N2O3 

C25H21N2O3 

398.1624 

n.d. 

397.1546 

398.1625 

399.1703 

397.1546 

high 

- 

low 

Chromophenazine 

E (151) 

[M]+• 

[M+H]+
 

[M-H]+ 

C32H26N2O4 

C32H27N2O4 

C32H25N2O4 

502.1888 

503.1984* 

501.1810 

502.1887 

503.1966 

501.1809 

high 

low 

low 

Chromophenazine 

F (152) 

[M]+• 

[M+H]+
 

[M-H]+ 

C32H27N3O3 

C32H28N63O3 

C32H26N3O3 

501.2049 

502.2140* 

500.1972 

501.2047 

502.2125 

500.1969 

high 

low 

low 

* peaks not completely resolved; n.d. = not detected 
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Table 28: MS/MS fragmentation of selected ions from chromophenazines D 

(147), E (151), and F (152). 

Compounds Selected Ions Fragmentation Exact mass 
measured 

Exact 
mass cal-
culated 

Chromophenazine A 
(144) 

[M+H]+ , 329.2 

 

[M-C4H8]+ 

[M-C5H8]+ 

[M-C4H8-CO]+ 

[M-C5H8-CO]+ 

273.1024 

261.1024 

245.1074 

233.1075 

273.1022 

261.1022 

245.1073 

233.1073 

Chromophenazine C 
(146) 

[M+H]+ , 
308.1 

[M-C5H8]+ 

 

240.0768 240.0768 

Chromophenazine D 
(147) 

[M]+• , 398.2 

 

 

 

 

[M-H]- , 397.2 

[M-C5H9]+ 

[M-C5H9-H2O]+ 

[M-C5H9-H2O-
CO]+ 

[M-C5H9-H2O-CO-
CO]+ 

[M-H-C5H9]-• 

329.0925 

311.0819 

283.0869 

255.0918 

328.0845* 

329.0921 

311.0815 

283.0866 

255.0917 

328.0853 

Chromophenazine E 
(151) 

[M]+• , 502.2 

 

 

 
[M-H]- , 501.2 

[M-C5H9]+ 

[M-C5H9-H2O]+ 

[M-C5H9-H2O-
CO]+ 

[M-C5H9-H2O-2 
CO]+ 

[M-H-C5H9]-• 

433.1190 

415.1082 

387.1132 

359.1182 

432.1122 

433.1183 

415.077 

381.1128 

359.1179 

432.1116 

Chromophenazine F 
(152) 

[M]+• , 501.2 

 
 

 

[M-H]- , 500.2 

[M-C5H9]+ 

[M-C5H9-NH3]+ 

[M-C5H9-NH3-
CO]+ 

[M-H-C5H9]-• 

432.1347 

415.1081 

387.1129 

431.1290 

432.1343 

415.1077 

381.1128 

431.1275 
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5.5 Terrestrial Streptomyces Ank 223 

The strain Streptomyces sp. Ank 223 formed grey mycelial colonies after incubation 

on M2 agar medium for 10 days at 28 °C. It was selected due to its biological activity 

against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, the fungus Mucor 

miehei (Tü284) and the yeast Candida albicans. 

Streptomyces sp. Ank 223
(25 L shaker)

Mycelium Filtrate

Mixed with celite and filtered by filter press

Extraction with EtOAc and Acetone
 

XAD-16, MeOH 

CC using silica gel (CH2Cl2:MeOH, gradient elution )

Fraction I Fraction II Fraction IV

   
7-acetyl-1,3-dihedroimidazo[4,5,b]              
pyridine-2-one

Crude extract 
(2.64 g)

Sephadex LH-20
(MeOH)

 Sephadex LH-20
      (MeOH)

         Isatin
        

Ferroverdin A
   

                Fat

      para-Hydroxyphenylethyl alcohol
                        

     PHB
   

Fraction III

Lumichrome
   

Polyhydroxybutaric acid
   

 

Figure 118: Work-up scheme of Streptomyces sp. Ank 223 

The Streptomyces sp. Ank 223 was cultivated on 25 L scale using 1L Erlenmeyer 

flasks containing 250 mL of M2 medium at 28 °C for 8 days on a linear shaker (250 

rpm). The culture broth was mixed with Celite and filtered with a filter press. The 

filtrate was passed through an Amberlite XAD-16 column, the resin was washed with 

water, and eluted with methanol. The methanol phase was concentrated and the 

aqueous residue was extracted with ethyl acetate. The mycelium was extracted se-

quentially with ethyl acetate and then acetone. The extracts showed similar composi-
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tions on TLC and were combined. They were further chromatographed in different 

ways to get their constituents in pure form.  

Five compounds were isolated from Streptomyces sp. Ank 223, all of them were 

known and were identified as 7-acetyl-1,3-dihydroimidazo[4,5,b]pyridine-2-one 

(154), isatin (155), polyhydroxybutyric acid (156), lumichrome (157), ferroverdin A 

(158). 

 

5.5.1 7-Acetyl-1,3-dihydroimidazo[4,5,b]pyridine-2-one 

Compound 154 was obtained as white solid. The 1H NMR spectrum of 154 showed 

two doublets in the aromatic region at δ 7.15 and at δ 7.15 and a methyl singlet at δ 

2.60. A search in AntiBase [115] using the above spectroscopic data identified 154 as 

7-acetyl-1,3-dihydroimidazo[4,5,b]pyridine-2-one (154).  

 

N

O

N
H

N
H

O

 
    154 

5.5.2 Isatin  

Compound 155 was isolated as orange powder and showed UV absorption at 254 nm 

and no colour change after spray with anisaldehyde/sulphuric acid. The 1H NMR 

spectrum of 155 showed two doublets at δ 7.58 and 6.85 and two triplets at δ 7.55 

and 7.08, indicating a 1,2-disubstituted benzene ring. A search with the data above in 

AntiBase [115] and by comparison of the above spectroscopic data with literature 

identified the compound as isatin (155). 

Isatin (155) is responsible for the protection of shrimp embryos of Palaemon macro-

dactylus from an infection by pathogenic fungus Lagenidium callinectes. [299] Only 
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six isatin derivatives are known from microorganisms [115], while bromo-isatin is the 

only one, which was reported from higher organisms (mollusks). [300] 

Isatin (155) was reported as signalling substance between microorganisms for pro-

duction of antibiotics. In addition, it is active as inhibitor of xanthine oxidase of milk 
[301] and monoamine oxidase. [302] Isatin (155) is known as fungal pigment from a 

mutant of Schizophyllum commune. [303] Synthetically, 155 was obtained for the first 

time during oxidative degradation of indigo by nitric or chromic acid.  

 

N
H

O

O
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5.5.3 Polyhydroxybutyric acid (PHB) 

Compound 156 was isolated from fraction IV as white polymer and showed no UV 

absorption and no colour after spraying with anisaldehyde/sulphuric acid. The 1H 

NMR spectrum of 156 showed a methyl doublet at δ 1.23, two multiplets at δ 2.40 

and 2.60 and a sharp ABX signal of an oxygenated methine group at δ 5.23. By a 

search in AntiBase [115] using the above spectroscopic data, the compound was con-

firmed as polyhydroxybutyric acid (156). 

 

 

Figure 119: 1H NMR spectrum (300 MHz, CDCl3) of PHB (156) 
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5.5.4 Lumichrome 

Compound 157 was isolated from fraction III using Sephadex LH-20 (methanol) as 

yellow pale solid, which was UV absorbing at 254 nm and stained to yellow with 

anisaldehyde/sulphuric acid.  

The 1H NMR spectrum of lumichrome (157) exhibited four singlets, two 1H singlets 

in the aromatic region at δ 8.03 and 7.85 along with one broad 2H singlet of acidic 

groups at δ 13.9, and two in the aliphatic region at δ 2.32 and 2.25 attributed to two 

methyl groups possibly connected with an aromatic ring. A search in AntiBase [115] 

and a comparison with authentic spectra from our collection resulted in lumichrome 

(157). 

 

Figure 120: 1H NMR spectrum (Pyridine-d5, 300 MHz) of lumichrome (157) 

 

Compound 157 was previously isolated from a Chinese marine sponge Cinachyrella 

australiensis by Liya et al. in 2004, [304] from the actinomycete Micromonospora sp. 
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strain Tü 6368 [305] and the fungus Aspergillus oniki 1784. [338] It was reported to act 

as a testosterone 5α-reductase inhibitor. [306] 
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157      

5.5.5 Ferroverdin A 

 

Figure 121: Separation of ferroverdin A (158) on Sephadex LH-20 in methanol.    

Compound 158 was isolated from fraction IV as a green powder, whose colour is due 

to the iron content. The 1H NMR spectrum displayed in the aromatic region five sig-

nals at δ 8.10, δ 7.74, δ 7.18, δ 7.53, δ 7.22. Further more three signals at δ 6.75, δ 

5.26 and at δ 5.82 . The molecular formula of ferroverdin A was determined to be 

C45H30N3O12Fe on the basis of HR-ESIMS measurement (m/z, found 861.1257, 

calcd. 861.1258 for C45H31N3O12 Fe [M+H]+).  
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Figure 122: 1H NMR spectrum (DMSO-d6, 300 MHz) of ferroverdin A (158) 

 

The 13C NMR spectrum contained 15 carbon signals, which were classified into two 

sp2 methylenes, seven sp2 methines and six sp2 quaternary carbons by analysis of the 

DEPT spectra. Some carbon signals overlapped. 

 

Figure 123: 13C NMR spectrum (DMSO-d6, 300 MHz) of ferroverdin A (158) 
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Figure 124: Monomer of ferroverdin A (158) 
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Table 29 1H and 13C NMR data of ferroverdin A (158) in DMSO-d6 

Position δH
 (J in Hz) δC 

δH
 (J in 

Hz) Litera-
ture [307] 

δC
 (J in Hz) Lit-

erature [340] 

C-1 – 114.4 – 116.9 

C-2 7.74 (d, 2.2) 112.8 7.90 114.7 

C-3 – 158.7 – 160.6 

C-4 – 180.7 – 181.9 

C-5 7.18 (d, 9.2) 121.8 7.20 122.7 

C-6 8.10 (dd, 9.2, 2.0) 136.8 8.20 138.3 

C-7 – 164.3 – 166.5 

C-8 – 150.3 – 152.1 

C-9 7.22 (d, 8.6) 122.0 7.10 123.0 

C-10 7.53 (d, 8.6) 127.0 7.50 128.2 

C-11 – 134.7 – 136.8 

C-12 6.75 (dd, 11.1, 11.1) 135.7 6.70 137.3 

C-13 5.26 (d, 11.1) 114.3 5.30 114.2 

 5.82 (d, 17.7) 114.3 5.75 114.2 

 

Ferroverdins are green siderophores produced in the mycelium of Streptomyces spe-

cies. Ferroverdins consists of three p-vinylphenyl-3-nitroso-4-hydroxybenzoate lig-

ands complexed with a ferrous ion. There are three ferroverdin derivatives: A (158), 

B (159), and C (160).  
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zzzz All ferroverdins showed a dose-dependent inhibitory activity against human 

cholesteryl ester transfer protein (CETP). The IC50 values were 21, 0.62 and 2.2 μm 

for ferroverdins A (158), B (159) and C (160), respectively, indicating that ferrover-

din B is one of the most potent CETP inhibitors of microbial origin. [308] 

5.6 Streptomyces sp. WO 668  

For the pre-screening, the terrestrial Streptomyces sp. WO 668 was cultivated in Er-

lenmeyer flasks in M2
+ medium at 28 °C for five days. After work-up, the resulting 

crude extract showed on TLC, UV absorbing bands, which gave a pink colour with 

anisaldehyde/sulphuric acid. 
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A culture on agar was used to inoculate 100 of 1 L Erlenmeyer flasks each contain-

ing 250 ml of M2
+ medium (25 L). After incubation at 28 °C on a linear shaker for 

seven days, the dark brown culture broth was filtered under vacuum. The biomass 

was extracted 3 times with ethyl acetate followed by two times with acetone. The 

filtrate was subjected to XAD-16; the resin has been washed with distilled water. The 

methanolic eluate was concentrated under vacuum to obtain a crude extract (2.70 g), 

which was subjected to silica gel column chromatography (CC) eluting with CH2Cl2, 
followed by stepwise addition of CH3OH to yield twelve fractions FI to FXII. 

         WO 668
(40 L shaker)

Mycelium Filtrate

Mixed with celite and filtered by filterpress

Extraction with EtOAc 

XAD-16, MeOH 

Ethyl Acetate C. extraxt 
(2.70 g)

Extraction with Acetone 

Acetone Crude extraxt  
(3.70 g)

Methanol Crude extraxt 
(2.32 g)

ZIWO668EA ZIWO668AC ZIWO668M

ZIWO668M1, ....,
....., ZIWO668M12

ZIWO668EA1, ....,
....., ZIWO668EA7

ZIWO668AC0, ...,
ZIWO668AC10

 

Figure 125: Work-up scheme of Streptomyces sp. WO668 

The ethyl acetate extract was concentrated under vacuum to obtain a crude extract 

(2.70 g), which was subjected to silica gel column chromatography (CH2Cl2/MeOH) 

to yield seven fractions I to VII. The acetone extract was concentrated under vacuum 

to obtain a further crude extract (3.70 g), which was also subjected to silica gel col-

umn chromatography (CH2Cl2/MeOH) to yield eleven fractions. 

All methanol extract fractions were subjected to Sephadex LH-20 (MeOH) to yield 

indole-3-carbaldehyde (96), tryptophol (119), indole-3-lactic acid (121), uracil (126), 

p-hydroxybenzoic acid (134),  3-hydroxy-4-(4-hydroxy-phenyl)-butan-2-one (161), 

and 13-hydroxy-12-methyl-tetradecanoic acid (163). 
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The acetone crude extract was submitted to HPLC-ESI-MS and delivered peptide 

homologues. 

5.6.1 Peptide homologues 

The acetone crude extract of this strain was submitted to HPLC-ESI-MS. The pres-

ence of peptides homologues was then detected. It was noticed that the ionisation 

gave different quasimolecular ions for [M+H]+ at m/z 882, 897, 911 and 925, indicat-

ing a series of homologues. The selected peaks were subjected to HR-MS to obtain a 

molecular formula C41 H74 N10 O11, C42H76N10O11, C43H78N10O11, respectively. 

The sample was then submitted to HPLC-ESI-MS/MS. Preliminary ESI-MS/MS 

studies revealed that the compounds were potentially structurally related to fusari-

cidin A, fusaricidin B, LI-F06a. 

5.6.2 3-Hydroxy-4-(4-hydroxyphenyl)-butan-2-one  

Compound 161 was isolated as colourless solid from fraction IV of the methanol 

extract. It showed middle polarity on TLC, was not UV absorbing and colourless 

after spraying with anisaldehyde/sulphuric acid. The molecular weight of 161 was 

deduced as 180 Dalton according to ESI MS spectra, and the corresponding molecu-

lar formula was established as C10H12O3 on the bases of HRESIMS.  

The 1H NMR spectrum of compound 161 displayed two 2H doublets (J = 8.5 Hz) at 

δ 7.04 and 6.68, indicating a 1,4-disubstitued benzene ring. Additionally, a signal for 

one oxygenated methine was visible at δ 4.23 (ABX) together with a methylene 2H 

at 2.93 (dd) and 2.72 (m) given by a benzene-attached methylene group. A methyl 

singlet was finally shown at 2.18, representing most likely an acetyl group.  

 

Figure 126: 1H NMR spectrum (CD3OD, 300 MHz) of 3-hydroxy-4-(4-hydroxy-

phenyl)-butan-2-one (161) 
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The 13C NMR/HMQC spectra displayed ten carbon signals, which were classified 

into several categories: One acetyl carbonyl (213.0), six aromatic carbons, among 

them two quaternary (157.1 and 129.4) and two 2 CH methine signals (131.4 and 

116.1), confirming the 1,4-disubstituted aromatic residue to bear an oxygenated sp2 

carbon (157.1), also an sp3 oxymethine (79.5), a methylene (40.0) and methyl (26.3) 

carbon signals were recognized, as expected from the 1H NMR spectrum. 

 

Figure 127: 13C NMR spectrum (CD3OD, 300 MHz) of 3-hydroxy-4-(4-hydroxy-

phenyl)-butan-2-one (161) 

 

Table 30: 1H and 13C NMR Data of 3-hydroxy-4-(4-hydroxy-phenyl)-butan-2-

one (161) in CD3OD 

Position δH
 (J in Hz) δC 

C-1 – 129.4 

C-2 7.04 (d, 8.5) 131.4 

C-3 6.68 (d, 8.5) 116.1 

C-4 – 157.1 

C-5 6.68 (d, 8.5) 116.1 

C-6 7.04 (d, 8.5) 131.4 

C-1' 2 .72 (m) 40.0 

 2.93 (dd, 14.1, 4.7) 40.0 

C-2' – 79.5 

C-3' – 213.0 

C-4' 2.18 (s) 26.3 
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In the 1H,1H COSY experiment, the proton signals of the oxymethine (δH 4.23) and 

the sp2-bound methylene (δH 2.93 and 2.72) showed correlations, confirming their 

direct neighbourhood.  

 

Figure 128: 1H-1H COSY spectrum (CD3OD, 600 MHz) of 3-hydroxy-4-(4-

hydroxyphenyl)-butan-2-one (161) 

According to the HMBC experiment, the methylene group (CH2-4) was directly con-

nected to the aromatic quaternary carbon C-1’ (129.4), as correlations with both C-1’ 

(2J) and CH-2’/6’ (131.4, 3J), and vice versa were visible. The 4-substituted phenol 

residue was confirmed by further HMBC correlations (Figure 129), resulting in 4-(2-

hydroxy-ethyl)-phenol as partial structure. On the other hand, the methyl singlet (δH 

2.18) showed a coupling with the carbonyl C-2 (δC 213.0) and the oxymethine carbon 

C-3 (δC 79.5), confirming the attachment of a terminal acetyl group to the oxyme-

thine C-3 (δC 79.5). Furthermore, the methylene protons H-4a/b (δH 2.93, 2.72) and 

the oxymethine (H-3, δH 4.23) displayed diagnostic 3J and 2J correlations with the 

acetyl carbonyl (C-2, 213.0).  
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Figure 129: HMBC spectrum (CD3OD, 600 MHz) of 3-hydroxy-4-(4-hydroxy-

phenyl)-butan-2-one (161) 
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Figure 130: 1H-1H COSY and HMBC correlations of 3-hydroxy-4-(4-hydroxy-

phenyl)-butan-2-one (161) 
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Accordingly, compound 161 was elucidated as 3-hydroxy-4-(4-hydroxyphenyl)-

butan-2-one (161). Based on a search in AntiBase [115] and the Dictionary of Natural 

Products, compound 161 is reported here for first time as natural product. It was, 

however, already obtained by synthesis. [309] 

5.6.3 13-Hydroxy-12-methyl-tetradecanoic acid 

Compound 163 was isolated as oily substance. The 1H NMR spectrum showed sig-

nals in the aliphatic region at δ 2.25 (t, H-2), 1.6 (q, H-3), 1.22-1.31 (aliphatic chain, 

H-5-12), 1.18 (m, H-13), (0.87, 13-CH3), 3.6 (m, H-14) and 1.15 (m, 14-CH3).  

 

 

Figure 131: 1H NMR spectrum (CD3OD, 300 MHz) of 13-hydroxy-12-methyl-

tetradecanoic acid (163) 

 

 

Figure 132: 13C NMR spectrum (CD3OD, 125 MHz) of 13-hydroxy-12-methyl-

tetradecanoic acid (163) 
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Table 31: 1H, 13C and 2D NMR data of 13-hydroxy-12-methyl-tetradecanoic acid 

(163) in CD3OD  

Position δH
a δC

b HMBCc (H→C) 
COSYc 
(H↔H) 

1 – 178.5 – – 

2 2.25 (t) 35.4 26.2 
30.2-30.8 

1.6 

3 1.6 (q) 26.2 30.2-30.8 
35.4 

1.3, 2.25 

4 1.3 28.5 – 1.6 
5 1.22-1.31 30.2 – – 
6 1.22-1.31 30.3 – – 
7 1.22-1.31 30.4 – – 
8 1.22-1.31 30.6 – – 
9 1.22-1.31 30.7 – – 
10 1.22-1.31 30.8 – – 

11 1.22-1.31 33.7 – – 
12 1.18 (m) 41.0 30.2-30.8 – 

12-CH3 0.87 14.9 20.2, 33.7, 41.0, 
71.0 

1.3 

13 3.60 (m) 71.9 – 1.1 
14 (CH3) 1.10 20.2 14.9, 41.0, 71.0 3.6 

 

In the COSY spectrum, the methyl doublet at δ 1.10 (H3-14) correlated with the ox-

ymethine signal at 3.60 (C-13), indicating a CH(OH)-CH3 fragment. Both methyl 

groups showed a strong HMBC correlation with the oxy-methine carbon C-13. As 

there was also an HMBC correlation from the second methyl signal at δ 0.87 with C-

14, a CH3-CH(OH)-CH(CH3)- fragment was confirmed. According to the empirical 

formula C15H28O3 (by ESI-HRMS), only the double bond equivalent of one carbonyl 

group was present; a ring was therefore excluded. The only way to connect the re-

maining atoms is to place group mentioned above at the end of n-undecanoic acid, 

resulting in 13-hydroxy-12-methyl-tetradecanoic acid (163). This agrees also with 
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the triplet at δ 2.25, which is in the expected region for an α-methylene group in a 

fatty acid. 

