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ABSTRACT
Ladell, P. J. Isolation and characterization of antibiotics produced by the nematode
symbiont Xenorhabdus szentirmaii. MS in Biology, May 2011, 70 pp. (M. Rott and W.
R. Schwan).

Each year, it is estimated that 1.7 million healthcare-acquired infections occur in the
United States with 70% of the bacteria causing these infections being resistant to at least
one antibiotic used to treat them. There are several bacterial pathogens that are so
resistant to prescribed antibiotics that no treatments are available. Novel antibiotic
compounds are needed to fight these infections, but antibiotic development has yielded
few novel drugs in the last decade. Screening natural products to isolate antibiotic
compounds is one of the most promising ways to locate compounds with novel structures,
mechanisms of action, and drug-like properties. In this work, crude extracts were
obtained from culture supernatants of Xenorhabdus szentirmaii using organic solvents
and resins. These extracts were prepared at a concentration of 128 mg/ml and screened
against a library of pathogens by disk diffusion assay to determine the presence of
antibiotic activity. The crude extracts were found to have activity as low as 4 mg/ml, and
further bioassay-guided isolation was performed to purify active compounds. Two
compounds were purified and their structures elucidated. The first compound,
xenofuranone A, a previously described cytotoxin, was found to have antibiotic activity
of 8 µg/ml against the clinical isolate of Clostridium difficile NAP-1. Xenofuranone A
had MIC values >128 µg/ml against all other bacteria assayed. The second compound
isolated, 1,5-dihydroxy-9,10-anthraquinone, a fungal pigment commonly known as
anthrarufin, was active against all Gram-positive bacteria tested (MICs 0.625-8 µg/ml),
but it only showed activity against two Gram-negative organisms, Neisseria sicca (MIC =
4 µg/ml) and Acinetobacter calcoaceticus (MIC = 8 µg/ml). All other Gram-negative
MICs were >128 µg/ml. These findings suggest that xenofuranone A possesses an
inhibitory activity specific to C. difficile. Anthrarufin was found to have a wide
spectrum antibiotic activity against Gram-positive organisms. The isolation of
anthrarufin marks the first isolation of this compound from bacteria.
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INTRODUCTION

Antibiotic resistance in healthcare-acquired infections. Healthcare-acquired
infections are increasing in alarming numbers. According to a 2007 CDC document, 1.7
million healthcare-associated infections occur in U.S. hospitals each year, resulting in
99,000 deaths (13). The increase in mortality is especially alarming considering that as
recently as 1992, only 13,300 people died annually from healthcare-acquired infections
(51). Intensive care units have the greatest rates of nosocomial infections due to longer
hospital stays, advanced patient age, use of invasive devices, immunosuppression, poor
infection control implementation, and previous antibiotic use (61). In addition to being a
risk factor for nosocomial infections, antibiotic use is also a factor driving antibiotic
resistance. The two principle drivers of antibiotic resistance appear to be inadequate
initial antibiotic therapy and prolonged antibiotic use (61).
Lengthy or inappropriate antibiotic therapy acts as a selective pressure allowing
bacteria with resistance to the prescribed therapy to survive (51). The CDC reports that
70% of the bacteria that cause healthcare-acquired infections are resistant to at least one
of the drugs commonly used to treat them (51). Patients who receive inadequate initial
antibiotic therapy against the causative pathogen have poorer clinical outcomes, longer
lengths of stay, and higher costs than those who received an appropriate antibiotic from
the start (60). In one study, patients with Streptococcus pneumoniae infections were
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given either a standard course of treatment or a shorter, higher dosage treatment. The
patients that received the shorter, high dosage therapy had a lower incidence of penicillin
and sulfanilamide resistance with improved overall outcomes (60). Proper understanding
of the function and limits of antibiotics is crucial for preventing bacterial resistance.
Antibiotic development. Few scientific advances in the 20th century have had a
greater impact on public health than the development of antibiotics. Antibiotics are
defined as substances produced by one organism that inhibit the growth of other
unrelated organisms. This definition excludes synthetic antibacterial compounds, such as
sulfonamides (67). Antibiotics in use today are either synthetically produced compounds
or analogs of compounds naturally produced by fungi or bacteria.
Antibiotic mechanisms of action. Drugs useful in the treatment of human
infections target cellular components that are unique to bacteria. One example is
sulfanilamide, which blocks folic acid synthesis and prevents DNA synthesis (24).
Fluoroquinolones are compounds which inhibit DNA gyrase in some bacteria (24). βlactam antibiotics inhibit cell wall synthesis by preventing glycan-linked peptide chains
from cross linking (24). Aminoglycosides are compounds that target the 30S subunit of
bacterial ribosomes and cause mRNA codons to be misread by tRNA (24). Macrolide
antibiotics cause the disassociation of tRNA from ribosomes, interfering with the
extension of the peptide chain (24).
Antibiotic resistance mechanisms. There are four general mechanisms that
confer resistance to antibiotics: target modification, drug modification, drug exclusion by
the outer or cytoplasmic membranes, and efflux pump systems that actively remove the
drug from the cell (24). Bacteria that possess a mutation conferring protection to an
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antibiotic are able to survive and allow the infection to persist. Genes encoding these
resistance mechanisms can be passed to the next generation or horizontally between
bacteria, allowing previously susceptible bacteria to acquire resistance.
ESKAPE Pathogens. Because of the concerns over increased antibiotic
resistance by bacterial pathogens, the Infectious Disease Society of America has
identified six drug resistant pathogens associated with the most severe, life-threatening
infections (6). Due to the antibiotic resistance of these pathogens, treatment options are
quite limited. The moniker, ESKAPE, was created to describe this group of pathogens
which includes: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae
(and Escherichia coli), Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species (6).
Enterococcus faecium causes nearly 10% of hospital-acquired bloodstream
infections and many show resistance to vancomycin, a potent Gram-positive specific drug
(52, 62, 70). Staphylococcus aureus is the etiological agent of the majority of healthcareassociated infections, with 63% of the infections caused by β-lactam resistant S. aureus
(15, 52). Extended spectrum β-lactamase, (ESBL) production by K. pneumoniae, E. coli,
and Enterobacter sp. is providing resistance to ampicillin, extended spectrum
cephalosporins, monobactams, and β-lactamase inhibitor combinations (27). There have