O

O

O

H

H H
0.87

71.9

20.2
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41.0

33.7

178.5

35.4

26.2

28.4H

 

Figure 133: 1H-1H COSY () and HMBC (↔) correlations of 13-hydroxy-12-

methyl-tetradecanoic acid (163) 
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Terminally hydroxylated anteiso-fatty acids are very rare in nature, and compound 

163 had not been described before. The closest relation is found with 4,11-

dihydroxy-10-methyldodec-2-en-1,4-olide, which has, however, a shorter chain and 

is additionally hydroxylated in position 4. 

 

5.6.4 Aspernigrin A 

Compound 165 was isolated as white crystals; it was UV absorbing under 254 

nm. The 1H NMR spectrum (Figure 134) showed the presence of a benzyl moiety 

deduced from the characteristic signals of a monosubstituted aromatic ring (δ 7.24-

7.31, 5H) in conjunction with a signal at δ 3.95 integrating for two protons (H2-7). 

Furthermore, two doublets at δ 6.34 (H-5) and 8.52 (H-2) were observed (Table 32).  
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Figure 134: 1H NMR spectrum (CD3OD, 300 MHz) of aspernigrin A (165)  

 

Table 32: 1H and 13C NMR data of aspernigrin A (165) in CD3OD  

Position δ H δ C 

1 − − 

2 8.52 s 145.7 

3 − 117.7 

4 − 180.6 

5 6.34 s 119.3 

6 − 155.7 

7 3.95 s (2H) 40.7 

8 − 138.1 

9/13 7.31 129.8 

10/12 7.28 130.1 

11 7.24 128.1 

14 − 170.5 

CONH2 − − 

 

The 13C NMR spectrum displayed chemical shifts at 145.7 (C-2), 117.7 (C-3), 

180.6 (C-4), (δC 119.3, C-5), δ 155.7 (C-6), 37.6 (C-7), 138.1 (C-8), (129.8, C-9/C-

13), (130.1, C-10/C-12), (128.1, C-11). Hence, compound 165 was found to be 

aspernigrin A (165). 
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Figure 135: 13C NMR spectrum (CD3OD, 125 MHz) of aspernigrin A (165) 

The structure of aspernigrin A, previously elucidated to be 4-benzyl-6-oxo-1,6-

dihydropyridine-3-carboxamide (164), was revised as 6-benzyl-4-oxo-1,4-dihydro-

pyridine-3-carboxamide (165) on the basis of additional NMR spectroscopic data and 

the X-ray crystallographic analysis. [310]  
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6 Marine bacteria  

6.1 Marine Streptomyces sp. B 909-417 

The marine Streptomyces sp. B 909-417 was selected due to its antibacterial and 

high cytotoxic activities on brine shrimps. The strain was cultivated on M2
+ medi-

um for 10 days at 28 °C. Pieces of well grown agar were used to inoculate 100 of 1L 

Erlenmeyer flasks, each containing 250 ml of LB medium. The fermentation was 

carried out at 180 rpm on a rotary shaker for 3 days at 28 °C. The culture broth was 

harvested and filtered to separate the biomass, which was extracted with ethyl acetate 

(3 times) and acetone (2 times), respectively. The culture filtrate was then passed 

through Amberlite XAD-16. The column was washed with 25 L demineralised water 
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and eluted with 15 L methanol. The eluates were concentrated under reduced pres-

sure and final extraction of the residue was done with ethyl acetate. The organic 

phases were dried. Both crude extracts were mixed yielding a crude extract of 2.64 g. 

The chromatography of the latter on silica gel using a dichloromethane-methanol 

gradient with successively increasing polarity resulted in three fractions I-III accord-

ing to monitoring by TLC.  

Fraction I contained fat and was not further investigated. Two compounds were iso-

lated from fraction II and were identified as daidzein (166) and 4-hydroxybenzoic 

acid (134). 

6.1.1 Daidzein 

Compound 166 was isolated from fraction II as white powder, which showed UV 

absorption at 254 nm. The molecular formula C15H10O4 was deduced by HRESIMS 

of the pseudo-molecular ion peak at m/z 255 in the positive mode and 253 in the neg-

ative mode. The aromatic region of the 1H NMR spectrum of 166 showed an ABX 

pattern at δ 7.85 (d), 6.73 (dd), 6.58 (d) and an A2B2 pattern at δ 7.26 (d) and 6.82 

(d). It showed also a singlet at δ 8.56. The above data indicated that 166 could be an 

isoflavone. A search in AntiBase [115] by using the above spectroscopic data resulted 

in daidzein (166), which was further confirmed by comparison with reported litera-

ture data. 

OH

O

O

OH

 

166 
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Figure 136: 1H NMR spectrum (CD3OD, 600 MHz) of daidzein (166) 
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Figure 137: Chemical structure of 3’-specific hydroxylated form [272]  

Daidzein (4´,7-dihydroxyisoflavone, 166) is found in relatively high concentrations 

in almost all soy foods made from soy protein [281,311] and is generally present in the 

form of various glycosidic conjugates. [312,313] These are efficiently hydrolyzed by 

intestinal glucosidases, and daidzein is released and either further metabolized or 

absorbed unchanged. [314] Daidzein (166) and genisteine (133) are isoflavones often 

isolated from fermentations in media containing plant-derived nutrients such as soy-

bean meal or cotton seed meal. [284] 

The important biological properties of isoflavones like 133 and 166 include their 

ability to inhibit tyrosine kinases [278,315] and growth factors that regulate cell growth 

and proliferation.[316] Isoflavones have been extensively investigated as potential die-

tary and pharmacological agents in a wide range of indications, including cardiovas-

cular disease, cancers, osteoporosis, and conditions associated with acute ovarian 

oestrogen deficiency. [317,318]  
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Hydroxylated products of daidzein (166) have potent antioxidant properties that con-

tribute to their cholesterol-lowering effects, cardiovascular protection, antitumor ef-

fects, and anticarcinogenic properties. [275,319]  

 

6.2 Marine Streptomyces B 7936 

The crude extract of the marine Streptomyces sp. B7936 exhibited high activity 

against Staphylococcus aureus, Mucor miehei (Tü284), Streptomyces viridochromo-

genes (Tü57), moderate activity against Candida albicans, Staphylococcus aureus, 

the algae Chlorella vulgaris, and Chlorella sorokiniana, and weak activity against 

Scenedesmus subspicatus.  
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SCC (DCM-MeOH )

Sephadex LH-20
(MeOH)

F

Water residue

Extract. with ethyl acetate
evap. under Vac.

Crude extraxt 
(2.5 g)

10 days

Fat 1-Acetyl-ß-carbolin

p-hydroxybenzoic acid methyl ester Indole-3-acetic acid
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(MeOH)
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Extract. with ethyl acetate
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Fat 1-Acetyl-ß-carbolin

p --hydroxybenzoic acid methl ester
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3x ethyl acetate and 2x acetone, evap. XAD-2 ( MeOH/  H2 O) , evap.

SCC (DCM-MeOH )

Sephadex LH-20
(MeOH)

F

Water residue

Extract. with ethyl acetate
evap. under Vac.
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(2.5 g)

10 days
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p-hydroxybenzoic acid methyl ester Indole-3-acetic acid
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(25 l shaker)
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Figure 138: Work up scheme of Streptomyces sp. B 7936  

Fermentation of the strain was carried out primarily in shaker flasks on a small scale 

on M2
+

 medium (50% artificial Sea water) for three days at 28 °C. The seed culture 

was used to inoculate a 25-liter jar fermenter. After 3 days, the culture was extracted 

with ethyl acetate. The reddish-brown crude extract was defatted and applied to silica 



178 Marine bacteria 

 

  

gel column chromatography, eluting by a dichloromethane-methanol gradient to give 

three fractions. Fraction I contained fat, but purification of II and III led to the isola-

tion of  indole-3-acetic acid (128), 1-acetyl-β-carbolin (129) and p-hydroxybenzoic 

acid methyl ester (167). 

 

6.2.1 p-Hydroxybenzoic acid methyl ester 

Compound 167 was isolated as a white crystalline solid from fraction II. It was UV 

absorbing and turned to pink after spraying with anisaldehyde/sulphuric acid. The 1H 

NMR spectrum of 167 showed two doublets at δ 7.95 (d, 2H, 3J = 8.9 Hz) and δ 6.87 

(d, 2H, 3J = 8.9 Hz, AA’BB’ system), in addition to one methoxy singlet at δ 3.87 (s, 

3H, OCH3). The search with the spectroscopic data provided two hits, namely p-

hydroxybenzoic acid methyl ester (167) and p-methoxybenzoic acid (168). The com-

pound was finally assigned by comparison with authentic spectra as p-

hydroxybenzoic acid methyl ester (167). 

 

Figure 139: 1H NMR spectrum (CDCl3, 300 MHz) of p-hydroxybenzoic acid me-

thyl ester (167) 
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7 Hospital area bacterium 

7.1 Hospital area bacterium Bacillus pumilus 1 ZIBP1 

The terrestrial Bacillus pumilus ZIBP1 was cultivated on LB medium for 24 hours at 

28 °C. Pieces of well grown agar were used to inoculate 40 of 1L Erlenmeyer flasks, 

each containing 250 ml of LB medium. The fermentation was carried out at 180 rpm 

on a linear shaker for 3 days at 28 °C. The culture broth was harvested and filtered to 

separate the biomass, which was extracted with ethyl acetate (3 times) and acetone (2 

times), respectively. The culture filtrate was then passed through Amberlite XAD-16. 

The column was washed with 25 L demineralised water and eluted with 15 L metha-

nol. The eluates were concentrated under reduced pressure and finally extraction of 

the residue was done with ethyl acetate. The organic phases were dried. Both crude 

extracts were mixed yielding 2.5 g of a crude extract. Chromatography of the latter 

on silica gel column using dichloromethane-methanol gradient with successive in-

creasing in polarity resulted in four fractions I-IV followed by monitoring with TLC.  

      Bacillus pumilus ZIBP1
(10 l shaker)

  Biomass  Filtrate

Mixing with Celite and filtered by filter press

3 x ethyl acetate and 2 x Acetone, evap. XAD-2 ( MeOH/H2O) , evap.

CC (DCM-MeOH )

Sephadex LH-20 
       (MeOH)

Water residue

Extract. with ethyl acetate &
 evap. under vac.

Crude extraxt 
(2.5 g)

3 days

Fat Endophenazine A

Fraction I  Fraction II  Fraction III  Fraction IV  

  Tyrosol 
Uracil

3-(hydroxyacetyl)-indole

Sephadex LH-20 
       (MeOH)

  Tryptophol N-acetyltryptamine
   New petide 

Macrolide A

 

Figure 140: Work-up scheme of Bacillus pumilus ZIBP1  

Six compounds were isolated from B. pumilus ZIBP1. All of them were known and 

were identified as endophenazine A (37), 3-(hydroxyacetyl)-indole (95), Nβ-
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acetyltryptamine (117), tyrosol (118), tryptophol (119), uracil (126), and macrolactin 

A (169). 

7.1.1 Endophenazine A  

Compound (37) was isolated from fraction II as pale yellow compound with UV ab-

sorption at 254 nm. The 1H NMR spectrum of 37 showed six aromatic protons at δ 

8.95 (dd, 1H, J = 7.5, 1.5 Hz), 7.85 (dd, 1H, J = 8.5, 7.5 Hz), 8.50 (dd, 1H, J = 8.5, 

1.5 Hz), 8.19 (dd, 1H, J = 8.5, 1.5Hz), 8.00 (dd, 1H, J = 8.5, 7.0 Hz), 7.80 (dd, 1H, J 

= 7.0, 1.5 Hz). In the aliphatic region proton signals were observed at δ 4.02 (d, 2H, J 

= 7.0Hz), 5.45 (t, 1H, J = 7.0Hz, H-2'), and 1.79 (s, 6H). 

The ESI mass spectrum showed a pseudo-molecular ion peak at m/z 292 [M+H]+. 

The high-resolution mass spectrum gave the molecular formula C18H17N2O2 for 

293.1314. The previous data pointed to endophenazine A (37). It was further con-

firmed by the reported literature data. 

 

Figure 141: 1H NMR spectrum (CDCl3, 300 MHz) of endophenazine A (37)  

The 13C NMR spectrum displayed 18 carbon atoms, 12 carbon atoms for the phena-

zine skeleton, one carbonyl of a carboxylic group at δ 166.0 (1-COOH) and 5 carbon 

atoms for a prenyl unit: one methylene at δ 29.8 (C-1'), a methine at 120.3 (C-2'), a 

quaternary carbon at 135.4 (C-3') and two methyls at 25.7 (C-4') and 18.0 (C-5'). 
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Table 33: 1H, 13C NMR HMBC and COSY correlations of endophenazine A 

(37) in CDCl3 

Position δH
 (J in Hz) δC δH

 (J in Hz) 
δC

 Litera-
ture [320] 

1 – 124.9 – 126.3 

2 8.95 (dd, 1H, J = 7.5, 1.5 Hz) 137.0 8.92 (1H) 128.4 

3 7.85 (dd, 1H, J = 8.5, 7.5Hz) 130.0 7.99 (1H) 132.6 

4 8.50 (dd, 1H, J = 8.5, 1.5 Hz) 134.8 8.46 (1H) 118.1 

4a – 142.9 – 132.7 

5a – 144.4 – 138.7 

6 8.19 (dd, 1H, J = 8.5, 1.5Hz)  128.0 8.13 (1H) 100.6 

7 8.00 (dd, 1H, J = 8.5, 7.0Hz) 131.8 7.86 (1H) 183.9 

8 7.80 (dd, 1H, J = 7.0, 1.5Hz) 131.5 7.78 (1H) 135.6 

9 – 139.14 – 142.9 

9a – 139.04 – 147.7 

10a – 139.00 – 131.8 

1' 4.02 (d, 2H, J = 7.0Hz) 29.8 4.04 (2H) 29.1 

2' 5.45 (t, 1H, J = 7.0Hz, H-2') 120.3 5.43 (1H) 118.0 

3' – 135.4 – 137.0 

4' 1.79 (s, 3H) 25.7 1.78 25.8 

5' 1. 79 (s, 3H) 18.0 1.78  18.0 

1-
COOH 

15.61 (br, 1H) 166.0 
15.60 (br, 
1H) 

165.5 
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Figure 142: 13C NMR spectrum (CDCl3, 125 MHz) of endophenazine A (37) 
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7.1.2 Macrolactin A 

Compound 169 was isolated from fraction IV using Sephadex LH-20 (MeOH). It 

was isolated as yellow oil, which showed a UV absorbing band at 254 nm and turned 

to dark blue with anisaldehyde/sulphuric acid. 

The 1H NMR spectrum exhibited twelve olefinic protons between δ 5.40 and 7.20. 

Moreover, it also showed four oxymethine protons at δ 5.00, 4.28, 4,25 and 3.80. 

Additionally, six methylene groups in the upfield region between δ 0.97 and 2.55 and 

one methyl doublet at 1.22 were also observed. The search in AntiBase with these 

spectroscopic data resulted in macrolactin A (169), which was further confirmed by 

comparison with authentic spectra. 
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Figure 143: 1H NMR spectrum (CD3OD, 300 MHz) of macrolactin A (169) 

Macrolactin A (169) was first isolated from a deep-sea bacterium by Gustafson et al., 

in 1989. [321] It was the first member of the macrolactin family and it was found to be 

active against selected reference microorganisms and clinical multiresistant gram-

positive and gram-negative pathogens. [322,323] Macrolactin A (169) exhibits signifi-

cant antiviral and anticancer properties, including inhibition of B16-F10 murine mel-

anoma cells. [324] The lack of an adequate supply of macrolactin for therapeutic pur-

poses has resulted in attempts to synthesize macrolactin A and analogues. [355,356] 
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8 Fungal-derived metabolites 

8.1 Aspergillus flavus 

The sub-culture of the fungus Aspergillus flavus was used to inoculate 4 P-flasks 

containing each 200 g of rice mixed with 300 ml of M2 medium and incubated for 30 

days at 20 °C. The mycelium was extracted three times with ethyl acetate, two times 

with acetone and two times with methanol. The organic phases were evaporated to 

dryness and combined to afford the crude extract (25.43 g). The extract was evapo-

rated to dryness and separated by silica gel column chromatography to afford au-

rasperone A (170), aurasperone C (171), a mixture of lichexanthone and rubrofusarin 

B (173), and 5-hydroxymethylfuran-3-carboxylic acid (174).  
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Aspergillus  flavus
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Figure 144: Work up scheme of Aspergillus flavus 

8.1.1 Aurasperone A 

Compound 170 was isolated as yellow pigment giving yellow fluorescence under UV 

at 366 nm. The search in AntiBase with of the spectroscopic data mentioned in Table 

33 resulted in aurasperone A (169) that was further confirmed by comparison with 

reported literature data. [325] 

 

Figure 145: 1H NMR spectrum (CD3OD, 300 MHz) of aurasperone A (170) 
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Table 34: 1H NMR data of aurasperone A (170) in CD3OD 

Position δH
 (J in Hz) δH 

 Literature [358] 

2 – – 
2-CH3 2.40 (3H, s) 2.42 (3H, s) 
3 6.10 (1H, s) 6.06 (1H, s) 
4 – – 
4a – – 
5-OH – 14.84 (1H, s) 
5a – – 
6 – – 
6-OCH3 3.43 (3H, s) 3.46 (3H, s) 
7 – – 
8 – – 
8- OCH3 3.80 (3H, s) 3.79 (3H, s) 
9 7.08 (1H, s) 6.97 (1H, s) 
9a – – 
10 7.12 (1H, s) 7.16 (1H, s) 
10a – – 
2' – – 
2'-CH3 2.13 (3H, s) 2.12 (3H, s) 
3' 6.08 (1H, s) 5.98 (1H, s) 
4' – – 
4'-a – – 
5'-OH – 15.26 (1H, s) 
5'a – – 
6' – – 
6'-OCH3 3.95 (3H, s) 4.03 (3H, s) 
7' 6.40 (1H, d, 2.2) 6.41 (1H, d, 2.2) 
8' – – 
8'-OCH3 3.58 (3H, s) 3.62 (3H, s) 
9' 6.12 (1H, d, 2.2) 6.20 (1H, d, 2.2) 
9'a – – 
10' – – 
10'a – – 
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Aurasperone A (170) is a dimeric naphtho-γ-pyrone. It inhibits xanthine oxidase 

(IC50 = 10.9 µmol l-1) [326] and was also shown to be a Taq DNA polymerase inhibi-

tor. [327] 
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8.1.2 Aurasperone C 

Compound 171 was isolated as yellow pigment giving a yellow fluorescence under 

UV at 366 nm. The 1H NMR spectrum exhibited signals of four aromatic methines at 

δ 6.84, 6.58, 6.38, 6.20; two methylenes at δ 3.43 and 3.58, three methoxy groups at 

δ 3.80-3.85 and two methyl signals at δ 1.42 and 1.63. From the spectroscopic infor-

mation obtained and a search in AntiBase, compound 171 was identified as aurasper-

one C. The structure was further confirmed by comparison with spectra as well as by 

comparison with reported literature data. [328] 
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Figure 146: 1H NMR spectrum (CD3OD, 300 MHz) of aurasperone C (171) 

 

 

 

Figure 147: 13C NMR spectrum (CD3OD, 300 MHz) of aurasperone C (171) 
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Figure 148: HMBC spectrum (CD3OD, 600 MHz) of aurasperone C (171) 

Aurasperone C (171) as well as aurasperones A (170), and B are dimers of linear 

naphtho-γ-pyrones or 2,3-dihydronaphthopyrone; they are all yellow pigments which 

were isolated before from the mycelia of Aspergillus niger and A. awamori. [329] 
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8.1.3 Lichexanthone and rubrofusarin B 

Compounds 172 and 173 were isolated as a mixture. Both were having a yellow col-

our, were UV absorbing at 254 nm, and showed a yellow fluorescence under UV at 

366 nm. 

The 1H NMR spectrum showed for compound 172 one methyl singlet at δ 2.50, two 

methoxy singlets at δ 3.86 and 3.95, four doublets δ 5.98 (1 H, J = 2.1 Hz), 6.25 (1 

H, J = 2.1 Hz), 6.58 (1 H, J = 2.0 Hz) and 6.40 (1 H, J = 2.1 Hz), corresponding to 

two different unsaturated rings and a singlet at δ 12.80 (1 H, OH) due to the presence 

of a chelated hydroxyl group. From the spectroscopic and spectrometric information 

obtained and by comparison with literature data, [330,331] it was concluded that the 

compound isolated was lichexanthone (172).  