even been outbreaks of organisms producing β-lactamases conferring carbapenem
resistance (8). Acinetobacter baumannii has been one of the leading causes of wound
infections in the Iraq war, and is more frequently being detected in patients with
ventilator associated pneumonia (13). Some isolates in the U.S. are resistant to all
aminoglycosides, cephalosporins and fluoroquinolones (32). Pseudomonas aeruginosa
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multi-drug resistance rates in U.S. ICUs have increased from 4% in 1993 to 14% in 2002
(55). Clinical isolates of P. aeruginosa have been found that express β-lactamases
effective against carbapenems (54, 65).
Drugs in development for ESKAPE pathogens. Quinupristin-dalfopristin and
linezolid have recently received FDA approval for Gram-positive infections, but these
drugs lack bactericidal activity and only linezolid is available for oral formulation. No
orally-delivered, bactericidal drug is in phase two or three clinical trials (65). Orallyadministered drugs are necessary for effective step-down therapy in nosocomial
infections, or to serve as initial therapy or prophylaxis for community-acquired infections
(65). For Gram-negative infections, novel agents that can inhibit efflux pumps have not
passed pre-clinical trials (65). The only drugs that have reached phase two clinical trials
are two carbapenem-class antibiotics, but these compounds will not address the needs
created by the emergence of carbapenemases (65). No novel antibiotic compounds are
currently in the pipeline to treat multi-drug-resistant Acinetobacter or Pseudomonas
infections.
Development of novel antimicrobials. Novel antimicrobial compounds are
needed to circumvent bacterial resistance mechanisms and natural products offer
tremendous new sources for the discovery of novel antibiotics. Natural products are
generally secondary metabolites produced by overflow metabolism due to nutrient
limitation, shunt metabolism during idiophase, or defense mechanism regulators (59).
These products can come from a variety of plant, animal, marine, fungal, and bacterial
sources (59). Previous research on antimicrobial compounds was based on the discovery
of antimicrobial activity in isolated natural products. Later antibiotic developments relied
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on random combinatorial chemistry to synthetically create drugs (28). These synthetic
products rarely lead to promising compounds (28).
Revival of interest in natural products. Looking for novel antimicrobials from
natural sources can be more promising than a combinatorial approach due to the inherent
drug-like properties of many naturally produced compounds (59). Recently isolated
natural products have lead to the development of some of the most commercially
successful pharmaceuticals. One example is vincristine, a common drug used in cancer
chemotherapy, isolated from Vinca rosea, (Cape Periwinkle) (59). A second cancer drug,
paclitaxel, was discovered in Taxus brevifolia, (Pacific Yew) (59). The well-known pain
killer morphine was isolated from Papaver somniferum, the opium poppy (59). A revival
of interest in natural products isolation has been seen in both academic and
pharmaceutical research. Between 1983 and 1994, approximately 39% of the 520
approved new drugs were natural products or derivatives (12), and 60-80% were
antibacterial or anticancer drugs (12). In 2000, 70% of all anticancer drugs in clinical
trials were natural products or their derivatives (59). This renewal in interest is due to the
fact that natural products offer novel modes of pharmaceutical activity, incomparable
structural diversity, and already possess drug-like properties such as easy absorption and
metabolism (59).
Isolation of novel antimicrobials from microbial sources. Only a small
percentage of the world’s biomass has been analyzed for biological activity. Microbes
offer some of the best prospects for biologically active compounds. Promising
compounds can be isolated from these microbes grown in magnified scale, which is an
advantage over large-scale isolations from rare plants or animals (59). Molecular
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techniques allow the screening of large libraries of microbes in search of a particular
secondary metabolite, enzyme, or gene. Analysis of entire genomes can show which
organisms have operons for enzyme complexes involved in the production of secondary
metabolites (59). By screening for these operons, organisms with genes for novel
secondary metabolite assembly can be isolated and investigated. These operons have
been described in Bacillus and Streptomyces species, which are well known for their
production of secondary metabolites, especially antibiotic compounds (57). Xenorhabdus
is also a bacterial genus known for the production of several novel secondary metabolites.
Xenorhabdus taxonomy and life cycle.