The 1H NMR spectrum of compound 173 showed in the aromatic region, an ex-

changeable OH proton at δ 14.92, and four methines at δ 6.89 (s, 1H), 6.58 (d, 1H), 

6.38 (d, 1H) and 5.98 (s, 1H). It showed in the aliphatic region two methoxy signals 

at δ 3.98 and δ 3.90, and one methyl at δ 2.37 (s, CH3-2). According to these data, the 

structure of compound 173 was assigned as rubrofusarin B. 

 

 

 

Figure 149: 1H NMR spectrum (CDCl3, 300 MHz) of lichexanthone (172) and 

rubrofusarin B (173)  
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Table 35: 1H NMR data of lichexanthone (172) in CDCl3 

Position δH δH Literature [332] 

1-OH 12.80 13.39 

2-CH 6.25 6.29 

3-OMe 3.86 3.89 

4 6.40 6.32 

4a – – 

5-CH 6.58 6.65 

6-OMe 3.95 3.86 

7 6.89 6.67 

8-Me 2.50 2.84 

8a – – 

9 – – 

10 – – 

10a – – 
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Lichexanthone (172) was recently isolated from the lichen Parmotrema sp.[333] It is 

the major pigment in the lichen extract of Laurera benguedensis. [334]  

 



Aspergillus flavus  191 

 

Table 36: 1H NMR data of rubrofusarin B (173) in CDCl3 

Position δH δH Literature [335] 

1 – – 

2-Me 2.37 2.37 

3-CH 5.98 5.94 

4 – – 

5-OH 14.92 14.88 

6-OMe 3.98 4.02 

7-CH 6.38 6.35 

8-OMe 3.90 3.92 

9-CH 6.58 6.51 

10-CH 6.89 6.87 
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Rubrofusarin B (173) has shown significant cytotoxicity to the colon cancer cell line 

SW1116 (IC50: 4.5 µg ml-1). [359] Rubrofusarin B (173) and aurasperone A (170) are 

co-inhibitors on xanthin oxidase, the colon cancer cell line SW1116 and the human 

opportunistic pathogens C. albican and T. rubrum. [359] Rubrofusarin B (173) was 

able to reverse multi-drug resistance of human epidermal KB carcinoma cells [336] 

and to inhibit the calmodulin-dependent activity of cAMP phosphodiesterase and 

NAD-kinase in the presence of CaM. [337] 
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8.1.4 5-Hydroxymethylfuran-3-carboxylic acid 

Compound 174 was isolated as colourless needles; it was UV absorbing at 254 nm. 

The 1H NMR spectrum of 174  showed three signals at δ 7.94 (s, 1H, H-2), 6.49 (br t, 

1H; 0.5 Hz, H-4) and 4.40 (br d, 2H, 0.5 Hz, H-7), whereas the 13C NMR spectrum 

showed six carbon resonances, one carbonyl at δ 176.9 (C-6), four aromatic carbons 

at δ 141.0 (C-2), 147.4 (C-3), 110.8 (C-4), 170.4 (C-5), and a methylene group at-

tached to oxygen at δ 61.2 (C-7). The chemical shifts were consistent with the pres-

ence of a furan ring bearing a carboxyl substituent. The search in AntiBase with of 

these spectroscopic data resulted in 5-hydroxymethylfuran-3-carboxylic acid, which 

was further confirmed by comparison with reported literature data. 
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This compound has been previously reported as a synthetic intermediate.[338] Later it 

was isolated as a natural product from Polyporus ciliatus. [339] 

8.2  Aspergillus niger 

The sub-culture of the fungus Aspergillus niger was used to inoculate four P-flasks 

containing each 200 g of rice mixed with 300 ml of M2 medium and incubated for 30 

days at 20 °C to give the mycelium. The mycelium was extracted three times with 

ethyl acetate, two times with acetone and two times with methanol. The organic 

phases were evaporated to dryness and combined to afford the crude extract (27.18 

g). The extract was evaporated to dryness and separated by silica gel column chro-

matography to afford kojic acid (175), a mixture of stigmasterol (176) and γ-

sitosterol (177), and piperazine (178). 
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Figure 150: Work up scheme of Aspergillus niger 

8.2.1 Kojic acid 

Compound (175) was isolated as colourless solid. On TLC it gave a UV absorbing 

band, which turned to blue with anisaldehyde/sulphuric acid on heating. The 1H 

NMR spectrum revealed in the aromatic region two broad signals at δ 8.99 and 5.99 

for two acidic D2O-exchangeable protons and one singlet of a proton attached to an 

heteroatom at δ 7.99 (1H), and another singlet at δ 6.33 (1H). In the aliphatic region 

a methylene group attached to a heteroatom appeared at δ 4.29 (2H). 

 

Figure 151: 1H NMR spectrum (DMSO-d6, 300 MHz) of kojic acid (175) 
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The 13C NMR spectrum showed six carbon resonances, one carbonyl at δ 174.0 in 

addition to a quaternary carbon attached to an heteroatom at δ 168.3 and further two 

carbons at δ 145.9 and at δ 139.0, which represented a double bond fragment in con-

jugation with a carbonyl group, as well as one signal at δ 110.0 and a methylene 

group attached to oxygen at δ 59.8. The search in AntiBase with of these spectro-

scopic data resulted in kojic acid (175), which was further confirmed by comparison 

with reported literature data. 

 

 

Figure 152: 13C NMR spectrum (DMSO-d6, 300 MHz) of kojic acid (175) 

  

Kojic acid (175) was isolated from Paecilomyces lilacinus, which was derived from a 

marine sponge Petrosia sp. and from a toxigenic strain of Aspergillus parasiticus and 

a non-toxigenic strain of Aspergillus flavus. [340] 
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8.2.2 Stigmasterol and β-sitosterol  

Stigmasterol (176) and γ-sitosterol (177) were isolated in mixture as a white crystal-

line solid, which showed a UV absorbing band and turned to violet with anisalde-

hyde/sulphuric acid. From EIMS, the molecular weight was determined as m/z 414 

and 412, and the molecular formulas were obtained by HRESIMS as C29H48O and 

C29H50O, respectively. The 1H NMR spectrum showed two olefinic protons at δ 5.40: 

one proton for 176 (H-6) and the second one for 177 in addition to two olefinic pro-

tons appearing as doublets of doublet at δ 5.16 and 5.00 (H-22) and (H-23), respec-

tively, for 176. Moreover, the multiplet at δ 3.50 (H-3) is a typical signal for steroids 

with an oxygenated position C-3. At δ 5.00-5.40 there was evidence of three sp2 pro-

tons or 3 olefinic protons were observed.  

 

Figure 153: 1H NMR (300 MHz) spectrum of stigmasterol (176) and sitosterol (177) 

in CDCl3. 

In the 13C NMR spectrum, four carbon signals appeared in the sp2 region between δ 

102-142, which indicated that there were at least two double bonds. There was the 

signal of an oxygenated methine carbon at δ 77.0. In the sp3 region, overlapping car-

bon signals appeared. The NMR data were identical with those of a previously ob-

tained stigmasterol (176 )/ sitosterol (177) mixture. 
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Figure 154: 13C NMR (125 MHz) spectrum of stigmasterol (176) and sitosterol 

(177) in CDCl3. 
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8.2.3 Piperazine 

Compound 178 was isolated as white colourless crystals. The 1H NMR showed one 

singlet at δ 2.99. By direct comparison, the compound was found to be piperazin 

(178), a compound consisting of a six-membered ring containing two nitrogen atoms 

in 1,4-position.  

N

N  

178 

 

Figure 155: 1H NMR spectrum (DMSO-d6, 300 MHz) of piperazine (178)  

Piperazine (178) has a remarkable power to dissolve uric acid and producing a solu-

ble urate, but in clinical experience it has not proved equally successful. Piperazine 

(178) was first introduced as an anthelmintic in 1953. A large number of piperazine 

derivatives are having anthelmintic activity. Their mode of action is generally by 

paralysing parasites, which allows the host body to easily remove or expel the invad-

ing organisms.  

Piperazines and substituted piperazines are important pharmacophores that can be 

found in many marketed drugs, such as the Merck HIV protease inhibitor Crixivan. 
[341-342] Recently, piperazine derivatives containing tetrazole nucleus have been re-

ported as antifungal agents. [343-344] 
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9 Summary 

9.1 Results 

Phytopathogenic fungi cause large damage to agriculture and its products. Addition-

ally, the extraordinary development of the bacterial multi-resistance to antibiotics 

and the difficulties encountered by pharmaceutical industry in the synthesis and the 

production of new or more effective antibiotics generated major problems in the 

treatment of infectious diseases as well to mankind as also to animals. The discovery 

of new families of really innovative antibiotics is now a priority in public health. 

The search for microorganisms useful in agriculture, agroalimentary and pharmaceu-

tical industries requires the exploration also of ecological niches. Thus, within this 

background, the rumen (one of the four stomach parts of ruminals like the cow), is 

such an ecological niche, which is very rich in microorganisms and could be exploit-

ed in order to check the antagonistic capacity of the ruminal bacteria against patho-

genic bacteria and fungi. 

This work thus fits in the biological fight in agriculture against the cryptogamic dis-

eases. Indeed, the use of microorganisms to fight against phytopathogenic fungi is 

much better for the environment and the human health than the use of pesticides. It 

avoids the pollution of the ground, water and food. It also fits in the fight against the 

multiresistant bacteria and fungi.  

Sixteen bacteria (seven ruminal, six terrestrial, two marine and one from hospital 

area) and two fungi were selected and subjected to culture in large scale. The work-

ing up and isolation of their metabolic constituents were described.  

From the extracts of the sixteen bacteria, forty compounds were isolated, among 

them nine new compounds, of which 92 had a new skeleton. The remaining com-

pounds were classified into indole derivatives, phenazines, quinolones, one quinone, 

one macrolide, peptides, and one sulphur compound. 

The ruminal Pseudomonas aeruginosa showed activity against human pathogenic 

bacteria and fungi, and phytopathogenic fungi. Eight compounds were isolated, 

among them one (barakacin, 92) had a new skeleton, together with seven known 
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compounds: quinazoline-2,4-dione (91), indol-3-carbaldehyde (96), 3-(hydroxyace-

tyl)-indole (95), phenazine carboxylic acid (43), phenylacetic acid, rhamnolipid A (= 

glycolipid A) (94), and cyclo(Phe,Pro) (97).  
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Barakacin (92) showed a weak and unselective cytotoxic activity against human can-

cer cell lines LXFA 629L, LXFL 529L (lung), MAXF 401NL (breast), MEXF 

462NL (melanoma), RXF 944L (kidney) and UXF 1138 (uterus) with a mean IC50 

value of 2.8 µg/mL (mean IC70 = 5.4 µg/mL). 

The ruminal bacterium Citrobacter freundii was selected due to its biological activity 

against human pathogenic bacteria such as Staphylococcus aureus and Klebsiella 

pneumoniae and phytopathogenic fungi: Fusarium culmorum, Fusarium gramine-

arum and Phoma tracheiphila. Several compounds were isolated and identified as 

oleic acid (100), myristic acid (101), palmitoleic acid (102), palmitic acid (103), 

9,10-methanohexadecanoic acid (104), isoxanthohumol (105), cyclo(Tyr,Pro) (109), 

cyclo(Pro,Leu) (107), phenol (111) and adenine (112). 
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The ruminal Gemella morbillorum showed inhibition against a collection of phyto-

pathogenic fungi. The supernatant of the culture was assessed by the agar diffusion 

method and showed inhibition of the fungus Phoma tracheiphila. The crude extract 
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delivered two known compounds: anthranilic acid (113), and 1-hydroxy-4-methoxy-

2-naphthoic acid (116). 
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The ruminal bacterium Enterobacter amnigenus was selected due to its activity 

against the pathogenic bacteria Staphylococcus aureus and Klebsiella pneumoniae 

and against the phytopathogenic fungi Fusarium culmorum, Fusarium graminearum 

and Phoma tracheiphila. 

Eleven compounds were isolated: among them, n-butyl-glycoside (122) was, whereas 

the other compounds were known and were identified as 3-(hydroxyacetyl)-indole 

(95), Nß-acetyltryptamine (117), tyrosol (118), phenol (111), tryptophol (119), brevi-

nic acid (120), indole-3-lactic acid (121), uracil (126), and adenine (112). 
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From the ruminal Serratia rubidae, eight compounds were isolated, of which some 

had previously been described in this thesis; they were identified as thymine (123), 

adenine (124), thymidine (125), uracil (126), prodigiosin (127), indole-3-acetic acid 

(128), 1-acetyl-β-carboline (129), actinomycin D (131), and 1-hydroxy-4-methoxy-2-

naphthoic acid (134). From the HPLC-MS of the crude extract, a compound with a 

molecular weight of m/z 1049 was observed. Preliminary ESI-MS/MS studies re-

vealed that the compound was potentially a new cyclopeptide structurally related to 

surfactin C.  
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Four known compounds were isolated from the ruminal Klebsiella pneumoniae and 

were identified as adenine (124), uracil (126), 4',5,7-trihydroxyisoflavone (geniste-

ine, 133), and 4-hydroxybenzoic acid (134). 
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The ruminal Pseudomonas aeruginosa 210 was selected due to its inhibitory activity 

against a collection of human pathogenic bacteria. The supernatant of the culture was 

assessed by the agar diffusion method showed inhibition of a broad spectrum of 

Gram-negative and Gram-positive bacteria. 

Seven known compounds were isolated from this strain, namely phenazine-1-

carboxylic acid (43), rhamnolipid A (94) and B (140), 2-n-heptyl-1-hydroxy-1H-

quinolin-4-one (135), 3-n-heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione 

(137), polypropylenglycol (138), and 1-phenazinol (139). 
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Only one major compound was isolated from the terrestrial Bacillus ZIR, namely 

monensin (141). 
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Four compounds were isolated from the terrestrial Pseudomonas sp. ZIPS; all of 

them were known and were identified as phenazine-1-carboxylic acid (43), linoleic 

acid (89), cis-cyclo(Tyr,Pro) (109), and anthranilic acid (113).  

The terrestrial Streptomyces sp. 195 yielded only one major compound, 1(1-

R,2S,4S)-2-(1-hydroxy-6-methylheptyl)-4-hydroxymethyl-butanolide (143). 
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The strain Streptomyces sp. Ank 315 was selected due to its biological activity 

against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, the fungus Mucor 

miehei (Tü284) and the yeast Candida albicans. 

N

N

CH3CH3

O

CH3

 

N

N

CH3CH3

O

CH3 COOH

 

144  145 

N

N

CH3CH3

O

O NH2

 

N

N
H

CH3CH3

O OH

O

 

146 147 

 

N

N
H

CC

O OH

OO

 

N

N
H

CC

O NH2

OO

 

151 152 



206 Summary 

 

  

From the strain Streptomyces sp. Ank 315, six new compounds were isolated, namely 

the chromophenazines A-F [9-methyl-5-(3'-methyl-but-2'-enyl)-5H-benzo[a]phen-

azine-7-one (144), 9-methyl-5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-dihydrobenzo[a]-

phenazine-1-carboxylic acid (145), 5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-dihydrophen-

azine-1-carboxamide (146), 3-benzoyl-5-(3'-methylbut-2'-enyl)-5,10-dihydrophen-

azine-1-carboxylic acid (147), 3,7-dibenzoyl-5-(3'-methyl-but-2'-enyl)-5,10-dihydro-

phenazine-1-carboxylic acid (151), and 3,7-dibenzoyl-5-(3'-methyl-but-2'-enyl)-5,10-

dihydrophenazine-1-carboxamide (152)], together with phenazine-1-carboxylic acid 

(43), anthranilic acid (113), tryptophol (119), and 1-phenazinol (139). 

Compounds 144 and 145 were obtained from a 25 L cultivation, whereas compounds 

146, 147, 151 and 152 were isolated from a 60 L cultivation.  

The strain Streptomyces sp. Ank 223 was selected due to its biological activity 

against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, the fungus Mucor 

miehei (Tü284) and the yeast Candida albicans. Five compounds were isolated from 

Streptomyces sp. Ank 223, all of them were known and were identified as 7-acetyl-

1,3-dihydroimidazo[4,5,b]pyridine-2-one (154), isatin (155), polyhydroxybutyric 

acid (156), lumichrome (157), and ferroverdin A (158). 
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The crude extract of the terrestrial Streptomyces sp. WO 668 delivered two new natu-

ral products, namely 3-hydroxy-4-(4-hydroxy-phenyl)-butan-2-one (161) and 13-

hydroxy-12-methyl-tetradecanoic acid (163), in addition to other known compounds: 

tryptophol (119), indole-3-lactic acid (121), indole-3-carbaldehyde (96), uracil (126), 

p-hydroxybenzoic acid (134), and aspernigrin A (165). 
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The extract of Streptomyces sp. B 909-417 displayed cytotoxic activity with a mor-

tality rate of 100 % at 100 µg/ml against the brine shrimp Artemia salina and showed 

moderate antimicrobial activity. Two compounds were isolated, namely daidzein 

(166) and 4-hydroxybenzoic acid (134). 
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The crude extract of the marine Streptomyces sp. B7936 exhibited high activity 

against Staphylococcus aureus, Mucor miehei (Tü284), Streptomyces viridochromo-

genes (Tü57), moderate activity against Candida albicans, Staphylococcus aureus, 

the algae Chlorella vulgaris, and Chlorella sorokiniana, and weak activity against 

Scenedesmus subspicatus. The chromatographic purification of the extracts led to the 

isolation of known compounds: p-hydroxybenzoic acid methyl ester (167), indole-3-

acetic acid (128), and 1-acetyl-β-carbolin (129). 

Six compounds were isolated from the hospital area bacterium Bacillus pumilus 

ZIBP1. All of them were known and were identified as endophenazine A (37), 3-

(hydroxyacetyl)-indole (95), Nβ-acetyltryptamine (117), tyrosol (118), tryptophol 

(119), uracil (126), and macrolactin A (169). 
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The crude extract of the fungus Aspergillus flavus delivered five known compounds, 

namely aurasperone A (170), aurasperone C (171), a mixture of lichexanthone (172) 

and rubrofusarin (173), and 5-hydroxymethylfuran-3-carboxylic acid (174).  
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The chromatographic purification of the crude extract of Aspergillus niger resulted in 

the isolation of kojic acid (175), a mixture of stigmasterol (176) and β-sitosterol 

(177) and piperazine (178).  
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Table 37: Total number of isolated compounds from the bacteria and fungi described 

in this thesis:  

Bacteria and Fungi 
Number of 

strains 

Number known of 

compounds 

Number of new 

compounds 

Ruminal bacteria 7 40 2 

Terrestrial bacteria 6 30 8 

Marine-derived Strep-
tomyces sp. 

2 6 0 

Hospital area bacteria 1 3 0 

Fungi 2 9 0 

Total 18 88 10 

According to this study, the results can be summarized as following: 

 

 The ruminal bacteria, terrestrial Streptomyces and marine Streptomyces are an 

ideal target for discovery of novel potential bioactive compounds. 

 The investigation of the terrestrial Streptomyces and marine Streptomyces 

should be continued to extend the probability of discovering new compounds with 

new skeletons. 
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10 Materials and Methods 

10.1 General 

IR spectra: Perkin-Elmer 1600 Series FT–IR; Perkin-Elmer 297 infrared spectro-

photometer; Beckman DU-640; Shimadzu FT-IR; (KBr tablet and film). – UV/Vis 

spectra: Perkin-Elmer Lambda 15 UV/Vis spectrometer. – Optical rotations: Polar-

imeter (Perkin-Elmer, model 243); the concentrations were given in [g/100 ml]. – 1H 

NMR spectra: Varian Unity 300 (300.145 MHz), Bruker AMX 300 (300.135 MHz), 

Varian Inova 500 (499.8 MHz), Varian Inova 600 (599.7 MHz). Coupling constants 

(J) in Hz. Abbreviations: s = singlet, d = doublet, dd = doublet doublet, t = triplet, q 

= quartet, m = multiplet, br = broad. – 13C NMR spectra: Varian Unity 300 (75.5 

MHz), Varian Inova 500 (125.7 MHz), Varian Inova 600 (150.7 MHz). Chemical 

shifts were measured relative to tetramethylsilane as internal standard. Abbrevia-

tions: APT (Attached Proton Test): CH/CH3 up and Cq/CH2 down. – 2D NMR spec-

tra: 1H,1H COSY (1H,1H-Correlated Spectroscopy), HMBC (Heteronuclear Multiple 

Bond Connectivity), HMQC (Heteronuclear Multiple Quantum Coherence) and 

NOSY (Nuclear Overhauser Effect Spectroscopy).  

 

– Mass spectra: EI MS at 70 eV with Varian MAT 731, Varian 311A, AMD-402, 

high resolution with perfluorokerosene as standard. DCI-MS: Finnigan MAT 95 A, 

200 eV, Reactant gas NH3. ESI MS was recorded on a Finnigan LCQ with quater-

nary pump Rheos 4000 (Flux Instrument). ESI-HRMS were measured on Micromass 

LCT mass spectrometer coupled with a HP1100 HPLC with a diode array detector. 

High-resolution mass spectra (HR-MS) were recorded by ESI MS on an Apex IV 7 
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Tesla Fourier-Transform Ion Cyclotron Resonance Mass Spectrometer (Bruker Dal-

tonics, Billerica, MA, USA). ESI MS/MS was performed with normalized collision 

energy of 35%. EI MS spectra were recorded on a Finnigan MAT 95 spectrometer 

(70 eV) with perfluorkerosine as reference substance for EI HR-MS, samples were 

infused with a flow rate of 2 µL/min.  

Electrospray ionization mass spectrometry (ESIMS) and high-resolution mass spec-

tra (HR-ESIMS) were recorded on a micrOTOF time-of-flight mass spectrometer 

(Bruker Daltonics, Bremen, Germany) as well as on an Apex IV 7 Tesla Fourier-

transform ion cyclotron resonance mass spectrometer (Bruker Daltonics, Billerica, 

MA, USA). 

 

High performance liquid chromatography (HPLC): Instrument I: Analytical: 

Jasco multiwavelength detector MD-910, two pumps type Jasco Intelligent Prep. 

Pump PU-987 with mixing chamber, injection valve (type Rheodyne) with sample 

loop 20 µl, Borwin HPLC-software. Preparative: sample loop 500 µl. Analytical 

column: 1) Eurochrom 4.6 × 125 mm without pre-column: stationary phase: 

Hypersil, ODS 120 × 5 µm; 2) Vertex 4.6 × 250 mm, stationary phase: Nucleosil NP 

100-C-18, particle size 5 µm; Preparative column: 1) Vertex 16 × 250 mm with 16 

× 30 mm pre-column, stationary phase: Eurospher C-18 RP 100 × 5 µm; 2) Vertex 

16 × 250 mm with 16 × 30 mm pre-column, stationary phase: Nucleosil NP 100-C-

18, particle size 5 µm, pore diameter 100 Å (Macherey–Nagel & Co.). Instrument I: 

Knauer HPLC equipment containing: spectral-digital-photometer A0293, two pumps 

type 64 A0307, HPLC software V2.22, mixing chamber A0285, injection valve 6/1 

A0263 (type Rheodyne) and sample loop 20 µl. HPLC solvents: Acetonitrile/water 

azeotrop (83.7% acetonitrile, bp. 78.5 °C). The azeotrop was redistilled, filtered 
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through a membrane filter (pore Ø: 0.45 µm, regenerated cellulose, Sartorius, Göt-

tingen) and then degassed for 15 min by ultrasonic. – Filter press: Schenk Niro 212 

B40. – Photo reactor for algal growth: Cylindrical photoreactor (Ø: 45 cm) with 

ten vertical neon tubes Philips TLD 15 W/25. 

10.2 Materials  

Thin layer chromatography (TLC): DC-Folien Polygram SIL G/UV254 (Macherey-

Nagel & Co.). – Glass plates for chemical screening: Merck silica gel 60 F254, (10 

× 20 cm). – Preparative Thin Layer Chromatography (PTLC): 55 g Silica gel 

P/UV254 (Macherey-Nagel & Co.) is added to 120 ml of demineralised water with 

continuous stirring for 15 minutes; 60 ml of the homogenous suspension is poured on 

a horizontally held (20 × 20 cm) glass plate and the unfilled spaces were covered by 

distributing the suspension. The plates are air dried for 24 hours and activated by 

heating for 3 hours at 130 °C. – Column Chromatography (CC): MN silica gel 60: 

0.05-0.2 mm, 70-270 mesh (Macherey-Nagel & Co); silica gel (230-400 mesh) for 

flash chromatography: 30-60 µm (J. T. Baker); size exclusion chromatography was 

done on Sephadex LH-20 (Lipophilic Sephadex, Amersham Biosciences Ltd; pur-

chased from Sigma-Aldrich Chemie, Steinheim, Germany). Amberlite XAD-16 resin 

was obtained from Rohm and Haas, France. 

10.3 Spray Reagents 

Anisaldehyde/sulphuric acid: 1 ml anisaldehyde was added to 100 ml of a stock so-

lution containing 85 ml methanol, 14 ml acetic acid and 1 ml sulphuric acid. – Ehr-

lich’s reagent: 1 g 4-dimethylaminobenzaldehyde was dissolved in a mixture of 25 

ml hydrochloric acid (37%) and 75 ml methanol. It gives a red to violet colouration 

with indoles and turns yellow with some other N-heterocycles. – Ninhydrin: 0.3 g 

ninhydrin (2,2-dihydroxyindan-1,3-dione) is dissolved in 95 ml iso-propanol. The 

mixture is added to 5 ml collidin (2,4,6-trimethylpyridin) and 5 ml acetic acid (96%). 

This reagent gives a blue to a violet colouration with amino acids, peptides and poly-

peptides with free amino groups. Ninhydrin in ethanol (0.1 %) was also directly used. 

– Chlorine/o-dianisidin reaction: The reagent was prepared from 100 ml (0.032%) 

o-dianisidin in 1 N acetic acid, 1.5 g Na2WO4
. 2 H2O in 10 ml water, 115 ml acetone 
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and 450 mg KI. The moistened TLC plate was kept ca. 30 min in a chlorine atmos-

phere (from 0.5 g KClO3 + 2 ml conc. HCl) and then subjected to drying for ca. 1 h, 

till the excess of chlorine was evaporated and then dipped into the reagent. The rea-

gent is specific for peptides as universal spraying reagent. – NaOH or KOH: 2 N 

NaOH or KOH solutions are used to identify peri-hydroxyquinones by deepening of 

the colour from yellow or orange to violet or blue. 

10.4 Microbiological Materials  

Fermenter: A 50 l fermenter type Biostat U (B. Braun Dissel Biotech GmbH) con-

sisting of a 70 l metallic container (50 l working volume), propeller stirrer, and cul-

ture container for autoclaving, cooling and thermostating (Braun Melsungen, Ger-

many) was used. – Storage of strains: Deep-freeze storage in a Dewar vessel, 1’Air 

liquid type BT 37 A. – Capillaries for deep-freeze storage: diameter 1.75 mm, 

length 80 mm, Hirschmann Laborgeräte Eberstadt. – Soil for soil culture: Luvos 

Heilerde LU-VOS JUST GmbH & Co. Friedrichshof (from the health shop). – Ul-

traturrax: Janke & Munkel KG. – Shaker: Infors AG (CH 4103 Einbach) type 

ITE. – Laboratory shaker: IKA-shaker type S50 (max. 6000 Upm). – Autoclave: 

Albert Dargatz Autoclave, volume 119 l, working temperature 121°C, working pres-

sure 1.2 kg/cm2. – Antibiotic assay discs: 9 mm diameter, Schleicher & Schüll No. 

321 261. – Culture media: agar-agar and soybean fluor was purchased from an 

Asiatic shop, glucose, bacto peptone, dextrose, and mannit were obtained from 

Merck, Darmstadt. Yeast extract was bought from Greif Bros. Cooporation, Dela-

ware, Ohio, and malt extract from Aspera, Mülheim an der Ruhr, Germany. – Anti-

foam solution: Niax PPG 2025; Union Carbide Belgium N. V. (Zwiijndrecht). – 

Petri dishes: 94 mm diameter, 16 mm height, Fa. Greiner Labortechnik, Nürtingen. 

– Celite: Celite France S. A., Rueil-Malmaison Cedex. – Sterile filters: Midisart 

2000, 0.2 µm, PTFE-Filter, Sartorius, Göttingen. – Laminar-Flow-Box: Kojar KR-

125, Reinraumtechnik GmbH, Rielasingen-Worblingen 1. – Brine shrimp eggs 

(Artemia salina): SERA Artemia Salinenkrebseier, SERA Heinsberg. – Sa-

linenkrebsfutter: micro cells DOHSE Aquaristik KG Bonn (brine shrimp eggs and 

food can be obtained from aquaristic shops).  
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10.5 Recipes  

All cultures were autoclaved at 1.2 bar and 120 °C. Sterilisation time for 1 L shaker 

culture: 33 min, 2 L concentrated medium for fermenter: 50 min.  

– Artificial Seawater 

Iron citrate 2 g 
(powder) 

NaCl 389 g 
MgCl2 · 6H2O 176 g 
Na2SO4  68.8 g 
CaCl2 36.0 g 
Na2HPO4 0.16 g 
SiO2 0.30 g 
Trace element stock 

soln.  
20 mL 

Stock solution 200 mL 
Tap water ad 20 L 

 

– Trace element stock solution  

H3BO3 0.6
11 g 

MnCl2 0.3
89 g 

CuSO4 0.0
56 g 

ZnSO4 · 7 H2O 0.0
56 g 

Al2(SO4)3 · 18 H2O 0.0
56 g 

NiSO4 · 6 H2O 0.0
56 g 

CO(NO3)3 · 6 H2O 0.0
56 g 
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TiO2 0.0
56 g 

(NH4)6Mo7O24 · 4 
H2O 

0.0
56 g 

LiCl 0.0
28 g 

SnCl2 0.0
28 g 

KI 0.0
28 g 

Tap water add 
1 L 

 

– Stock solution 

KCl 110 g 
NaHCO3 32 g 
KBr 16 g 
SrCl2 · 

6H2O 
6.8 g (dissolved sepa-

rately) 
H3BO3 4.4 g 
NaF 0.48 g 
NH4NO3 0.32 g 
Tap wa-

ter 
ad 2 L 

 

10.6 Nutrients 

– M2 medium (without seawater) 

malt ex-
tract 

10 
g 

glucose 4 
g 

yeast ex-
tract 

4 
g 
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Tap wa-
ter 

ad 
1 L 

 

The pH was adjusted to 7.8 using 2N NaOH. Solid medium was prepared by adding 

18 g of agar agar. 

– M2
+ medium (M2 medium with seawater) 

Malt extract 10 
g 

Glucose 4 g 
Yeast extract 4 g 
Artificial sea 

water 
500 

mL 
Tap water 500 

mL 
 

The pH was adjusted to 7.8 using 2N NaOH. Solid medium was prepared by adding 

18 g of agar agar. 

– M2 100% Seawater + CaCO3 

Malt extract 10 g 
Glucose 4 g 
Yeast extract 4 g 
CaCO3 0.5 g 
Artificial sea 

water 
1000 

mL 
 

The pH was adjusted to 7.3 using 2N NaOH. Solid medium was prepared by adding 

18 g of agar agar. 

– CaCl2 Medium  

malt extract 4
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0 g 
glucose 5

 g 
CaCl2 4

5 g 
tap water 1000 

mL 

The pH was adjusted to 7.8 using g 2N NaOH. Solid medium was prepared by add-

ing 18 g of agar agar.  

– Luria-Bertani Medium (LB) 

trypton 1
0 g 

yeast ex-
tract 

5
 g 

NaCl 1
0 g 

tap water 1000 
mL 

The pH was adjusted to 7.8 using 2N NaOH. Solid medium was prepared by adding 

18 g of agar. 

– Soja-Mannitol Medium 

soybean meal (defatted) 20 g 

D(-)-mannitol 20 g 

tap water 1000 mL 

The pH was adjusted to 7.8 using 2N NaOH. Solid medium was prepared by adding 

18 g of bacto agar. 

– M Test Agar (for test organisms Escherichia coli, Bacillus subtilis (ATCC 6051), 

Staphylococcus aureus, Mucor miehei (Tü 284): 

malt extract 10 g 
yeast extract 4 g 
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glucose 4 g 
bacto agar 20 g 
demineralised water 1000 mL 

The pH was adjusted to 7.8 using 2N NaOH. 

– Sabouraud-Agar (for test organism Candida albicans) 

glucose 40 g 

bacto peptone 10 g 

agar  20 g 

demineralised water 1000 mL 

The pH was adjusted to 7.8 using 2N NaOH. 

– Nutritional solution A 

soybean meal (defatted) 30 g 

glycerol 30 g 

CaCO3 2 g 

artificial sea water 750 ml 

demineralised water 250 ml 
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– Nutritional solution B 

starch 10 
g 

NZ-amine 5 g 
soybean meal 2g 
yeast extract 5 g 
KNO3 3 g 
algal extract 2.5 

mL 
artificial sea wa-

ter 
750 

mL 
demineralised 

water 
250 

mL 
 

Stock Solutions and Media for cultivation of algae 

– Fe-EDTA  

0.7 g of FeSO4 · 7 H2O and 0.93 g EDTA (Titriplex III) are dissolved in 80 ml of 

demineralised water at 60 °C and then diluted to 100 ml.  

– Trace element Solution II:  

Solution A: 

MnSO4 · H2O 16.9 
mg 

Na2MoO4 · 
2H2O 

13.0 
mg 

Co(NO3)2 · 
6H2O 

10.0 
mg 

Salts are dissolved in 10 ml of demineralised water.  

Solution B: 

CuSO4 · 5H2O 5.0 mg 
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H3BO3 10.0 mg 
ZnSO4 · 7H2O 10.0 mg 

 

Salts are dissolved each in 10 ml of demineralised water. Solutions A is added to B 

and diluted to 100 ml with demineralised water. 

– Bold’s Basal medium (BBM): (for algae Chlorella vulgaris, Chlorella sorokin-

iana and Scenedesmus subspicatus.  

NaNO3 0.2
50 g 

KH2PO4 0.1
75 g 

K2HPO4 0.0
75 g 

MgSO4 · 7H2O 0.0
75 g 

NaCl 0.0
25 g 

CaCl2 · 2H2O 0.0
25 g 

Fe-EDTA 1.0 
mL 

trace element solu-
tion II  

0.1 
mL 

 

Salts are dissolved in 10 ml of demineralised water and added to Fe-EDTA and trace 

element solution II. The mixture made to one litre with demineralised water. Solid 

medium was prepared by adding 18 g of bacto agar. 

10.7 Microbiological and Analytical Methods 

10.7.1 Storage of Strains 

All bacteria strains were stored in liquid nitrogen for long time. The strains were 

used to inoculate agar plates with the suitable media at room temperature.  
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10.7.2 Pre-Screening 

The microbial isolates (obtained from culture collections) were cultured in a 1 L 

scale in 1 L-Erlenmeyer flasks each containing 200∼250 ml of M2 or (for marine 

strains) M2
+ medium. The flasks were shaken for 3-5 days at 28 °C after, which the 

entire fermentation broth was freeze-dried and the residue extracted with ethyl ace-

tate. The extracts were evaporated to dryness and used for the antimicrobial tests in a 

concentration of 50 mg/ml. 

10.7.3 Biological Screening 

The crude extracts and pure compounds were dissolved in CH2Cl2/MeOH 90:10 and 

paper disks of the diameter of 9 mm were impregnated with 1 mg of crude extracts or 

40 µg of pure compounds, respectively, dried under sterile conditions (flow box) and 

put on an agar plates inoculated with the Gram-positive bacteria Bacillus subtilis 

(ATCC6051), Staphylococcus aureus and Streptomyces viridochromogenes (Tü 57), 

the Gram-negative Escherichia coli; the yeast Candida albicans; and the fungus Mu-

cor miehei (Tü 284) along with the three microalgae, Chlorella vulgaris, Chlorella 

sorokiniana, and Scenedesmus subspicatus as described previously. [345] 

The plates were incubated at 37 °C for bacteria (12 hours), 27 °C for fungi (24 

hours), and 24-26 °C under daylight for micro-algae (96 hours). The diameter of in-

hibition zone was measured in [mm]. Nystatine was used as positive control at 40 µg 

per paper disk for C. albicans giving an inhibition zone diameter of 25 mm, and gen-

tamycine for bacteria, giving a diameter of inhibition zone of 22 mm for B. subtilis 

and E. coli and 21 mm for S. aureus  

10.7.4 Chemical and Pharmacological Screening 

Samples of the extracts were separated on silica gel glass plates (10 × 20 cm) with 

two solvent systems CHCl3/5% MeOH and CHCl3/10% MeOH. After drying, the 

plates were photographed under UV light at 254 nm and marked at 366 nm, and sub-

sequently stained by anisaldehyde and Ehrlich’s reagent. Finally, the plates were 

scanned for documentation. For the pharmacological investigations, approximately 

25 mg of the crude extract was sent to industrial partners. 
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– Brine shrimp Microwell Cytotoxicity Assay 

To a 500 ml separating funnel, filled with 400 ml of artificial seawater, 1 g of dried 

eggs of Artemia salina L. were added (without feed). The suspension was aerated by 

bubbling air into the funnel and kept for 24 to 48 hours at room temperature.  

 

After aeration had been removed, the suspension was kept for 1 h undisturbed, 

whereby the remaining unhatched eggs dropped. In order to get a higher density of 

larvae, one side of the separating funnel was covered with aluminium foil and the 

other illuminated with a lamp, whereby the phototropic larvae were gathering at the 

illuminated side and could be collected by pipette. 30 to 40 shrimp larvae were trans-

ferred to a deep-well microtiter plate (wells diameter 1.8 cm, depth 2 cm) filled with 

0.2 ml of salt water and the dead larvae counted (number N). A solution of 20 µg of 

the crude extract in 5 to 10 µl DMSO was added and the plate kept at room tempera-

ture in the dark. After 24 h, the dead larvae were counted in each well under the mi-

croscope (number A). The still living larvae were killed by addition of ca. 0.5 ml 

methanol so that subsequently the total number of the animals could be determined 

(number G). The mortality rate M was calculated in %. Each test row was accompa-

nied by a blind sample with pure DMSO (number B) and a control sample with 1 

µg/test actinomycin D. The mortality rate M was calculated using the formula: 

( )
( ) 100⋅








−

−−
=

NG
NBAM

  
with

  

M =  percent of the dead larvae after 24 h.  

A =  number of the dead larvae after 24 h.  

B =  average number of the dead larvae in the blind samples after 24 h 
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N =  number of the dead larvae before starting of the test.  

G =  total number of brine shrimps 

The mortality rate with actinomycin must be 100%.  

10.7.5 Production of Zoospores and Bioassy 

Sporangia of Plasmopara viticola were isolated from the infected leaves of grapevine 

Vitis vinifera cv. Müller-Thurgau. The strain was maintained by regular culturing on 

the lower surface of young grapevine leaves on Petri dishes containing 1.5% agar at 

25 °C and 95% relative humidity. At day 6 of cultivation, the sporangiophores bear-

ing lemon-shaped sporangia were harvested into an eppendorf by a micro-vacuum 

cleaner. The freshly harvested sporangia were separated from sporangiophores by 

filtration through 50 μm nylon mesh, washed twice and then incubated in sterilized 

water (104 sporangia/mL) in the dark for 6 h at room temperature (23 °C) to release 

zoospores. These zoospores remained motile for 10-12 h in sterilized water and were 

used for the bioassay. For stock solutions, crude extracts and pure compounds were 

first dissolved in dimethyl sulfoxide (DMSO) and then diluted with distilled water. 

The concentration of DMSO in the zoospore suspension never exceeded 1% (v/v), a 

condition that does not affect zoospore motility. The bioassay was carried out as de-

scribed earlier. [346]  

Briefly, 40 μL of sample suspension was directly added to the 360 μL zoospore sus-

pension (ca. 105/mL) taken in a well of plant tissue culture multi well plate to make a 

final volume of 400 µL and then quickly mixed with a glass rod. 1% aqueous DMSO 

was used as a control. The motility of zoospores was observed under a light micro-

scope at 10× magnification. Quantification of time-course changes of motility and 

lysis of zoospores were carried out as described earlier.[347]  

Each treatment was replicated thrice. The mean value (%) ± SE (standard error) of 

the affected spores in each treatment was calculated. 
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10.7.6 Antitumor Test 

A modified propidium iodide assay was used to examine the antiproliferative activity 

of the compounds against human tumor cell lines. The test procedure was described 

elsewhere. [348] 

Cell lines tested were derived from patient tumors engrafted as a subcutaneously 

growing tumor in NMRI nu/nu mice, or obtained from American Type Culture Col-

lection, Rockville, MD, USA, National Cancer Institute, Bethesda, MD, USA, or 

Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Ger-

many. 

10.7.7 Primary Screening  

Bases of evaluation 

Antibiotic screening (disk diffusion test): The test was performed using paper discs 

with a diameter of 8 mm under standardized conditions (see above). If the inhibition 

zone is ranging from 11 to 20 mm, the compound is considered to be weakly active 

(+), from 21 to 30 mm designated as active (++) and over 30 mm is highly active 

(+++). – Chemical screening: evaluation of the separated bands by the number, in-

tensity and colour reactions with different staining reagents on TLC. – Toxicity test: 

By counting survivors after 24 hrs, the mortality of the extracts was calculated (see 

above). The extracts, fractions or isolated compounds were considered inactive when 

the mortality rate was lower than 10% (-), from 10 to 59% as weakly active (+), from 

60 to 95% as active (++) and over 95% as strongly active (+++).  

11 Metabolites from selected strains 

12 Ruminal bacteria 

12.1 Ruminal Pseudomonas aeruginosa ZIO 

12.1.1 Pre-screening 

The inhibitory effect of the ruminal bacterium Pseudomonas aeruginosa was investi-

gated against a collection of human-pathogenic bacteria. The supernatant of the cul-
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ture was assessed by the agar diffusion method and showed inhibition of a broad 

spectrum of Gram-negative and Gram-positive bacteria (Table 38). 
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Figure 156: Antimicrobial activity of supernatant from liquid culture of ZIO against 

Streptococcus sp* (R36) (A) (30 mm) and Staphylococcus aureus* (R25) (B) (28 

mm), tested by the method of diffusion through the wells. 