Xenorhabdus sp. are insect pathogens

and nematode symbionts that have been described as producing a wide variety of novel
secondary metabolites with interesting biological activities. Xenorhabdus sp. are
facultatively anaerobic Gram-negative rods in the Enterobacteriaceae family (5).
Xenorhabdus bacteria have a unique relationship with entomopathogenic nematodes in
the genus Steinernema, colonizing the gut of dauer juveniles and supporting the
development of the infective nematodes (Fig. 1) (45). Host insects are invaded by the
Steinernema nematodes and bacteria are released into the hemocoel. Bacteria in the
hemocoel overcome the insect’s immune response and quickly kill the insect by the
production of several virulence factors, which include lipases, phospholipases, and
proteases (4, 16, 17, 44). Tissue breakdown by the bacteria free nutrients that allow
further development of juvenile nematodes. The nematodes and Xenorhabdus bacteria
multiply in the insect and new infectious juveniles emerge with Xenorhabdus colonized
in their gut.
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FIG. 1. Involvement of Xenorhabdus in the nematode/insect lifecycle.
These juveniles escape from the insect carrying Xenorhabdus, and continue the
parasitic cycle of infection (17).
Phase variation. Nearly all Xenorhabdus species have been found to exist in two
phases. These phases can be distinguished by colony morphology, absorption of dyes
from agar media, as well as pigment and antibiotic production (1, 4, 31, 47). The
primary phase is normally found as the symbiont of entomopathogenic nematodes and
produces antimicrobial compounds (2). Primary phase bacteria can revert to the
secondary phase after prolonged in vitro growth, or low osmolarity conditions. The
secondary phase is rarely found in the nematode symbiont and usually does not produce
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antimicrobial compounds or pigmented compounds (2, 25). No mutations or changes in
genotype have been implicated in phase variation (2).
Xenorhabdus antibiotic production. In addition to producing compounds that
help kill the insect host, Xenorhabdus also assists the Steinernema nematodes by
producing several antimicrobial compounds. The production of antibiotics helps the
nematodes and Xenorhabdus bacteria develop free from competing bacteria or fungi (3,
5, 17). Many of these secondary metabolites are antimicrobial compounds with novel
structures and biosynthetic pathways (1, 3, 4, 5, 16). Seven types of antibiotics produced
by Xenorhabdus have been described to date. These include dithiolopyrrolones, indole
compounds, phenylpyruvate dimers, benzopyran-1-one derivatives, benzylideneacetone,
xenematide, and cycliclipopeptides (7, 21, 33, 37, 48).
Dithiolopyrrolones
Xenorhabdus bovienii strain A2 produces novel dithiolopyrrolone compounds
known as xenorhabdins (Fig. 2) (36). These compounds showed antimicrobial activity
against Bacillus cinerea and B. subtilis. Antifungal activity was also detected (36). Five
dithiolopyrrolones were also identified from X. bovienii strains T319, Q1, and Umea (47).
One of these compounds had significant inhibitory activity against S. aureus ATCC
6538P (20 µg/ml), M. luteus (0.156 µg/ml), B. cereus (3.13 µg/ml), and S. pyogenes (1.25
µg/ml). Other dithiolopyrrolone compounds of plant or fungal origin have shown
membrane stabilizing activity, inhibition of platelet aggregation, and antitrichomonal
activity (53, 56). The X. bovienii A21 strain produces oxidized derivatives of
xenorhabdins known as xenorxides (10).
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FIG. 2. Dithiolopyrrolones from Xenorhabdus (36).
Minimum inhibitory concentration (MIC) values for xenorxide 1 and 2 were
obtained against a variety of pathogens, which included B. subtilis (6 µg/ml), E. coli
ATCC 25922 (>100 µg/ml), M. luteus (6 µg/ml), P. aeruginosa (>100 µg/ml), and S.
aureus ATCC 25923 (3 µg/ml) (10). Two drug resistant isolates of S. aureus had MIC
values of 0.75 and 1.5 µg/ml. Antifungal assays were performed that showed inhibition
against Aspergillus fumigatus (0.75 and 1.5 µg/ml), A. flavus (0.75, 1.5 µg/ml), Candida
tropicalis (>100 µg/ml), and Cryptococcus neoformans (6 µg/ml) (10).
Phenylpyruvate dimers
Two phenylpyruvate dimers (Fig. 5) were isolated from Xenorhabdus szentirmaii
(7). These compounds, named xenofuranones A and B, have been described in a
Japanese patent as minor compounds produced by Aspergillus terreus (50), but neither
compound had ever been isolated from bacteria before. Xenofuranones A and B have
been tested against bacteria, yeast, and eukaryotic cell lines. However, only A showed a
9

weak cytotoxic activity (IC50 18 µg/ml) against L929 murine fibrosarcoma cells (7). No
other information on antimicrobial susceptibility results were given.

OR
O
O
Xenofuranone A R = Me
Xenofuranone B R = H
FIG. 3. Phenylpyruvate dimers from Xenorhabdus (7).
Indole compounds
A novel indole derivative, known as nematophin (Fig. 3), was recovered from
Xenorhabdus nematophilus BC1 (37). Nematophin is most likely derived from
tryptophan and isoleucine (38). Bioactivity was tested by MIC against B. subtilis (12
µg/ml), S. aureus (0.75 µg/ml), and two MRSA strains (1.5 µg/ml). Nematophin also
showed significant antimycotic activity (38). Nematophin derivatives that possess alkyland aryl- substitutions at the 1-position gave elevated antimicrobial activity (23). A 2phenyl derivative of nematophin had activity against MRSA strains, while an isoteric
benzimidazole analog was far less active (30). Several analogs of nematophin have been
tested by Li et al. (39). All analogs that possess an α-carbonyl acyl group, such as
nematophin, exhibited antibiotic activity.
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FIG. 4. Nematophin from Xenorhabdus (38).