1: supernatant from liquid culture of ZIO; 2: LB liquid medium (positive control); 3: 

precipitate from liquid culture of ZIO (bacterium cells); 4: supernatant from liquid 

culture of the ruminal bacterium Proteus vulgaris Sa14 (moderate activity, 12 mm, 

against Streptococcus sp* (R36) (A) and inactive against Staphylococcus aureus* 

(R25) (B); 5: precipitate from liquid culture of the ruminal bacterium Proteus vulgar-

is Sa14; *: indicator strains were spread evenly on the agar plates. 
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Table 38: Antagonistic activity of the ruminal bacterium ZIO against a collec-

tion of human pathogenic bacteria.  

Targets References Genera and species Samples Department Activity of strain ZIKSO 

R1 Enterobacter aerogenes urine emergency ++ 

R2 Enterobacter aerogenes pus cardiovasculary - 

R3 Enterobacter aerogenes BLSE urine neonatal ++ 

R4 Serratia BLSE pus reanimation ++ 

R5 Serratia liquefaciens urine urology +++ 

R6 Staphylococcus aureus hemoculture reanimation +++ 

R7 Providencia BLSE visceral sound visceral chirurgy ++ 

R8 Staphylococcus aureus MRSA pus maternity +++ 

R9 Staphylococcus coagulase-negative hemoculture urology +++ 

R10 Staphylococcus aureus MRSA pus dermatology +++ 

R11 Staphylococcus aureus MRSA lung reanimation +++ 

R12 Staphylococcus aureus pus urology +++ 

R13 Staphylococcus aureus pus dermatology +++ 

R14 Staphylococcus aureus pus cardiology +++ 

R15 Staphylococcus aureus nose swab neonatal +++ 

R16 Staphylococcus aureus lung reanimation - 

R17 Staphylococcus coagulase-negative hemoculture cardiology +++ 

R18 Xanthomonas maltophilia lung neonatal - 

R19 Staphylococcus coagulase-negative hemoculture reanimation +++ 

R20 Xanthomonas maltophilia catheter neonatal - 

R21 Xanthomonas maltophilia - reanimation +++ 

R22 Proteus mirabilis BLSE catheter reanimation +++ 

R23 Staphylococcus aureus hemoculture neonatal +++ 

R24 Ochrobacterium anthropi anal neonatal +++ 

R25 Staphylococcus aureus hemoculture neonatal +++ 

R26 Escherichia coli pus urology +++ 

R27 Escherichia coli pus visceral chirurgy +++ 

R28 Escherichia coli lung reanimation ++ 

R29 Escherichia coli (BLSE) urine emergency + 

R30 Staphylococcus coagulase-negative SCN hemoculture reanimation +++ 

R31 Staphylococcus coagulase-negative SCN hemoculture urology +++ 

R32 Escherichia coli anal reanimation +++ 

R33 Escherichia coli urine maternity +++ 

R34 Escherichia coli rectal reanimation +++ 

R35 Klebsiella pneumoniae BLSE gastric swab neonatal +++ 

R36 Streptococcus A pus Dermatology +++ 
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*Inhibition zone between 0 - 2 mm (-); 2 - 12 mm (+); 12 -20 mm (++); 20-50 mm 

(+++). 

Pseudomonas aeruginosa ZIO showed also inhibitory activity of the pathogenic As-

pergillus flavus (Figure 157). 

  

Figure 157: Growth inhibition of human pathogenic Aspergillus flavus by ruminal 

Pseudomonas aeruginosa ZIO (left), compared to the standard (Aspergillus flavus, 

right). 

 

12.1.2 Taxonomic characteristics of strain ZIO 

The bacterial strain ZIO was isolated from ruminal material from a Tunisan cow 

and maintained on PYM agar. The strain was taxonomically affiliated on the basis of 

the 16S rRNA sequence. The strain had a 99.9% gene sequence identity with the 

Pseudomonas aeruginosa strain NCM2.S1 (accession no. AP012280 of the whole 

genome) and the strain M18 (accession no. CP002496 of the whole genome). It is 

>98% identical with the type strain of Pseudomonas aeruginosa (strain RH815, ac-

cession no. X06684). The strain ZIO is deposited in the microbial collection at the 

Institute of Organic and Biomolecular Chemistry, Georg-August University of Göt-

tingen, Germany, with the voucher number ZIO. 

12.1.3 Fermentation and working up 

Pseudomonas aeruginosa strain ZIO was pre-cultivated on PYM agar at 37 °C. 

Pieces (1×1 cm) of well grown agar were used to inoculate 120 of 1-litre Erlenmeyer 

flasks, each containing 250 mL of PYM broth. The fermentation was carried out at 

180 rpm on a linear shaker for 3 days at 37 °C. The brown culture broth was harvest-
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ed and filtered after addition of 1 kg Celite to separate the bacterial biomass, which 

was extracted with ethyl acetate, while the culture filtrate was passed through Am-

berlite XAD-16 adsorption resin. The XAD column was washed with 25 L deminer-

alised water and eluted with 15 L methanol. The eluate was concentrated under re-

duced pressure and the aqueous residue was finally extracted with ethyl acetate. The 

Celite/biomass mixture was extracted with ethyl acetate (3 times) and acetone (2 

times); the combined organic phases were then evaporated to dryness. Both the water 

and the biomass extracts were combined based on their chromatographic similarity, 

yielding 10.8 g of a greenish-brown crude extract.  

Chromatography on silica gel (column 3 × 100 cm) using a CH2Cl2/MeOH gradient 

(0-60% MeOH) monitored by TLC resulted in six fractions I-IV. Purification of frac-

tion II using PTLC followed by Sephadex LH-20 afforded 25 mg of compound 92 as 

yellow solid together with 1H-quinazoline-2,4-dione (91). Fraction III was purified 

on silica gel column using MeOH/CH2Cl2 gradient (0 to 40 % MeOH), followed by 

Sephadex LH-20 using CH2Cl2 /40% MeOH gradient to afford indol-3-carbaldehyde 

(96), 3-(hydroxyacetyl)-indole (95), and PTLC using CH2Cl2 /5% MeOH gradient 

gave phenazine carboxylic acid (43) and phenyl acetic acid. Fraction IV was separat-

ed on a silica gel column using CH2Cl2/40% MeOH, then Sephadex LH-20 (CH2Cl2 

/40% MeOH) and Sephadex LH-20 using MeOH to deliver rhamnolipid A (94) and 

(Phe,Pro) (97). 

1H-Quinazoline-2,4-dione (91): Colourless solid, Rf = 0.46 (CH2Cl2/5% MeOH), 

UV absorbing at 254 nm. Colourless with anisaldehyde/sulphuric acid. – 1H NMR 

(DMSO-d6, 600 MHz): δ 7.97 (dd, 1H, 3J = 9.2, 1.5, H-8), 7.32 (t, 1H, 3J = 8.46, 1.5, 

H-7), 7.06 (dd, 3J = 9.2, 1.2, H-5), 6.94 (t, 1H, 3J = 7.9, 0.7, H-6). – 13C NMR 

(DMSO-d6, 600 MHz): δ 163.8 (C-4), 162.6 (C-2), 155.6 (C-8a), 131.0 (C-5), 127.2 

(CH-7), 119.1 (C-4a), 118.0 (CH-6), 116.7 (CH-8). 

N
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Barakacin (92): Yellow solid, Rf = 0.90 (CH2Cl2/2% MeOH); 0.61 (CH2Cl2), orange 

with anisaldehyde/H2SO4 spraying reagent, red-violet with Ehrlich's reagent. – 1H 

NMR (CDCl3, 300 MHz): δ 7.50 (d, 2H, J = 7.9 Hz, 4''-CH, 4'''-CH, H-4''), 7.34 (d, 

2H, J = 8.1 Hz, H-7''), 7.07 (td, 2H, J = 7.1, 1.0 Hz, H-5'', 5'''), 7.20 (td, 2H, J = 7.1, 

1.1 Hz, H-6'', 6'''), 6.90 (td, J = 7.9, 1.1, H-4), 6.82 (d, 2H, J = 1.7 Hz, H-2''), 7.94 (s, 

2NH, H-1'', 1'''), 7.62 (dd, 1H, J = 7.8, 1.5 Hz, H-3), 7.29 (td, J = 7.3, 1.6, H-5), 7.02 

(dd, 1H, J = 8.3, 1.1 Hz, H-6), 7.25 (td, J = 7.3, 1.6 Hz), 6.87 (td, J = 7.9, 1.1 Hz), 

6.89 (d, J = 0.7 Hz, H-5'), 6.11 (d, J = 0.8 Hz, H-6'), 12.43 (br). – 13C NMR (CDCl3, 

125 MHz): δ 168.7 (-N = Cq-S-, C-2'), 157.9 (C-4'), 156.7 (C-1), 136.5 (C-7''a, C-

7'''a), 126.7 (C-3''a, C-3'''a), 117.4 (Cq, C-2), 117.4 (C-3'', C-3'''), δ 126.9 (C-3), 

131.5 (C-5), 119.5 (C-4'', C-4'''), 119.3 (C-4), 123.2 (C-2'', C-2'''), 122.0 (C-6'', C-

6'''), 119.4, 117.6 (C-6), 113.1 (C-5'), 119.4 (C-5'', C-5'''), 111.2 (C-7'', C-7'''), 36.5 

(C-6').  
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Rhamnolipid A (glycolipid A, 94): Isolated as a polar oily compound, which turned 

on TLC to dark green after spaying with anisaldehyde/sulphuric acid. 1H NMR 

(CDCl3, 300 MHz) and 13C NMR (CDCl3, 125 MHz), see Table 4. 

O O O

O O

OH

OH
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OH
CH3

CH3
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Phenazine-1-carboxylic acid (43): Yellow needles (15 mg), UV absorbing at 254 

nm, yellow with anisaldehyde/sulphuric acid. – Rf = 0.35 (CH2Cl2/ 7% MeOH) – 1H 

NMR (300 MHz, CDCl3): δ = 9.00 (dd, 3J = 7.0 Hz, 4J = 1.3 Hz, 1H, H-2), 8.58 (dd, 
3J = 8.7 Hz, 4J = 1.4 Hz, 1H, H-4), 8.40 (m, 1H, H-9), 8.20 (m, 1H, H-6), 8.10-7.98 

(m, 3H, H-3,7,8) – (+)-ESIMS: m/z (%) 247 ([M+Na]+, 80), 471 ([2M+Na]+, 44). 

N

N

OOH

1

46

10

 

3-(Hydroxyacetyl)-indole (95): Purification of fraction III (1.5 g), by Sephadex-LH 

20, gave a UV absorbing colourless solid Rf = 0.55 (CHCl3/ MeOH 5%). It exhibited 

a colour change to orange and pink by anisaldehyde/sulphuric acid and Ehrlich’s 

reagent, respectively. – 1H NMR (CD3OD, 300 MHz): δ = 10.30 (s br, 1 H, NH), 

7.58 (d, 3J = 2.1 Hz, 1 H, H-2), 7.38 (m, 1 H, H-4), 7.08 (m, 1 H, H-7), 7.00 (m, 2 H, 

H-5 and H-6), 3.74 (s, 1 H, OH).  
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Indole-3-carbaldehyde (96): Separation of fraction III on Sephadex LH-20 (CH2Cl2/ 

40% MeOH) led to a middle polar UV absorbing colourless solid (1.2 mg), which 

turned to orange by anisaldehyde/sulphuric acid and to pink with Ehrlich’s reagent. – 

Rf = 0.35 (CH2Cl2/10% MeOH). – 1H NMR (CD3OD, 300 MHz): δ = 8.05 (d, 1 H, 

H-4), 7.95 (s, 1 H, H-2), 7.41 (d, 1H, H-7), 7.17 (m, 2H, H-5,6).  
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Cyclo-(phenylalanyl,prolyl) (97): Isolated from fraction IV on Sephadex LH-20 

(CH2Cl2/ 40% MeOH) as colourless solid (10 mg). – Rf = 0.45 (CHCl3/5% MeOH), 

0.67 (CHCl3/10% MeOH); stained to violet with anisaldehyde/sulphuric acid and 

pink by Ehrlich’s reagent, respectively. – 1H NMR (CDCl3, 300 MHz): δ = 7.30 (m, 

5 H, Ar-H), 6.60 (s, br, 1 H, NH), 4.15 (dd, 3J = 8.3 Hz, 3J = 3.0 Hz, 1 H, H-3), 3.98 

(m, 1 H, H-6), 3.62 (m, 3 H, Ha-10), δ 3.58-3.45 (9-CH2), 2.80 (dd, 2J = 14.1 Hz, 3J 

= 8.3 Hz, 1 H, Hb-10), 2.39 (ABX system of a methylene group), 2.10-1.85 (2 m, 1 + 

3 H, 7,8-CH2).  

NH

N

O

O

H

 

Triethylamine salt (99): Oily compound, non-UV absorbing at 254 nm, no colour 

after spraying with anisaldehyde/sulphuric acid. For the 1H and 13C NMR data (300, 

125 MHz) see Table 7. 

N
 

12.2 Ruminal Citrobacter freundii ZIG 

12.2.1 Pre-screening 

The antimicrobial assay of the ruminal bacterium Citrobacter freundii (isolated from 

a cow) showed high activity against pathogenic bacteria such as Staphylococcus au-
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reus and Klebsiella pneumoniae. Also, it showed activity against the phytopathogen-

ic fungi Fusarium culmorum, Fusarium graminearum, and Phoma tracheiphila. 

 

left: TLC of the ethyl acetate extract; middle: 

TLC of the acetone extract; right TLC of the 

methanol extract 

Nine known compounds were isolated and identified as oleic acid (100), isoxantho-

humol (105), cyclo(Pro,Leu) (107), cyclo(Tyr,Pro) (109), phenol (111), and adenine 

(124).  

12.2.2 7.2.2 Fermentation and isolation 

The ruminal bacterium ZIG was used to inoculate a 20 L shaker culture using LB 

medium (peptone 8 g, yeast extract 5 g, NaCl 5 g per litre distilled water, adjusted to 

pH 7), at 37 °C. The culture broth was harvested after three days. Biomass/Celite and 

filtrate were separated using a filter press. The biomass was extracted three times 

with ethyl acetate and two times with acetone. The water phase was subjected to a 

XAD-16 column and extracted with MeOH. Both crude extracts showed identity on 

TLC and were combined (3.25 g) and chromatographed on silica gel column using a 

CH2Cl2/MeOH gradient (0 to 100 % MeOH). The resulting fractions (Fraction I to 

III) were purified separately. Fraction I afforded oleic acid (100), Fraction II was 

purified on Sephadex LH-20 with MeOH to afford isoxanthohumol (105), cis-

cyclo(Tyr,Pro) (109) and cis-cyclo(Prolyl,Leu) (107). Fraction III was purified on 

Sephadex LH-20 with MeOH to give phenol (111) and adenine (124). 
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Oleic acid (100): Colourless, non-UV absorbing oil, which turned to blue with 

anisaldehyde/sulphuric acid. – 1H NMR: δ 11.48 (1H, COOH), 5.36 (m, 2H, H-9, 

10), 2.34 (t, CH2-2), 2.00 (m, CH2-H-9, 10), 1.28 (CH2-H-2-8), 0.85 (t, CH3). 

OH

O

 

Isoxanthohumol; 4',7-Dihydroxy-5-methoxy-8-prenylflavonone (105): Colourless 

solid, was isolated from fraction II by chromatography on Sephadex LH-20 (MeOH), 

delivering a UV active pale yellow fluorescent band, which showed no colour reac-

tion by staining with anisaldehyde/sulphuric acid. – Rf = 0.14 (CHCl3/10 % MeOH). 

– 1H NMR (CH3OH, 300 MHz): δ 7.30 (d, 3J = 8.5 Hz, 2 H, 2', H-6'), 6.80 (d, 3J = 

8.3 Hz, 2 H, H-3',5'), 6.04 (s, 1 H, H-6), 5.22 (dd, J2,3a = 12.5, J2,3b = 2.5 Hz, 1 H, H-

2), 5.17 (t, 3J = 7.2 Hz, 1 H-β, H-10), 3.78 (s, 3 H, 5-OCH3), 3.20 (dd, 9-CH2), 2.95 

(ABX, JAB = 16.92, JAX = 8.25, JBX = 6.23, 1 H, 3-HA), 2.60 (ABX, JAB = 16.7 Hz, 

JAX = 8.2 Hz, JBX = 6.1 Hz, 1 H, 3-HB), 1.60 (s, 3 H, 12-CH3), 1.58 (s, 3 H, 13-CH3). 

– (+)-ESI MS: m/z (%) = 731 ([2 M + Na]+, 100). – (-)-ESI MS: m/z = 353 ([M-H]-).  
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1213  

cis-cyclo(Leu,Pro) (107): Fraction II (0.41 g) delivered by PTLC (20×20 cm, 

CHCl3/7% MeOH), and Sephadex LH-20 (CHCl3/MeOH 3:2) a UV absorbing col-

ourless solid (6 mg), as a middle polar substance, which turned to violet by anisalde-
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hyde/sulphuric acid. – Rf = 0.58 (CHCl3/5 CH3OH). – 1H NMR (CDCl3, 300 MHz): 

δ = 6.00 (s br, 1 H, NH), 4.13 (t, 3J = 8.1 Hz, 1 H, 3-H), 4.02 (dd, 3J = 10.2 Hz, 3J = 

6.2 Hz, 1 H, 6-H), 3.64-3.53 (m, 2 H, 9-CH2), 2.45-2.28 (m, 1 H, 10-HA), 2.24-1.98 

(m, 3 H, 10-HB, 7,8-HA), 1.96 (m, 1H, 8-HB), 1.61-1.45 (m, 2 H, 7-CH2), 1.55 (m, 1 

H, 11-H), 1.03 (d, 3J = 8.1 Hz, 3 H, 12-CH3), 0.96 (d, 3J = 8.1 Hz, 3 H, 13-CH3).  

N

N

O
H

O
H

CH3

CH3H

 

Phenol (111): Colourless compound with a typical smell. The 1H NMR and 13C 

NMR (300 MHz, CD3OD) values were mentioned in Table 8. 
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Adenine (112): Colourless solid, stained to blue by spraying with anisalde-

hyde/sulphuric acid. It was isolated and purified using PTLC followed by Sephadex 

LH-20 chromatography. – 1H NMR (DMSO-d6, 300 MHz): δ  8.1 (s, 1H), 8.05 (s, 

1H), 7.05 (br, 2H).  

N

N N
H

N

NH2

 

12.3 Ruminal bacterium ZIK  

12.3.1 Pre-screening 

The inhibitory effect of the ruminal Gemella morbillorum, isolated from the rumen 

of camel, was investigated against a collection of phytopathogenic fungi. When as-
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sessed by the agar diffusion method, the supernatant of the culture  showed inhibition 

of the fungus Phoma tracheiphila. 

12.3.2 Fermentation and isolation 

A well-grown sub-culture of the ruminal bacterium ZIK was used for inoculation of a 

25 L shaker culture on LB medium; the pH was adjusted to 7.0 before sterilisation. 

After 7 days of cultivation at 37 °C, the strain showed a brown culture broth. The 

fermenter broth was filtered with a filter press. The filtrate was passed over XAD-16, 

which was afterwards extracted with methanol. The methanol phase was evaporated 

and the remaining water was extracted three times with ethyl acetate. The biomass 

was extracted with ethyl acetate. The combined extracts were filtered and concen-

trated under vacuum to obtain a crude extract (1.29 g). 

Chromatography of the latter on silica gel column using a CH2Cl2-MeOH gradient 

with successively increasing polarity resulted in three fractions I-III according to 

monitoring by TLC. Fraction II was further purified by Sephadex LH-20 eluted with 

methanol to give anthranilic acid (113). Purification of fraction III afforded 1-

hydroxy-4-methoxy-2-naphthoic acid (116) and thymine (123). 

Anthranilic acid (113): Isolated from fraction II on Sephadex LH-20 (MeOH) as 

pale yellow solid; UV absorbing at 254 nm, intensive blue UV fluorescence at 366 

nm; Rf = 0.47 (CH2Cl2/ 5% MeOH), turned to yellow after spraying with anisalde-

hyde/sulphuric acid. – 1H NMR (CD3OD, 300 MHz): δ 7.95 (dd, 3J = 8.0, 4J = 1.0, 

H-6), 7.37 (td, 3J = 8.0, 4J = 1.0, H-4), 6.68 (dd, 3J = 8.0, 4J = 1.0, H-3), 6.65 (td, 3J 

= 8.0, 4J = 1.0, H-5). 
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1-Hydroxy-4-methoxy-2-naphthoic acid (116): Colourless powder, blue UV fluo-

rescence at 366 nm. – Rf = 0.66 (CH2Cl2 / 5% MeOH). – 1H and 13C/APT NMR, see 

Table 9. 
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12.4 Ruminal bacterium Enterobacter amnigenus ZIH 

12.4.1 Pre-screening 

Extracts of the ruminal bacterium Enterobacter amnigenus, showed activity against 

the pathogenic bacteria Staphylococcus aureus and Klebsiella pneumoniae and 

against the phytopathogenic fungi Fusarium culmorum, Fusarium graminearum and 

Phoma tracheiphila. 