When the α-carbonyl acyl group was transferred to the corresponding α-hydroxyl
acyl group or was reduced to the corresponding α-hydroxyl acyl group, the bioactivity
disappeared or was dramatically decreased. The conjugated carbonyl acyl group
appeared to be essential for antistaphylococcal activity (39). Synthesized racemic
nematophin has shown reduced antibiotic activity against S. aureus, B. subtilis, E. coli,
and K. pneumoniae (20). The racemate may act against the biological activity of
nematophin. The antimycotic activity of nematophin and the specific activity against S.
aureus, and not against M. luteus, may suggest a novel mechanism of action since most
Xenorhabdus antibiotics show strong anti-M. luteus activity (68). Four additional indole
compounds (Fig. 4) unrelated to nematophin were isolated from X. bovienii A2. Assays
showed activity against B. subtilis and antimycotic activity against Botrytis cinerea,
Cryptococcus neoformans, and Phytophthora infestans (36).

O
R2
HN

OR1

R1 = H or Ac, R2 = Me or Et
FIG. 5. Indole derivatives from Xenorhabdus (36, 37).

11

Benzopyran-1-one derivatives
Two water-soluble benzopyran-1-one derivatives, known as xenocoumacins were
isolated from X. bovienii strain Q1 and X. nematophila strain A11 (4, 66). These
xenocoumacins possessed antibacterial, antifungal, and antiulcer activity (48). X.
nematophila sequencing has uncovered an operon for the production of several
nonribosomal peptide synthases and polyketide synthases (57). The enzymes are
involved in the synthesis of benzopyran-1-one derivatives which possess antibiotic
activity and promote nematode development (57). Xenocoumacin 1 (Fig. 6) showed
activity against S. aureus, Streptococcus spp. and certain strains of E. coli. Most species
of Enterobacteriaceae and P. aeruginosa were resistant to xenocoumacin 1. The V573
strain of MRSA was also resistant (48). Xenocoumacin 1 also displayed activity against
C. neoformans (0.5 µg/ml), Aspergillus niger (10 µg/ml), A. fumagatis (100 µg/ml),
Trichopyhton mentagrophytes (2 µg/ml), and T. rubrum (8 µg/ml) (48). However,
Xenocoumacin 1 was inactive against Candida albicans and C. parapsilosis.
Xenocoumacin 2 (Fig. 7) was inactive against all the previously mentioned fungi (48).
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FIG. 6. Xenocoumacin 1 from Xenorhabdus (48)
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FIG. 7. Xenocoumacin 2 from Xenorhabdus (48).
Benzylideneacetone
Xenorhabdus nematophila strain K1 isolated from the nematode S. carpocapseae
was found to produce a novel antimicrobial compound with activity against Gramnegative bacteria (29). The isolated monoterpenoid compound was identified as trans-4phenyl-3-buten-2-one (Fig. 8) (29). The compound is better known as
benzylideneacetone, which is commercially used in the production of flavor additives
(29). Commercial benzylideneacetone was not known to possess antibacterial activity,
but the commercially available compound showed antibacterial activity equivalent to the
compound purified from X. nematophila K1 (29). Purified benzylideneacetone was
tested against five Gram-negative plant pathogens by disk diffusion assay. The purified
compound produced 4 mm inhibition zones against Agrobacterium vitis, Pectobacterium
carotovorum subsp. atrosepticum, and Ralstonia solanacearum. There was a 3 mm zone
of inhibition against P. carotovorum subsp. carotovorum and 2 mm against Pseudomonas
syringae pv. tabaci (29).
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O