 

left: TLC of the ethyl acetate extract; middle: 

TLC of the acetone extract; right TLC of the 

methanol extract 

 

12.4.2 Fermentation and isolation  

A 5 l culture of Enterobacter amnigenus was grown in 1 l Erlenmeyer flasks filled 

with 300 ml of LB medium on a linear shaker with 95 rpm at 37 °C. After three days 

of fermentation, the culture broth was used to inoculate a Braun Biostat U fermenter, 

filled with 20 l of LB medium. The following conditions were maintained: stirring at 
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200 rpm, 37 °C, pH 6.5 ± 1.5, aeration 1.5 m3/h. The culture broth was harvested 

after 5 days.  

The cells phase was filtered off by means of a pressure filter and extracted with ethyl 

acetate (3 × 5 l) and acetone (2 × 5 l), while the filtrate was passed through an Am-

berlite XAD-16 column (6 × 120 cm). The latter was washed with 25 l of demineral-

ized water and eluted with 15 l of methanol. After concentration, the aqueous residue 

was extracted with ethyl acetate (3 times) and acetone (2 times). On basis of their 

similar chromatograms, both extracts were combined, yielding 3.3 g of crude extract. 

Chromatography on silica gel by column chromatography (CC; CH2Cl2/MeOH, 

stepwise gradient) under TLC monitoring afforded four fractions I-IV. Fraction II 

yielded 3-(hydroxy acetyl)-indole (95), and Nβ-acetyltryptamine (117). Fraction III 

afforded phenol (111), tyrosol (118) and uracil (126). Fraction IV was separated on 

Sephadex LH-20 into two sub-fractions. The first one was further subjected to Se-

phadex LH-20 and yielded tryptophol (119) and indole-3-lactic acid (121). The se-

cond subfraction afforded on chromatography on RP-18 column (12 × 1 cm) using 

40% aqueous methanol 2-butoxy-6-hydroxymethyl-tetrahydropyran-3,4,5-triol (122) 

and adenine (112). 

Nβ-Acetyltryptamin (117): Obtained from fraction II by applying to Sephadex LH-

20 (MeOH) as a UV absorbing colourless solid (10 mg), which stained to pink/violet 

by anisaldehyde/sulphuric acid, and pink (later to blue) by Ehrlich’s reagent. – Rf = 

0.5 (CH2Cl2 / 5 % MeOH). – 1H NMR (CDCl3, 300 MHz): δ = 8.30 (s, br, 1 H, 1-

NH), 7.60 (d, 3J = 8.0 Hz, 1 H, H-4), 7.38 (d, 3J = 7.8 Hz, 1 H, H-7), 7.26 (t, 7.8 Hz, 

1 H, H-6), 7.08 (t, 8.0, 1 H, H-5), 7.03 (d, 1.1 Hz, 1 H, H-2), 5.70 (s, br, 1 H, NH), 

3.58 (q, 3J = 6.3 Hz, 2 H, CH2-2'), 2.98 (t, 3J = 6.6 Hz, 2 H, CH2-1'), 1.93 (s, 3 H, 

CH3-5'). – 13C NMR (CDCl3, 50 MHz): δ = 170.5 (C=O, Cq-4'), 136.4 (Cq-7a), 127.2 

(Cq-3a), 122.3 (CH-6), 121.7 (CH-2), 119.0 (CH-5), 118.5 (CH-4), 112.3 (Cq-3), 

111.5 (CH-7), 40.0 (CH2-2'), 25.2 (CH2-1'), 23.1 (CH3-5').  
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Tyrosol (ρ-Hydroxy-2-phenethylalcohol; Salidorol; 118): Colourless oil. – Rf = 

0.54 (CH2Cl2/ 20% CH3OH), UV absorbing band at 254 nm, turns red after spraying 

with anisaldehyde/sulphuric acid. – 1H NMR (CD3OD, 300 MHz): δ  7.09 (d, 3J = 

8.88 Hz, 2H, H-2', 6’), 6.74 (d, 3J = 8.88 Hz, 2H, H-3', 5'),  3.65 (t, 3J = 7.3 Hz, 2H, 

CH2-1), 2.64 (t, 3J = 7.2 Hz, 2H, CH2-2). 
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Phenol (111): 1H NMR (300 MHz, CDCl3): δ 7.28 (2H, d, J = 8.5 Hz, H-2, 6), 6.87 

(1H, t, J = 8.5 Hz, H-4), 6.82 (2H, t, J = 8.5 Hz, H-3, 5), 5.62 (1H, br, s, -OH). 
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Tryptophol; 3-Indolylethanol (119): Obtained from fraction IV by applying to Se-

phadex LH-20 (MeOH), as an UV absorbing colourless solid (20 mg), turned to in-

tense violet by anisaldehyde/sulphuric acid and pink with Ehrlich’s reagent. – Rf = 

0.28 (CHCl3/5 % MeOH). – 1H NMR (CDCl3, 300 MHz): δ = 8.05 (s, br, 1 H, NH), 

7.63 (d, 3J = 8.2 Hz; 1 H, 4-H), 7.39 (d, 3J = 8.2 Hz, 1 H, 7-H), 7.21 (dd, 3J = 8.2, 4J 

= 1.3 Hz, 1 H, 5-H), 7.19 (dd, 3J = 8.2 Hz, 4J = 1.3 Hz, 1 H, 6-H), 7.10 (s, 1 H, 2-H), 

3.93 (t, 3J = 6.6 Hz, 2 H, 9-CH2), 3.05 (t, 3J = 6.6 Hz, 2 H, 8-CH2), the OH signal 

was invisible. – EI MS (70 eV): m/z (%) = 161 ([M]•+, 29), 130 (100), 103 (11), 77 

(16). 



Ruminal bacterium Enterobacter amnigenus ZIH  241 

 

N

O

 

Brevinic acid (120): Purple pigment; showed UV absorbance under 254 nm. – 1H 

NMR (300 MHz, CD3OD): 7.61 (t, 1H, 2-H), 7.64 (t, 1H, 3-H), 7.91 (d, 1H, 4-H), 

7.94 (d, 1H, 1-H); 2.10 (m, 1H, 8-Ha), 2.50 (m, 1H, 8-Hb), 3.09 (dd, J = 16 Hz, 6 

Hz, 1H, 7-Ha), 3.68 (dq, J = 16 Hz, 6 Hz, 1H, 7-Hb), 5.22 (dd, 1H, 9-H). – 13C-

NMR (125 MHz, CD3OD): δ 32.0 (C-7), 32.5 (C-8), 58.0 (C-9), 114.5 (C-5a), 126.6 

(C-1), 128.2 (C-4), 131.6 (C-4a), 133.4 (C-3), 134.2 (C-11a), 135.6 (C-2), 147.9 (C-

10a), 180.2 (C-11), 182.5 (C-5). 

N
H

S

O

O H
COOH

1

2

3

4
4a 5

6

9

7a, 7b

8a, 8b

 

Indole-3-lactic acid (121): Colourless oil; it exhibited UV absorption at 254 nm and 

turned red by anisaldehyde/sulphuric acid. – 1H NMR (300 MHz, CD3OD): δ = 7.65 

(dd, 1H), 7.37 (dd, 1H), 7.05 (td, 1H), 6.95 (td, 1H), 7.11 (s, 1H), 4.21 (m, CH-OH), 

2.90 (1Η, CΗ2), 2.95 (1H, CH2). 
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Butyl glycoside (122): Colourless compound, turned to light green after spraying 

with anisaldehyde/sulphuric acid. – 1H NMR (CD3OD, 300 MHz): δ 4.72 (d, 3J = 1.5 

Hz, 1H, H-1'), 3.81-3.39 (m, 9H, 1', 2',3',4',5',6'-H), 1.56 (m, 2H, H-2), 1.41 (m, 2H, 

H-3), 0.93 (t, 3J = 7.3 Hz, 3H, H-4). – 13C NMR (CD3OD, 125 MHz): δ 101.5 (CH-
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1'), 74.5 (CH-2'), 72.6 (CH-3'), 72.3 (CH-4'), 68.6 (CH-5'), 68.2 (CH2-1), 62.9 (CH2-

6'), 32.7 (CH2-2), 20.5 (CH2-3), 14.3 (CH3-4). – [ ]20
Dα  = +42.2 (c 1.35, MeOH). – 

(+)-ESIMS: m/z (%) = 259 ([M+Na]+, 100), 495 ([2M+Na]+, 17). – (+)-ESI-HRMS: 

m/z = 259.11536 ([M+Na]+) (calc. 259.11521 for C10H20O6Na). 

O

OH

OH

OH

OH

O CH3

1

2

31'
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12.5 Ruminal bacterium Serratia rubidae ZIE 

12.5.1 Pre-screening 

The ruminal bacterium Serratia rubidae, isolated from the rumen of sheep, was se-

lected due to its activity against the phytopathogenic fungus Fusarium culmorum. 

          

Figure 158: Growth inhibition of phytopathogenic Fusarium culmorum by ruminal 

Serratia rubidaea (left), compared to Fusarium culmorum as standard (right). 

 

12.5.2 Fermentation, working up and isolation 

A well-grown sub-culture of the ruminal Serratia rubidaea was used for inoculation 

of a 25 l shaker culture on LB medium; the pH was adjusted to 7.0 before sterilisa-

tion. After 7 days of cultivation at 37 °C, the strain showed a pink culture broth. The 

fermenter broth was filtered with a filter press. The filtrate was passed over XAD-16 

and the resin afterwards extracted with methanol. The methanol was evaporated and 
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the remaining water was extracted three times with ethyl acetate. The biomass phase 

was extracted with ethyl acetate. The combined extracts were filtered and concen-

trated under vacuum to obtain a crude extract (6.2 g). 

Chromatography of the latter on a silica gel column using a CH2Cl2-MeOH gradient 

with successively increasing polarity resulted in four fractions I-IV according to 

monitoring with TLC. 

Eight compounds were isolated and were identified as thymine (123), thymidine 

(125), adenine (124), uracil (126), 1-hydroxy-4-methoxy-2-naphthoic acid (134), 

prodigiosin (127), indole-3-acetic acid (128), 1-acetyl-β-carboline (129), 4-hydroxy-

5-methyl-furan-3-one (130), and actinomycin D (131).  

Indole-3-acetic acid (128): Isolated from fraction III as colourless solid, showed an 

UV absorbing band, which turned to orange and pink with anisaldehyde/sulphuric 

acid and Ehrlich’s reagent, respectively. – 1H NMR (CDCl3, 300 MHz): δ 7.53 (d, 

1H), 7.37 (d, 1H), 7.09 (t, 1H), 7.01 (t, 1H), 7.17 (s, 1H), 3.94 (s, CH2).  

NH

COOH

 

1-Acetyl-β-carbolin (129): Obtained from fraction III on Sephadex LH-20 (MeOH) 

as yellow solid. – Rf = 0.90 (CHCl3/10% MeOH), blue UV fluorescence. It turned to 

yellow with anisaldehyde/sulphuric acid or Ehrlich’s reagent. – 1H NMR (CDCl3, 

300 MHz): δ = 10.31 (s, br, 1 H, 9-NH), 8.55 (d, 3J = 6.1 Hz, 1 H, H-3), 8.16 (d, 3J = 

6.1 Hz, 2 H, H-4), 7.61 (dd, 2 H, H-7,8), 7.34 (m, 1 H, H-6), 2.90 (s, 3 H, 11-CH3). – 

(+)-ESI MS: m/z = 211 ([M + H]+).  

N
H

N

O CH3  
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4-Hydroxy-5-methyl-furan-3-one (130): Oily compound, UV absorbing at 254 nm, 

turned to violet with anisaldehyde/sulphuric acid. – 1H NMR (CDCl3, 300 MHz): δ 

2.32 (s, 3H), 4.60 (s, 2H). – (+)-ESIMS: m/z = 115 ([M+H]+). For data, see ref. 

[254]. 

O

O

CH3

OH

 

Actinomycin D (131): Obtained by applying fraction IV to Sephadex LH-20 

(MeOH) as orange solid, UV absorbing at 254 nm. It turned to yellow by anisalde-

hyde/sulphuric acid, no colour reaction with 2 N NaOH, deep red colour reaction 

with 2N H2SO4. – Rf = 0.37 (CHCl3/5% MeOH). – 1H NMR (CDCl3, 300 MHz): δ = 

8.13 (d br; 3J = 6.4 Hz, 1H, NH-Valα), 7.97 (d br, 3J = 6.4 Hz, 1H, NH-Valβ), 7.81 (d 

br, 3J = 6.4 Hz, 1H, NH-Thrβ), 7.21 (d br, 3J = 6.4 Hz, 1H, NH-Thrα), 7.67 (d, 3J = 

7.9 Hz, 1H, H-8), 7.39 (d, 3J = 7.9 Hz, 1H, H-7), 6.03 (d, 3J = 9.1 Hz, 1H, H-2 Proα), 

5.96 (d, 3J = 9.1 Hz, 1H, H-2 Proβ), 5.25-5.15 (m, 2H, H-3 Thrα,β), 4.81 (d, 3J = 18.1 

Hz, 1H, Ha-2, Sarα), 4.73 (d, 3J = 18.8 Hz, 1H, Ha-2 Sarβ), 4.61 (dd, 3J = 6.4 Hz, 3J = 

2.3 Hz, 1H, H-2 Thrα), 4.49 (dd, 3J = 6.4 Hz, 3J = 2.3 Hz, 1H, H-2 Thrα), 4.03-3.40 

(m, 8H; Hb-2 Sarα,β H-2 Val α,β H2-5, Proα,β), 2.93, 2.90, 2.88 (3s, 3H+3H+6H, NCH3 

Me-Val α,β, NCH3, Sarα,β), 2.67-2.57 (m+ s, 6+3, 3-Ha Proα,β, 2,3-H, Me-Val α,β, 6-

CH3), 2.38-1.76+ 2.23 (m+ s, 8 + 3 H, 3-Hb- 4-H2 Pro α,β, 3-H Val α,β, 4-CH3), 1.28 

(m, 6H, CH3 Thrα,β), 1.17-1.07 (m, 6H, CH3 Val α,β), 0.99-0.82 (m, 12H, CH3 Val α,β, 

CH3 Me Valα,β), 0.75 (d, 3J = 4.9 Hz, 6 H, CH3 Me Val α,β). – (+)-ESIMS: m/z (%) = 

1277 ([M+Na]+, 100), 1255 ([M+H]+, 6). – (-)-ESIMS: m/z = 1254 ([M-H]-). 
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12.6 Ruminal bacterium Klebsiella pneumoniae ZIC 

12.6.1 Fermentation and isolation 

Klebsiella pneumoniae strain ZIC isolated from the rumen of cow was pre-

cultivated on LB agar at 37 °C. Pieces (1×1 cm) of well grown agar plates were used 

to inoculate 120 of 1L Erlenmeyer flasks, each containing 250 ml of LB broth. The 

fermentation was carried out at 180 rpm on a linear shaker for 3 days at 37 °C. The 

culture broth was harvested and filtered after addition of 1 kg Celite to separate the 

bacterial biomass, which was extracted with ethyl acetate, while the culture filtrate 

was passed through Amberlite XAD-16 adsorption resin. The XAD column was 

washed with 25 L demineralised water and eluted with 15 L methanol. The eluate 

was concentrated under reduced pressure and the aqueous residue was finally ex-

tracted with ethyl acetate. The Celite/biomass mixture was extracted with ethyl ace-

tate (3 times) and acetone (2 times); the combined organic phases were then evapo-

rated to dryness. Both the water and the biomass extracts were combined based on 

their chromatographic similarity, yielding 1.41 g of a brown crude extract.  

Chromatography on silica gel (column 3 × 100 cm) using a CH2Cl2/MeOH gradient 

(0-60% MeOH) monitored by TLC resulted in three fractions I-III. 
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Four compounds were isolated and identified as 4', 5,7-trihydroxyisoflavone 

(genistein, 133), uracil (126), 4-hydroxybenzoic acid (134) and adenine (124). 

4', 5,7-Trihydroxyisoflavone (genisteine, 133): Genisteine (133) was isolated from 

fraction II as white powder, UV absorbing at 254 nm. – 1H NMR (CDCl3, 300 

MHz): δ 8.03 (1H, d), 6.38 (1H, dd), 6.19 (1H, d), 7.38 (2H, d) and 6.82 (2H, d).   

O

O
OH

OH

OH
 

4-Hydroxybenzoic acid (134): Obtained from fraction II as white crystalline solid, 

which showed UV absorption at 254 nm. – 1H NMR (CDCl3, 300 MHz): δ = 7.78 

(2H, d, J = 8.5 Hz, H-3,5), 6.45 (2H, d, J = 8.5 Hz, H-2,4), 11.42 (1H, br s). 

COOH

OH  

12.7 Ruminal bacterium ZIL 

12.7.1 Pre-screening 

The producing organism, the ruminal Pseudomonas aeruginosa 210, was isolated in 

Tunisia from the rumen of a cow. A voucher specimen of the strain is deposited in 

the culture collection at the Institute of Organic and Biomolecular Chemistry, Göt-

tingen, Germany, under the reference ZIO. 

P. aeruginosa strain 210 was cultured on 20 L of LB medium. The supernatant of the 

culture was assessed by the agar diffusion method and showed inhibition of a broad 

spectrum of Gram-negative and Gram-positive bacteria.  

 



Ruminal bacterium ZIL  247 

 

 

12.7.2 Fermentation and isolation 

A 5 l culture of P. aeruginosa 210 was grown in 1 l Erlenmeyer flasks filled with 

300 ml of LB-medium on a linear shaker with 95 rpm at 28 °C. After three days of 

fermentation, the culture broth was used to inoculate a Braun Biostat U fermenter, 

filled with 20 l of LB medium. The following conditions were maintained: stirring at 

200 rpm, 28 °C, pH 6.5 ± 1.5, aeration 1.5 m3/h. The culture broth was harvested 

after 5 days. The mycelium was filtered off by means of a pressure filter and extract-

ed with ethyl acetate (3 × 5 l) and acetone (2 × 5 l), while the filtrate was passed 

through an Amberlite XAD-16 column (6 × 120 cm); the latter was washed with 25 l 

of demineralised water and eluted with 15 l methanol. After concentration, the aque-

ous residue was extracted with ethyl acetate. The extracts from the mycelium and the 

water phase were similar on TLC and were combined, yielding 3.54 g of a greenish-

brown resin. Silica gel column chromatography (CC; CH2Cl2/MeOH, stepwise gradi-

ent) under TLC monitoring afforded four fractions A-D. Fraction I obtained from 

(CH2Cl2: CH3OH 9.9:0.1), showed a single spot on TLC which on final purification 

using silica gel (CH2Cl2/ 5 % MeOH) and Sephadex LH-20 (CH3OH) CC resulted in 

1-phenazinol (139) (10 mg). Fraction II obtained with 0.2 % MeOH was again sub-

jected to CC on silica gel and finally purified by Sephadex LH-20 (CH3OH) to pro-

vide 2-n-heptyl-1-hydroxy-1H-quinolin-4-one (135) (100 mg). Fraction III obtained 

with 0.3 % MeOH afforded 3-n-heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-

dione (137) (15 mg) after Sephadex LH-20 (CH3OH) and PTLC (CH2Cl2: CH3OH, 

9.3:0.7). Phenazine-1-carboxylic acid (43) (25 mg) was obtained from fraction IV 

(0.5 % MeOH) by using Sephadex LH-20 (CH3OH) and PTLC (CH2Cl2: CH3OH, 

8.8:1.2).  
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2-n-Heptyl-1-hydroxy-1H-quinolin-4-one (135): Colourless crystalline solid; – Rf 

= 0.40 (CH2Cl2/5% CH3OH; 9.5:0.5). – UV (MeOH): λmax (log ε) = 355 (2.88), 254 

(3.01), 215 (3.15) nm. – IR (KBr) νmax = 3430, 2926, 1656, 1594, 1456, 1121 cm-1. – 
1H NMR (300 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 12.  

N CH3
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Table 39: Antimicrobial activity of compound 135 in the agar diffusion test at a 

concentration of 5µg/disk 

Test strains Ø Inhibition in (mm) 

Staphylococcus aureus 13 

Bacillus subtilis 20 

Escherichia coli 15 

Mucor miehei (Tü 284) 16 

Candida albicans 0 

 

3-n-Heptyl-3-hydroxy-1,2,3,4-tetrahydroquinoline-2,4-dione (137): Colourless 

crystalline solid; – Rf = 0.40 (CH2Cl2:CH3OH; 9.5:0.5). – 1H NMR (300 MHz, 

CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 16. 
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Polypropylenglycol (Niax, 138): Colourless oil, 10.5 mg, non UV absorbing zone, 

turned to pink with anisaldehyde/sulphuric acid spray reagent. – Rf = 0.12 (CH2Cl2/ 

5% MeOH). – 1H NMR (CD3OD, 300 MHz): δ = 3.48 (m, CH2), 1.10 (d, 3J = 2.3 

Hz, CH3). 