FIG. 8. Benzylideneacetone from Xenorhabdus (29).
Xenematide
Screening of XAD resin-extracted metabolites from X. nematophilus revealed the
presence of a cyclic-peptide antibiotic (33). Xenematide (Fig. 9) contains a β alanine,
two tryptophan residues, threonine, and phenylacetyl building blocks. These residues
were linked in a ring with ester bonds between threonine and β alanine (33). Xenematide
was tested for antimicrobial activity against several Gram-positive and Gram-negative
bacteria. Xenematide had an MIC of 10 µg/ml against Ralstonia solanacearum, B.
subtilis, Pseudomonas fluorescens, Pseudomonas syringeae, and Erwinia amylovora
(33).
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FIG. 9. Xenematide from Xenorhabdus (33).
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Cyclolipopeptides
Five compounds called PAXs (peptide antimicrobial from Xenorhabdus) were
isolated from X. nematophila strain F1/1 (21). The structure for PAX-3 (Fig. 10) was the
only one elucidated by the authors. PAX-3 is the first example of a lysine-rich
cyclopeptide from the genus Xenorhabdus (21). Antibacterial assays with PAX-1 and 2
indicated these compounds only possess activity against M. luteus (MIC of 3.125 µg/ml).
PAX-3 and 4 showed activity between 50 and 100 µg/ml against P. aeruginosa strain CIP
76.110, E. coli strain CIP 76.24, and S. aureus. PAX-5 had activity against P.
aeruginosa CIP 76.110 and H41308 (25 µg/ml and 50 µg/ml), E. coli strains CIP 76.24
and H35393 (12.5 and 25 µg/ml), and S. typhimurium H23212 (50 µg/ml) (21). The most
significant activity by the PAX compounds was against Fusarium oxysporum, a
significant fungal pathogen for immunocompromised human hosts. MICs against F.
oyxporum were all between 0.78 and 3.12 µg/ml (21).
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FIG. 10. Cyclolipopeptide PAX-3 from Xenorhabdus (21).
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Xenorhabdus szentirmaii. Recently, the taxonomic status of a novel
Xenorhabdus species has been described. Strain DSM 16338, known as Xenorhabdus
szentirmaii, was isolated from Steinernema rarum in Argentina (35). As a newly
characterized species, X. szentirmaii may produce novel antimicrobial compounds with
activity against clinically significant pathogens. In a previous study, X. szentirmaii agar
overlays were performed against three pathogens involved in causing bovine mastitis
(20). Staphylococcus aureus, E. coli, and K. pneumoniae taken from infected animals
were tested. Zones of inhibition around X. szentirmaii colonies averaged 61.2 mm
against S. aureus, 51.7 mm against E. coli, and 51.0 mm against K. pneumoniae (20).
Researchers concluded that X. szentirmaii was a very promising producer of antibiotics
against mastitis-causing bacteria. The significance of these results is that X. szentirmaii
possesses antimicrobial activity against S. aureus, E. coli, and K. pneumoniae. As
previously mentioned, these organisms are noted by the Infectious Disease Society of
America as possessing formidable antibiotic resistance. Antimicrobials isolated from X.
szentirmaii may hold great promise in the fight against these drug-resistant pathogens.
To properly investigate X. szentirmaii for novel antimicrobials the several objectives
must be meet. Culture conditions favoring antimicrobial production must be developed,
methods of bioassay-guided isolation need to be determined, molecular structures of
active compounds must be identified, and the antimicrobial activity of pure compounds
determined. This thesis describes the completion of these goals while examining the
newly classified nematode symbiont, X. szentirmaii, for the presence of novel
antimicrobial compounds.
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MATERIALS AND METHODS

X. szentirmaii culture conditions and crude organic and XAD-16 resin
extractions. A newly classified member of the Enterobacteriaceae family, X.
szentirmaii strain DSM 16338, was obtained from Dr. Steven Forst at the University of
Wisconsin-Milwaukee (35). Stock samples of X. szentirmaii acquired from Dr. Forst
were frozen in 10% (v/v) glycerol at -80°C. Cultures were grown in magnesium
supplemented Luria Bertani Agar (LB + Mg++) (Tryptone, yeast extract, and NaCl
10g:5g:1g/l Becton Dickinson). New cultures were started from -80°C stock to reduce
the chances of phase change to the non-antibiotic producing form. The X. szentirmaii
colonies appeared convex, smooth, with entire edges and brown-grey in color. Colonies
were picked after three days of growth at 25°C and used to inoculate 100 ml of LB +
Mg++ medium, grown statically overnight at 25°C. One-liter flasks containing 200 ml of
LB + Mg++ broth were inoculated with 50 ml of the overnight X. szentirmaii culture.
These flasks were grown with shaking (200 rpm) at 30°C for either 24 or 96 hours in a
shaking incubator (Lab Line Environ shaker). When applicable, sterile Amberlight XAD16 resin (Sigma-Aldrich) with affinity to hydrophobic functional groups was added to the
cultures to create a 5% (w/v) solution.
Following incubation, crude organic extracts were collected by centrifuging (4°C,
10,409 x g, 15 minutes) culture media to remove the majority of the bacterial cells.
17

Methylene chloride extractions were done on the culture supernatants. Each supernatant
was extracted three times with one-half of a volume of CH2Cl2. Organic fractions were
pooled, collected, and dried in a Buchi Rota-vap. The dried extract was weighed, and a
portion was reconstituted to 128 mg/ml in dimethyl sulfoxide (DMSO), and its antibiotic
activity assayed by DDA.
To collect XAD-16 resin extracts, culture supernatant was decanted from the
flasks, leaving the XAD-16 resin with bound organic compounds behind. The resin was
washed three times with deionized water to remove remaining cells and supernatant.
Resin was poured into an Ace chromatography column (70-100 µm filter) and bound
compounds were eluted with successive 400 ml volumes of: 30% CH3OH-H2O, 60%
CH3OH-H2O, 100% CH3OH, and 100% acetone. Each eluate was collected, dried,
weighed, and a portion was prepared in DMSO at 128 mg/ml for DDAs.
Antibacterial assays with crude extracts. The majority of antibacterial activity
screens were done against bacteria in the University of Wisconsin-La Crosse culture
collection. These organisms included: S. aureus ATCC 25923, E. coli ATCC 25922, P.
aeruginosa ATCC 27853, Neisseria sicca, Enterococcus faecalis, and Bacillus cereus.
Clinical isolates were provided by the Marshfield Clinic, including vancomycin-resistant
Enterococcus faecium (VRE), and two methicillin-resistant S. aureus (MRSA) strains:
MC-60 and MC-99.
Agar overlay assays were performed with colonies of X. szentirmaii overlaid on
lawns of reference bacteria plated on cation-adjusted Mueller Hinton agar (CAMH)
(Becton Dickinson). These overlay experiments were performed by Dr. William Schwan.
All Disk diffusion assays (DDAs) and MICs were performed using CAMH medium, and
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extracts were tested against reference strains according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (11). For DDAs, bacteria grown overnight in
CAMH medium were diluted to a 0.5 MacFarland turbidity standard (1 x 108 CFU/ml) in
phosphate buffered saline and swabbed onto the CAMH agar plate. A sample of the
crude extract was prepared at 128 mg/ml in DMSO and 8 µl added to sterile cotton disks
(6 mm, Fisher Scientific) placed on the prepared lawn of the bacterial test organism.
Two-fold dilutions of the crude extract were made in DMSO, and concentrations of 64,
32, 16, 8, and 4 mg/ml were also added to the assay. Diameters of the zones of inhibition
were measured following 18 hours of incubation at 37°C. MIC assays were performed
with extracts at initial concentration 6.4 mg/ml. The extract was added to row one of a
96-well plate and diluted 25 fold in CAMH media for a final concentration of 256 µg/ml.
Serial two-fold dilutions of the extract were made across the plate resulting in a final
concentration of 0.0625 µg/ml. Reference organisms were prepared at 1 x 106 CFU/ml
and were added to the rows of extracts. Growth controls included one well with only
CAMH media and one well with bacterial culture and no extract. Tetracycline (SigmaAldrich) and DMSO served as positive and negative controls, respectively. Plates were
incubated at 37°C for 24 hours and the MIC value was determined as the last dilution to
inhibit bacterial growth.
Bioassay-guided isolation techniques. The extract with the greatest specific
activity against S. aureus or P. aeruginosa was separated by preparative thin-layer
chromatography (TLC). After drying, 80 mg of crude extract was placed onto a
preparative TLC plate (500 µm precoated Silica gel 60 Å F254 plates, Whatman Partisil).
TLC plates were developed with a CH2Cl2 solvent system. Multiple bands were cut from
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the TLC plate. A 50% mixture of CH2Cl2 and acetone was used to extract compounds
from the silica. These compounds were dried and antibiotic activity assayed against S.
aureus or P. aeruginosa by MIC at the initial concentration of 320 µg/ml. TLC bands
exhibiting antibiotic activity were fractionated by column chromatography using
Sephadex LH20 resin (Merck Co., Ltd.). Fractions were collected and their activities
assayed by MIC against S. aureus and P. aeruginosa.
Determination of compound purity. Active Sephadex fractions were assessed