OH
O

O
OH

CH3

CH3

CH3

n

 
polymer

 

Phenazinol (139): Green needles, UV absorbing at 254, turned to yellow after spray-

ing with anisaldehyde/sulphuric acid. – Rf = 0.37 (CH2Cl2/ 5% MeOH). – 1H NMR 

(CDCl3, 300 MHz): δ = 8.22 (dd, 1 H), 8.18 (dd, 1 H), 7.82-7.84 (m, 2 H), 7.22 (d, 

1H),7.81 (d, 1H), δ 7.76 (t, 1H). – 13C NMR (CDCl3, 300 MHz): see Table 17. 

N

N

OH
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Table 40:  In vitro antitumor activity of phenazinol (139) against tumor cell lines 
in a monolayer proliferation assay 

Tumor type 
Tumor cell 
line N° 

Test/Control (%) at Drug 
Concentration (30 µg/ml) 

Lung A Adeno LXF 529 NL 25 ++ 

Lung A Adeno LXF 629 L 13 ++ 

Breast MAXF 25 ++ 

Melanoma Xeno-
graft 

MEXF 462 NL 28 ++ 

Prostate PRXF 23++ 

Pleuramesothelioma PXF 1752L 37 + 

Renal RXF 486L 35 + 

Uterus body UXF 1138L 5 +++ 
- (T/C = 50) + (30< = T/C < 50) ++ (10 < = T/C < 30) +++ (T/C < 10) 

Table 41: In vitro antitumor activity of phenazinol (139) against tumor cell lines 
in a monolayer proliferation assay 

Tumor type Tumor cell line N° 
IC50 
µg/ml 

IC70 

µg/ml 
IC90 

µg/ml 

Lung A Adeno LXF 529 NL 4.288 8.442 16.618 

Lung A Adeno LXF 629 L 3.582 6.239 10.867 

Breast MAXF 4.545 8.540 16.050 

Melanoma Xenograft MEXF 462 NL 4.849 9.363 18.077 

Ovarien Cancer Xeno-
graft 

OVXF 899L 11.364 26.664 >10.000 

Pancreas PAXF 10.000 23.842 >10.000 

Prostate PRXF 4.316 8.042 14.985 

Pleuramesothelioma PXF 1752L 6.218 12.915 26.826 

Renal RXF 486L 6.017 11.844 23.315 

Uterus body UXF 1138L 3.281 5.384 8.835 

 Mean n = 10 6.231 10.590 16.020 
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Phenazine-1-carboxamide (42): Yellow compound, 16 mg, UV absorbing under 

254 nm, turned to yellow with anisaldehyde/sulphuric acid. – Rf = 0.31 (CH2Cl2/ 5% 

MeOH). – 1H NMR (300 MHz, CDCl3): δ = 10.74 (brs, 1H, 1-NH), 9.02 (dd, 3J = 

7.1, J = 1.5 Hz, 1H, H-2), 8.42 (dd, 3J = 8.7, J = 1.5 Hz, 1H, H-4), 8.28 (m, 1H, H-6), 

8.23 (m, 1H, H-9), 7.97 (dd, 3J = 7.1, J = 1.5 Hz, 1H, H-3), 7.93 (dd, 3J = 7.0 Hz, J = 

1.6 Hz, 1H, H-7), 7.89 (dd, 3J = 7.7 Hz, J = 1.0 Hz, 1H, H-8), 6.38 (brs, 1H, 1-NH). 

– (+)-ESIMS: m/z (%) = 245 ([M+Na]+, 13), 469 ([2M+Na]+, 100). – (+)-

HRESIMS: m/z = 246.06383 [M+Na]+ (calcd. 246.06378 for C13H9N3ONa). 

N

N

ONH2

 
 

 

Rhamnolipid A (94) and Rhamnolipid B (140): Oily mixture of two compounds, 

polar, turned to intense green after spray with anisaldehyde/sulphuric acid. – 1H 

NMR (300 MHz, CD3OD): δ = 4.83, 3.80, 3.40, 3.65- 3.75, 1.25, 0.88, 1.15-1.62 and 

1.25. 
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13 Terrestrial bacteria 

13.1 Terrestrial Bacillus sp. ZIR 

13.1.1 Fermentation and isolation 

Bacillus sp. ZIR was pre-cultivated on LB agar at 37 °C. Pieces (1×1 cm) of well 

grown agar were used to inoculate 40 of 1-litre Erlenmeyer flasks, each containing 

250 ml of LB broth. The fermentation was carried out at 180 rpm on a linear shaker 

for 3 days at 37 °C. The culture broth was harvested and filtered after addition of 1 

kg Celite to separate the bacterial biomass, which was extracted with ethyl acetate, 

while the culture filtrate was passed through Amberlite XAD-16 adsorption resin. 

The XAD column was washed with 25 L demineralised water and eluted with 15 L 

methanol. The eluate was concentrated under reduced pressure and the aqueous resi-

due was finally extracted with ethyl acetate. The Celite/biomass mixture was extract-

ed with ethyl acetate (3 times) and acetone (2 times); the combined organic phases 

were then evaporated to dryness. Both the water and the biomass extracts were com-

bined based on their chromatographic similarity, yielding 4.5 g of a brown crude 

extract.  

Chromatography on silica gel (column 3 × 100 cm) using a CH2Cl2/MeOH gradient 

(0-60% MeOH) monitored by TLC resulted in four fractions I-IV. Fractions I-III 

were oily and fraction IV afforded monensin (141) (500 mg). 
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left: TLC of the ethyl acetate crude extract; middle: TLC of the 

acetate crude extract; right: TLC of the crude methanol extract 

Monensin-B (141): colourless, UV nonabsorbing solid, which turned to orange-red 

by anisaldehyde/sulphuric acid spraying reagent. – Rf = 0.37 (CH2Cl2/5% MeOH). – 
1H and 13C NMR, see Table 18. 
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13.2 Terrestrial Pseudomonas sp. ZIPS  

Fermentation and isolation 

For up scaling, a 10 L shaker culture was inoculated with a well-grown sub-culture 

and cultivated at 28 °C for 5 days on a linear shaker. After 3 days, the culture was 

harvested and the biomass and water phase were separated with the aid of the filter 

press. The biomass was extracted with ethyl acetate and acetone until the filtrate was 

colourless. The water phase was adsorbed on an XAD-16 column and the latter ex-

tracted with methanol. Due to a similar composition of both extracts, they were com-

bined and separated by a silica gel column chromatography (CH2Cl2/MeOH) into 
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four fractions. Four compounds were isolated from the terrestrial bacterium Pseudo-

monas sp. ZIPS; all of them were known and were identified as phenazine-1-

carboxylic acid (43), anthranilic acid (113), linoleic acid (89) and cis-cyclo(Tyr,Pro) 

(109). 

Linoleic acid; (9Z, 12Z)-9, 12-octadecanoic acid (89): Obtained by chromatog-

raphy of fraction II on Sephadex LH-20 (MeOH) as a UV absorbing polar colourless 

oil, which turned to blue by anisaldehyde/sulphuric acid and heating. – Rf = 0.75 

(CH2Cl2/MeOH, 5%). – 1H NMR (CDCl3, 300 MHz): δ = 11.2 (s, br, 1 H, COOH), 

5.41-5.24 (m, 4 H, 9,10,12,13-CH), 2.78 (t, 3J = 6.0 Hz, 2 H, 11-CH2), 2.38 (t, 3J = 

7.2 Hz, 2 H, 2-CH2), 2.08 (m, 4 H, 8,14-CH2), 1.63 (m, 2 H, 3-CH2), 1.40-1.20 (m, 

10 H, CH2), 0.85 (m, 3 H, 18-CH3). 

OH

O

 

 

13.3 Terrestrial bacterium Streptomyces Ank 195 

Fermentation and isolation 

The terrestrial Streptomyces sp. Ank 195 subculture was used to inoculate a 25 L 

shake culture using M2
+ medium at 28 °C (pH 7.8). The culture broth was harvested 

after ten days. Biomass and filtrate were separated with the aid of the filter press. The 

biomass was extracted three times with ethyl acetate followed by aceton (2 ×). The 

water phase was subjected to XAD-16 column and extracted with MeOH. Both crude 

extracts showed identity on TLC, so they were combined (1.75 g) and chromato-

graphed on silica gel column using CH2Cl2/MeOH gradient (0 to 40 % MeOH). Only 

two fractions were resulting. The first fraction one contained fat and the second frac-

tion was purified on Sephadex LH-20 to afford compound 143. 

5-Hydroxymethyl-3-(1-hydroxy-6-methyl-heptyl)-dihydrofuran-2-one (143): 1H 

NMR (300 MHz, CDC13): δ = 0.81 (d, J = 7.2 Hz, 6H, CH3 isopropyl), 1.05-1.55 

(m, 9H, aliphatic side chain), 2.05 (ddd, J = 4Hz, J' = 10 Hz, J'' = 12.8 Hz, lH, Hβ-3), 
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2.35 (ddd, J = J' = 8 Hz, J'' = 12.8 Hz, lH, Hα-3), 2.78 (ddd, J = 2.6 Hz, J' = 8Hz, J'' = 

10.5 Hz, lH, H-2), 3.55 (dd, J = 7Hz, J' = 2.5Hz, lH, H-5), 3.83 (dd, IH, J = 7Hz, J' = 

1.5 Hz, H-5'), 4.08 (m, lH, H-1'), 4.60 (m, 1H, H-4). – 13C NMR (300 MHz, 

CDC13): δ = 179.9 (C-1), 80.0 (C-4), 69.3 (C-l'), 64.4 (C-5), 46.3 (C-2), 34.8 (C-2'), 

32.5 (C-3'), 29.2 (C-6'), 27.7 (C-4'), 22.4 (C-5'), 23.0 (C-3), 22.5 (C-7', C-8'). 

CH3

O O
OH

OH

CH3

 

Compound 143 showed a cytotoxic activity against brine shrimps (Artemia salina) 

with an LD50 of 2.5 μg/ml. 

13.4 Terrestrial Streptomyces Ank 315 

Streptomyces sp. Ank 315 was cultivated on a 25 L and 60 L scale using 1 L Erlen-

meyer flasks containing 250 mL of M2 medium (malt extract 10 g, yeast extract 4 g, 

glucose 4 g per litre tap water; adjusted to pH 7.8 with 2 N NaOH) at 28 °C for eight 

days on a linear shaker (250 rpm).  

The culture broth was mixed with Celite and filtered with a filter press. The filtrate 

was passed through an Amberlite XAD-16 column (120 × 5.5 cm), the resin was 

washed with distilled H2O, and eluted with MeOH. The methanol phase was concen-

trated, and the aqueous residue was extracted with EtOAc. The mycelium was ex-

tracted sequentially with EtOAc and then acetone. The extracts showed similar com-

positions on TLC, and were combined. Compounds 144 and 145 were obtained from 

the 25 L cultivation, whereas compounds 146, 147, 151 and 152 were isolated from 

the 60 L cultivation. Additionally, the following known compounds were isolated: 

phenazine-1-carboxylic acid (43, 40 mg), 1-phenazinol (139, 25 mg), 1-phenazine-

carboxamide (42), 15 mg), anthranilic acid (113, 12 mg), and tryptophol (119, 10 

mg).  

Chromophenazine A (9-methyl-5-(3'-methyl-but-2'-enyl)-5H-benzo[a]phenazin-

7-one, 144): Orange powder; – Rf = 0.36 (5 % MeOH/CH2Cl2); – UV/Vis (MeOH): 

λmax (log ε) = 229 (4.91), 256 (4.20), 271 (4.02), 278 (4.04), 308 (4.16), 372 (3.76), 
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463 sh (3.91), 490 (4.02), 519 sh (3.87) nm; – IR (KBr): νmax = 3429, 2923, 2854, 

1583, 1544, 1460, 1377, 1321, 1233, 1161, 1055 cm-1; – 1H NMR (300 MHz, 

CDCl3) and 13C NMR (125 MHz, CDCl3) data, see Table 20; – (+)-ESIMS: m/z = 

329 ([M+H]+); – (+)-HRESIMS: m/z = 329.16498 [M+H]+ (calcd for C22H21N2O, 

329.16484). 
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Chromophenazine B (3-methyl-7-(3'-methyl-but-2'-enyl)-5-oxo-5,7-dihydroben-

zo[a]phenazine-11-carboxylic acid, 145): Orange powder; – Rf = 0.28 (5 % 

MeOH/CH2Cl2); – UV/Vis (MeOH): λmax (log ε) = 247 sh (4.22), 277 sh (4.04), 301 

(3.98), 309 (3.98), 363 (3.62), 491 (3.39), 521 sh (3.28) nm; – 1H NMR (600 MHz, 

CDCl3) data, see Table 21; – (+)-ESIMS: m/z (%) = 767 ([2M + Na]+, 25), 395 

([M+Na]+, 100); – (-)-ESIMS: m/z = 371 ([M-H]-; – (+)-HRESIMS: m/z = 

373.15459 [M+H]+ (calcd for C23H21N2O3, 373.15467) . 
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Chromophenazine C (5-(3'-methyl-but-2'-enyl)-7-oxo-5,7-dihydrophenazine-1-

carboxamide, 146): Violet powder; – Rf = 0.20 (7 % MeOH/CH2Cl2); – UV/Vis 

(MeOH): λmax (log ε) = 224 (3.48), 281 (3.34), 361 (2.84), 531 (2.80) nm; – IR 

(KBr): νmax = 3446, 2928, 1736, 1718, 1654, 1541, 1459, 1384, 589 cm-1; – 1H NMR 

(300 MHz, DMSO-d6) and 13C NMR (125 MHz, DMSO-d6) data, Table 22; – (+)-

ESIMS: m/z (%) = 637 ([2M+Na]+, 95), 330 ([M+Na]+, 100); – (-)-ESIMS: m/z = 

306 ([M-H]-); – (+)-HRESIMS: m/z = 308.13960 [M+H]+ (calcd. for C18H18N3O2, 

308.13935). 
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Chromophenazine D (3-benzoyl-5-(3'-methylbut-2'-enyl)-5,10-dihydrophenazi-

ne-1-carboxylic acid, 147): Dark red solid; – Rf = 0.13 (5 % MeOH/CH2Cl2); – 

UV/Vis (MeOH): λmax (log ε) = 247 (4.20), 301 (4.02), 389 (3.50), 491 (3.62) nm; – 

IR (KBr): νmax = 3447, 2925, 2373, 2080, 1836, 1560, 1495, 1292, 587 cm-1; – 1H 

NMR (300 MHz, DMSO-d6) and 13C NMR (125 MHz, DMSO-d6) data, see (Table 
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23); – (-)-ESIMS: m/z (%) = 817 ([2M+NaOH], 50), 397 ([M-H]-, 100); – (-)-

HRESIMS: m/z = 397.15581 [M-H]- (calcd for C25H21N2O3, 397.15577); – (+)-

HRESIMS: m/z = 398.16241 [M]•+ (calcd for C25H22N2O3, 398.16249). 
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Table 42: Biological activity of Chromophenazine D (147) 

Test organisms Inhibition zone (ø mm) 

Staphylococcus aureus 0 

Bacillus subtilis 10 

Escherichia coli 10 

Streptomyces viridochromogenes (Tü 57) 0 

Candida albicans 0 

Mucor miehei 10 

 

Chromophenazine D (147) showed a weak activity of 18 % (+) against Artemia sa-

lina 

Chromophenazine E (3,7-dibenzoyl-5-(3'-methyl-but-2'-enyl)-5,10-dihydrophen-

azine-1-carboxylic acid, 151): Pink solid; – Rf = 0.30 (5% MeOH/CH2Cl2); – 

UV/Vis (MeOH): λmax (log ε) = 249 (4.09), 310 (4.16), 387 (3.95), 522 (3.72) nm; – 

IR (KBr): νmax = 3448, 2927, 1653, 1636, 1542, 1497, 1424, 1274, 1118, 890, 722 
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cm-1; – 1H NMR (300 MHz, DMSO-d6) and 13C NMR (125 MHz, DMSO-d6) data, 

see Table 24; – (-)-ESIMS: m/z (%) = 1025 ([2M-2H+Na]−, 12), 501 ([M-H]−, 40), 

432 ([M-C5H10]−, 100); – (-)-HRESIMS: m/z = 501.18201 [M-H]- (calcd for 

C32H25N2O4, 501.18198); – (+)-ESIMS: m/z (%) = 503 ([M+H]+, 33), 502 ([M]•+, 

100). 
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Chromophenazine F (3,7-dibenzoyl 5-(3'-methyl-but-2'-enyl)-5,10-dihydrophen-

azine-1-carboxamide, 152): Red powder; – Rf = 0.26 (5% MeOH/CH2Cl2); – 

UV/Vis (MeOH): λmax (log ε) = 251 (3.84), 304 (3.76), 394 (3.15), 511 (3.24) nm; – 

IR (KBr): νmax = 3429, 2923, 2853, 1641, 1544, 1496, 1446, 1384, 1275, 1128, 715 

cm-1; – 1H NMR (300 MHz, DMSO-d6) and 13C NMR (125 MHz, DMSO-d6) data, 

see Table 27; – (-)-ESIMS: m/z = 500 ([M-H]-); – (-)-HRESIMS: m/z = 500.19823 

[M-H]- (calcd for C32H26N3O3, 500.19797); – (+)-ESIMS m/z (%) 1025 = 

([2M+Na]+, 100), 524 ([M+Na]+, 75); 502 ([M+H]+, 30), 501 ([M]•+, 100); – (+)-

HRESIMS: m/z = 524.19472 [M+Na]+ (calcd for C32H27N3O3Na 524.19446). 
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13.5 Terrestrial bacterium Streptomyces Ank 223 

A well-grown sub-culture of the terrestrial Streptomyces sp. Ank 223 was used to 

inoculate 20 l shaker culture on M2 medium; the pH was adjusted to 7.80 before ster-
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ilisation. After 7 days cultivation at 28 °C, the strain showed a grey culture broth. 

The fermenter broth was filtered with a filter press. The filtrate was passed through 

XAD-16 and afterwards extracted with methanol. The methanol phase was evapo-

rated in vacuo and the remaining water was extracted three times with ethyl acetate. 

The biomass phase was extracted with ethyl acetate. The combined extracts were 

filtered and concentrated under vacuum to obtain a crude extract (3.5 g). 

Four compounds were isolated from Streptomyces sp. Ank 223, all of them were 

known and were identified as 7-acetyl-1,3-dihydroimidazo [4,5,b] pyridine-2-one, 

isatin (155), polyhydroxybutyric acid (156), lumichrome (157), ferroverdin A (158). 

7-Acetyl-1,3-dihydroimidazo[4,5,b] pyridine-2-one (154): White solid. – 1H NMR 

(CD3OD, 300 MHz): δ 6.15 (d, 1H), δ 7.15 (d, 1H), δ 2.60 (s, CH3).  

N

O

N
H

N
H

O

 

 

Isatin (155): Deep orange powder. – 1H NMR (CD3OD, 300 MHz): δ = 7.58 (d, 

1H), 6.85 (d, 1H), 7.55 (t, 1H), 7.08 (t, 1H).  

N
H

O

O

 

Polyhydroxybutyric acid, PHB (156): – 1H NMR (CDCl3, 300 MHz): δ = 1.23 (d, 

CH3), 2.40 (m), 2.60 (m), 5.23 (m). 
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Lumichrome (157): Yellow solid, UV absorbing at 254 nm, strong white UV fluo-

rescence; – Rf = 0.15 (CH2Cl2/5% CH3OH), gave blue colouration with anisalde-

hyde/sulphuric acid and heating. – 1H NMR (CD3OD, 300 MHz): δ = 13.9 (br s, 1H, 

-NH), 8.03 (s, 1H, H-4), 7.85 (s, 1H, H-1), 5.01 (br s, 1H,-NH), 2.32 (s, 3H, CH3-3), 

2.25 (s, 3H, CH3-2). 

N

N

NH

N
H

CH3

O

OCH3

 

Ferroverdin A (158): Green powder; – Rf = 0.35 (CH2Cl2/5% CH3OH). – 1H NMR 

(DMSO-d6, 300 MHz): δ = 8.10 (dd, 9.2, 2.0, H-6), 7.74 (d, 2.2, H-2), 7.18 (d, 9.2, 

H-5), 7.53 (d, 8.6, H-10), 7.22 (d, 8.6, H-9), 6.75 (dd, H-12), 5.26 (d, H-13), 5.82 (d, 

H-13). – 13C NMR (DMSO-d6, 125 MHz) see Table 25 – HR-ESIMS: m/z = 

861.1257 (calcd. 861.1258 for C45H31N3O12 Fe [M+H]+). 
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13.6 Streptomyces sp. WO 668 

13.6.1 Pre-screening 

The crude extracts showed in the agar diffusion test activity against Escherichia coli, 

Streptomyces viridochromogenes (Tü 57), Staphylococcus aureus, Mucor miehei and 

Artemia salina. 

Table 43: Cytotoxicity activity results of the different fractions obtained from Strep-

tomyces sp. WO668 crude extracts. 

Sample Reference Sample Type 
Sample 

amount (mg) 

Cytotoxicity 

assay results %) 

ZIWO668EA 
Ethyl Acetate Crude Ex-
tract 

595 (oily) 100 

ZIWO668A
C 

Acetone Crude Extract 265 100 

ZIWO668M Methanol Crude Extract 194 0 

ZIWO668M1-2 Fraction MeOH Extract 11 8 

ZIWO668M2 Fraction MeOH Extract 13 3 

ZIWO668M3 Fraction MeOH Extract 6 4 
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ZIWO668M4 Fraction MeOH Extract 14 4 

ZIWO668M5 Fraction MeOH Extract 16 2 

ZIWO668M6 Fraction MeOH Extract 17 33 

ZIWO668M7 Fraction MeOH Extract 18 0 

ZIWO668M8 Fraction MeOH Extract 7 12 

ZIWO668M 9 Fraction MeOH Extract 22 9 

ZIWO668M10 Fraction MeOH Extract 11 6 

ZIWO668M11 Fraction MeOH Extract 11 15 

ZIWO668M12 Fraction MeOH Extract 10 8 

ZIWO668AC0 Fraction Acetone Extract 88 90 

ZIWO668AC1 Fraction Acetone Extract 46 0 

ZIWO668AC2 Fraction Acetone Extract 9 5 

ZIWO668AC3 Fraction Acetone Extract 2 0 

ZIWO668AC4 Fraction Acetone Extract 7 3 

ZIWO668AC5 Fraction Acetone Extract 10 100 

ZIWO668AC6 Fraction Acetone Extract 15 11 

ZIWO668AC7 Fraction Acetone Extract 7 3 

ZIWO668AC8 Fraction Acetone Extract 16 100 

ZIWO668AC9 Fraction Acetone Extract 10 100 

ZIWO668AC10 Fraction Acetone Extract 10 0 

ZIWO668EA1 Fraction EtOAc Extract 39 100 

ZIWO668EA2 Fraction EtOAc Extract 50 0 

ZIWO668EA3 Fraction EtOAc Extract 160 0 

ZIWO668EA4 Fraction EtOAc Extract 57 0 

ZIWO668EA5 Fraction EtOAc Extract 25 3 

ZIWO668EA6 Fraction EtOAc Extract 16 5 

ZIWO668EA7 Fraction EtOAc Extract 22 5 
 

All fractions were sent to cooperation partners for further tests on antifungal and in-

sectidal activities. 
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13.6.2 Fermentation and Isolation 

A well-grown sub-culture of the terrestrial Streptomyces sp. WO 668 was used for 

inoculation of 60 l shaker culture on M2 medium; the pH was adjusted to 7.80 before 

sterilisation. After 10 days cultivation at 28 °C, the strain showed a brown culture 

broth. The fermenter broth was filtered with a filter press. The filtrate was passed 

over XAD-16 and the latter afterwards extracted with methanol. The methanol phase 

was evaporated in vacuo and the remaining water was extracted three times with 

ethyl acetate. The biomass phase was extracted with ethyl acetate 3 times and with 

acetone 2 times. Three crude extracts were obtained: ethyl acetate extract (2.70 g), 

acetone extract (3.70 g) and methanol extract (2.32 g). 

 

3-Hydroxy-4-(4-hydroxy-phenyl)-butan-2-one (161): Colourless oily compound, 

UV absorbing under 254 nm, turned to dark pink after spraying with anisaldehyde/ 

sulphuric acid; – Rf = 0.28 (CH2Cl2/ 7% MeOH). – [ ]20
Dα  = +3.3 (c 0.18, MeOH). – 

1H NMR (CD3OD, 300 MHz): δ 7.04 (d, J = 8.7 Hz, 2H, H-3, 5), 6.68 (d, J = 15.9 

Hz; 2H, H-2,6), 4.23 (m, 1H, H-2'), 2.93 (dd,1H, J = 18.7 Hz, J = 4.6 Hz, Ha-1'), 

2.72 (m,1H, 1H, Hb-1'), 2.18.(s, 3H, H-4'). – 13C NMR (CD3OD, 125 MHz): see 

Table 30. – 1H-1H COSY and HMBC see Figure 130. – (+)-ESIMS: m/z = 203 

[M+Na]+, 383 [2M+Na]+. – (-)-ESIMS: m/z = 179 [M-H]-, 359 [2M-H]-. 

CH3

O

OH

OH

 

13-Hydroxy-12-methyl-tetradecanoic acid (163): Oily compound; – 1H NMR 

(CD3OD, 300 MHz), 13C NMR (CD3OD, 125 MHz): see Table 31.  

OH

OH

O

CH3
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Aspernigrin A (165): White crystals, UV absorbing under 254 nm. – 1H NMR 

(CD3OD, 300 MHz): δ = 8.52 (s, 1H, H-2), 6.34 (s, 1H, H-5), 3.95 (s, 2H, H-7), 7.31 

(m, 2H, H-9,13), 7.28 (m, 2H, H-10,12), 7.24 (m, 1H, H-11). – 13C NMR (CD3OD, 

125 MHz): δ 145.7 (C-2), 117.7 (C-3), 180.6 (C-4), 119.3, C-5), 155.7 (C-6), 37.6 

(C-7), 138.1 (C-8), 129.8 (C-9/C-13), 130.1 (C-10/C-12), 128.1 (C-11).  

N
H

O O

NH2

 

14 Marine bacteria 

14.1 Marine bacterium Streptomyces sp. B 909-417 

14.1.1 Pre-screening 

Streptomyces sp. B 909-417 showed grey mycelial colonies when cultivated on M2
+ 

medium agar plates at 28°C for 3 days. TLC of the crude extract showed UV absorp-

tion bands at 254 nm. 

The extract displayed cytotoxic activity with mortality of 100 % against the brine 

shrimp Artemia salina as test organism. It showed moderate antimicrobial activity 

(Table 44). 

 



266 Marine bacteria 

 

  

Table 44: Antimicrobial activity of the crude extract of Streptomyces sp. B 909-

417 on M2
+ medium [40 µL/paper disk (100 mg/mL)] 

Test microorganisms Inhibition zone Ø (mm) 

Bacillus subtilis 16 

Mucor miehei 15 

14.1.2 Fermentation and work up 

The subculture of Streptomyces sp. B 909-417 was used to inoculate a 25 L shaker 

culture using M2
+ medium at pH 7.8. After 10 days, the culture was harvested and 

the resulting very dark culture was filtrated over Celite using a filter press. The fil-

trate was given on XAD-16, and the adsorbed metabolites were eluted with metha-

nol. The methanol was evaporated under reduced pressure and the resulting water 

residue was extracted by ethyl acetate. The biomass was extracted by ethyl acetate 

and acetone until the dark brown colour had disappeared. The combined organic so-

lutions were evaporated under vacuum to yield 2.64 g of dark brown crude extract. 

Separation was performed by flash silica gel column chromatography 

(CH2Cl2/MeOH gradient).  

Daidzein (0): From fraction II, a white powder was obtained, which gave on TLC a 

UV absorbing spot at 254 nm. – 1H NMR (CD3OD, 600 MHz): δ 7.85 (d, 1H, H-5), 

6.73 (dd, 1H, H-8), 6.58 (d, 1H, H-3´), 7.26 (d, 1H, H-2´), 6.82 (d, 1H, H-6), 8.56 (s, 

1H, H-2). – (+)-ESIMS: m/z = 255 [M+H]+. – (-)- ESIMS: m/z = 253 [M-H]-.  
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14.2 Marine Streptomyces sp B7936 

14.2.1 Pre-screening 

In the biological screening the crude extract of the marine derived Streptomyces sp. 

B7936 showed antimicrobial activity as summarized in Table 45. 

Table 45: Antimicrobial activity of the crude extract of Streptomyces sp. B 7936 

on M2
+ medium [40 µl /paper disk (100 mg /mL)] 

Test microorganisms Inhibition zone Ø (mm) 

Bacillus subtilis 0 

Staphylococcus aureus 21 

Streptomyces viridochromogenes (Tü 57) 0 

Escherichia coli 0 

14.2.2 Fermentation and isolation 

Well-grown agar plates were used to inoculate 50 of 1 L Erlenmeyer flasks each con-

taining 300 ml of M2
+ medium (with 50% sea water) and incubated on the linear 

shaker culture at 28 °C for 8 days. The culture broth was passed through a filter press 

to afford biomass and filtrate. The filtrate was passed through XAD-16 resin and the 

latter extracted with MeOH, while the biomass was extracted with EtOAc three times 

followed by acetone two times. The organic phases were brought to dryness. The 

combined crude extract (2.5 g) was defatted by cyclohexane and chromatographed 

on a silica gel column chromatography using CH2Cl2/MeOH gradient (0 to 20 % 

MeOH) to deliver three fractions I-III. Fraction I contained fat and purifications II 

and III led to the isolation of compounds 167, 128 and 129. 

p-Hydroxybenzoic acid methyl ester (167): White crystalline solid, UV absorbing 

at 254 nm, pink with anisaldehyde /sulphuric acid. – Rf = 0.48 (CH2Cl2/5% MeOH). 

– 1H NMR (300 MHz, CDCl3): δ = 7.95 (d, 2H, 3J = 8.9 Hz, H-2,H-5), 6.87 (dd, 2H, 

AA’BB’, 3J = 8.9 Hz, H-3, H-4), 3.87 (s, 3H, OCH3).  
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15 Hospital area bacterium 

15.1 Bacillus pumilus 1 ZIBP1 

Well-grown agar plates were used to inoculate 10 of 1 L Erlenmeyer flasks, each 

containing 250 mL LB medium at pH 7. The culture was cultivated on a linear shak-

er for 3 days. The resulting culture broth was filtrated with the aid of a filter press. 

The water phase was subjected to an XAD-16 column and extracted with MeOH. 

The biomass was extracted with ethyl acetate and acetone. The two combined phases 

were brought to dryness under reduced pressure to yield crude extract, which was 

subjected to a silica gel column chromatography using a CH2Cl2 /MeOH gradient and 

separated into fractions I-IV. 

Endophenazine A (37): Pale yellow compound, UV absorbing at 254 nm. – 1H 

NMR (CDCl3, 300 MHz): δ = 8.95 (dd, 1H, J = 7.5, 1.5 Hz, H-2), 7.85 (dd, 1H, J = 

8.5, 7.5 Hz, H-3), 8.50 (dd, 1H, J = 8.5, 1.5 Hz, H-4), 8.19 (dd, 1H, J = 8.5, 1.5 Hz, 

H-6), 8.00 (dd, 1H, J = 8.5, 7.0 Hz, H-7), 7.80 (dd, 1H, J = 7.0, 1.5 Hz, H-8), 4.02 

(d, 2H, J = 7.0 Hz, H-1'), 5.45 (t, 1H, J = 7.0 Hz, H-2'), 1.79 (s, 6H, H-4').  – 13C 

NMR (CDCl3, 300 MHz): δ = 166.0 (1-COOH), 29.8 (C-1'), 120.3 (C-2'), 135.4 (C-

3'), 25.7 (C-4'), 18.0 (C-5'). – (+)-ESIMS: m/z = 292.1211 [M+H]+ calc. 293.1314 

for C18H17N2O2.  
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Table 46:  Antitumor activity of Endophenazine A (37) in a panel of 12 tumor 

cell lines 

Endophenazine 

A (37) 

Potency Active /total* at 

mean IC50 

[μg/ml] 

mean IC70 

[μg/ml] 
1 µg/ml 10 µg/ml 

1.617 4.467 1/12 8% 9/12 75% 

Tumor selectivity 

Selectivity1) / 

total 
% selectivity Rating2) 

1/12 8% + 

1) individual IC70 <1/3 mean IC70, for example if mean IC70 = 2.1 µM the threshold 

for above average sensitivity was 2) – (% selective = < 4%); + (4% > % selective > = 

10%); ++ (10% > % selective > = 10%); +++ (% selective > 20%) 
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Table 47:  In vitro antitumor activity of endophenazine A in a panel of 12 tumor 

cell lines 

Endophenazine 

A (37) 

Potency Active /total* at 

mean IC50 

[μg/ml] 
mean IC70 [μg/ml] 1 µg/ml 10 µg/ml 

1.166 2.608 12/37 32% 31/37 84% 

Tumor selectivity 

Selectivity1) 

/ total 
% selectivity Rating2) 

10/37 27% +++ 

1) individual IC70 <1/3 mean IC70, for example if mean IC70 = 2.1 µM the threshold 

for above average sensitivity was 2) – (% selective = < 4%); + (4% > % selective > = 

10%); ++ (10% > % selective > = 10%); +++ (% selective > 20%) 

16 Fungal metabolites 

16.1 Aspergillus flavus 

 

16.1.1 Fermentation and Isolation 

The sub-culture of the fungus Aspergillus flavus was used to inoculate 4 P-flasks 

containing each 200 g of rice mixed with 300 ml of M2 medium and incubated for 30 

days at 20 °C to give the mycelium. The latter was extracted three times with ethyl 

acetate, two times with acetone and two times with methanol, then filtrated. The or-

ganic phases were evaporated to dryness and combined to afford the crude extract 
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(25.43 g). The filtrate was extracted with ethyl acetate. The extract was evaporated to 

dryness and separated by silica gel column chromatography (CH2Cl2/ MeOH) to af-

ford aurasperone A (170), aurasperone C (171), a mixture of lichexanthone (172) and 

rubofusarin (173), and 5-hydroxymethylfuran-3-carboxylic acid (174).  

 

Aurasperone A (170): Yellow pigment, UV absorbing under 254 nm, yellow fluo-

rescence under UV 366 nm. – 1H NMR and 13C NMR (CD3OD, 300 MHz, 125 

MHz; respectively) see Table 34. 
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Aurasperone C (0): Yellow pigment, yellow fluorescence under UV 366 nm. – 1H 

NMR (CD3OD, 300 MHz): δ = 6.84 (s, 1H, H-10), 6.58 (s, 1H, H-9), 6.38 (d, 1H, H-

9), 6.20 (d, 1H, H-7´), 3.43 (s, 3H, 6-OCH3), 3.58 (s, 3H, , 8´-OCH3), 3.82 (s, 3H, 6´-

OCH3), 3.30-3.29 (m, 4H, 3,3´-H2), 1.42 (s, 3H, 2´-CH3) and 1.63 (s, 3H, 2-CH3).  
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Lichexanthone (0): Yellow compound, UV absorbing at 254 nm, and yellow fluo-

rescent under UV 366 nm. – 1H NMR (CDCl3, 300 MHz): δ = 2.50 (s, 3H, CH3, H-

8), 3.86 (s, 3H, 6-OCH3), 3.95 (s, 3H, 3-OCH3), 5.98 (d, J = 2.1 Hz, 1 H, H-2), 6.25 

(d, 1 H, J = 2.1 Hz,H-4), 6.58 (d, 1 H, J = 2.04 Hz, H-7), 6.40 (d, J = 2.06 Hz, 1 H, 

H-5), 12.80 (s, 1 H, 1-OH).  

O

O O

OO  

Rubrofusarin B (0): Yellow colour, UV absorbing at 254 nm, yellow fluorescent 

under UV at 366 nm. – 1H NMR (CDCl3, 300 MHz): δ = 14.92 (s, 5-OH), 6.89 (s, 

1H-H-10), 6.58 (d, 1H, H-9), 6.38 (d, 1H, H-7), 5.98 (s, 1H, H-3), 3.98 (s, 6-OCH3), 

3.90 (s, 8-OCH3), 2.37 (s, CH3-2). Compound 0 was isolated as a mixture with li-

chexanthone (0). 
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5-Hydroxymethylfuran-3-carboxylic acid (174): Colourless crystals, Rf = 0.26 – 
1H NMR (CD3OD, 300 MHz): δ = 7.94 (s, 1H, H-2), 6.49 (s, 0.5 Hz, H-4), 4.40 (s, 

0.5 Hz, H-7). – 13C NMR (CD3OD): δ = 176.9 (C-6), 170.4 (C-5), 147.4 (C-3), 141.0 

(C-2), 110.8 (C-4), 61.2 (C-7). 
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16.2 Aspergillus niger 

 

16.2.1 Fermentation and Isolation 

The sub-culture of the fungus Aspergillus niger was used to inoculate 4 P-flasks con-

taining each 200 g of rice mixed with 300 ml of M2 medium and incubated for 30 

days at 20 °C to give the mycelium. The latter was extracted three times with ethyl 

acetate, two times with acetone and two times with methanol. The organic phases 

were evaporated to dryness and combined to afford the crude extract (27.18 g). The 

extract was separated on silica gel by column chromatography (CH2Cl2/ MeOH) to 

afford kojic acid (175), a mixture of stigmasterol (176) and β-sitosterol (177), piper-

azine (178) and fonsecin B (178).  

Kojic acid (175): Colourless solid, UV absorbing at 254 nm, turned to blue by 

anisaldehyde/sulphuric after heating. – Rf = 0.75 (CH2Cl2/5% MeOH). – 1H NMR 

(DMSO-d6, 300 MHz): δ = 8.99 (br, 1H, OH), 5.99 (br, 1H, OH), 7.99 (d, 1H, J = 

7.97 Hz, CH-2), 6.33 (s, 1H, CH-5), 4.29 (s, 2H, CH2-7). – 13C/APT NMR (DMSO-
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d6, 125 MHz): δ = 174.0 (Cq-4), 168.2 (Cq-6), 153.0 (Cq-3), 139.0 (CH-2), 110.0 

(CH-5), 59.8 (CH2-7). 

O

O

OH

OH

2

4

6

7  

Stigmasterol (176): White solid; Rf = 0.23 – 1H NMR (CDCl3, 300 MHz): δ 5.40 (d, 
3J = 5.2 Hz, 1H, H-6), 5.16 (dd, 3J = 15.0, 3J = 8.4 Hz, 1H, H-22), 5.00 (dd, 3J = 

15.0, 8.4 Hz, 1H, H-23), 3.50 (m, 1H, H-3), 1.01 (s, 3H, CH3-19), 0.93 (d, 3J = 6.4 

Hz, 3H, CH3-21), 0.85 (d, J = 6.0 Hz, 3H, CH3-29), 0.83 (d, 3J = 7.6 Hz, 3H, CH3-

27), 0.81 (d, 3J = 6.8 Hz, 3H, CH3-26), 0.68 (s, 3H, CH3-18). – 13C NMR (CDCl3, 

125 MHz): δ 140.7 (C-5), 138.3 (22-C), 129.3 (C-23), 121.7 (C-6), 71.8 (C-3), 56.9 

(C-14), 55.9 (C-17), 50.2 (C-9), 45.8 (C-24), 42.3 (C-13), 42.2 (C-4), 39.8 (C-12), 

37.3 (C-1), 36.5 (C-10), 36.4 (C-20), 31.9 (C-8), 31.9 (C-7), 31.9 (C-2), 28.9 (C-25), 

28.2 (C-16), 24.4 (C-15), 21.1 (C-11), 19.8 (C-26), 19.4 (C-19), 19.0 (C-27), 18.8 

(C-21), 12.0 (C-29), 12.2 (C-18). – EIMS (70 eV): m/z (%) = 412 ([M]•+, 18), 255 

(100).  
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β-Sitosterol (177): White solid, Rf = 0.43 – 1H NMR (CDCl3, 300 MHz): δ 5.40 (d, 
3J = 5.2 Hz, 1H, H-6), 3.50 (1H, m, H-3), 1.01 (s, 3H, CH3-19), 0.93 (d, 3J = 6.4 Hz, 

3H, CH3-21), 0.85 (d, 3J = 6.0 Hz, 3H, CH3-29), 0.83 (d, 3J = 7.6 Hz, 3H, CH3-27), 

0.81 (d, 3J = 6.8 Hz, 3H, CH3-26), 0.68 (s, 3H, CH3-18). – 13C NMR (CDCl3, 125 

MHz): δ 140.7 (C-5), 121.7 (C-6), 71.8 (C-3), 56.9 (C-14), 55.9 (C-17), 50.2 (C-9), 

45.8 (C-24), 42.3 (C-13), 42.2 (C-4), 39.8 (C-12), 37.3 (C-1), 36.5 (C-10), 36.4 (C-
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20), 33.9 (C-22), 31.9 (C-8), 31.9 (C-7), 31.9 (C-2), 28.9 (C-25), 28.2 (C-16), 26.1 

(C-23), 24.4 (C-15), 21.1 (C-11), 19.8 (C-26), 19.4 (C-19), 19.0 (C-27), 18.8 (C-21), 

12.2 (C-29), 11.9 (C-18). – EIMS (70 eV): m/z (%) = 414 ([M]•+, 100), 396 (32), 

255 (62).  
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Piperazine (178): White colourless crystals. – 1H NMR (DMSO-d6, 300 MHz): δ 

2.99 (s).  

N

N  
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