for purity by high-performance liquid chromatography (HPLC) (Waters 660 pump and
996 Photodiode Array Detector, Thermo Hypersil Gold C-18 column 3.0 x 250 mm, 5 µ
particle size) using a CH3OH-H2O solvent system. Active compounds that contained
only a single peak in HPLC were considered pure and prepared for structure elucidation.
Active compounds with multiple or mixed peaks in HPLC were further purified by
additional separation techniques. For large amounts of contamination, 50% or more in
abundance, non-polar TLC systems (60% Hexane-Ethyl Acetate) were used to reverse the
order of separation from the previous methylene chloride system. Contaminants in low
abundance were removed by increasing the polarity of the HPLC solvent to slow the
retention time and increase separation.
Analytical and structure elucidation methods. Pure active compounds had a
molecular formula determined by high-resolution electrospray ionisation-mass
spectrometry (HR-ESI-MS). HR-ESI-MS was obtained using an Agilent LC/MSD TOF
at the University of Wisconsin-Madison. Failure by these resulting ions to give an
accurate formula required 13C NMR to determine the exact number of carbons present,
making it possible to determine the correct molecular formula. The compound’s
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structure was determined by performing 1H-NMR, 13C-NMR, and NOESY experiments
on a Varian Inova 500 MHz spectrometer in CDCl3 at the University of Minnesota-Twin
Cities. Chemical shifts (δ) were reported in parts per million (ppm) relative to Me4Si as
an internal standard, and the coupling constants (J values) were shown in Hz. When
structural data was not obtained by NMR due to weak signal return, hydrogen bonding
was reduced and the correlation time improved by using a more polar NMR solvent.
Increasing the delay between scans was also done to compensate for any slow relaxation
time. Ultraviolet (UV) and infrared (IR) spectra were recorded to determine which
functional groups were present in the compound. UV spectra were recorded with a
BioSpec-1601 spectrophotometer (Shimadzu, Japan). Infrared spectra were collected by a
Nicolet 380 FTIR (Thermo). Crystals of pure compounds were grown and given to Dr.
Ilia Guzei at the Molecular Structure Laboratory at the University of Wisconsin-Madison.
The crystal evaluation and data collection were performed on a Bruker SMART APEXII
diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the diffractometer to crystal
distance of 4.03 cm. Unit cell patterns produced by the compound were compared to
those in the Cambridge Structural Database to see if a known structure matched the
compound.
MIC assays on clinically significant pathogens. After structural determination
was determined, the pure compound was tested against the bacterial species in the UWLa Crosse collection. MIC values below 16 µg/ml against any of these organisms were
considered significant. Compounds with significant activity against UW-La Crosse
culture collection were then tested against a related species with clinically significant
antibiotic resistance obtained from the Marshfield Clinic.

21

RESULTS

Experiment 1. Isolation and identification of xenofuranone A
Agar overlay experiments. Dr. Schwan performed overlay assays that produced
7 mm zones of inhibition around the X. szentiramii colonies on a lawn of S. aureus.
Zones of inhibition of 1mm or less were observed against P. aeruginosa. These assays
indicated that X. szentirmaii possess antimicrobial activity against some of the reference
bacteria.
Antimicrobial activity of crude extracts. Six liters of X. szentirmaii culture
were extracted following 96 hours of incubation. A total of 121 mg of crude extract was
collected by organic phase extraction with CH2Cl2. This crude extract had activity against
S. aureus at 4 mg/ml, but no activity against P. aeruginosa. This crude extract was
chosen for further bioassay-guided separation and the characterization of the
antimicrobial compounds.
Bioassay guided isolation of xenofuranone A. Crude extract (121 mg) was
separated on two preparative-TLC plates, developed in 2% MeOH-CH2Cl2. Five bands
were cut from the developed plates and each band was assayed against S. aureus. The
strongest activity was found in a red-purple band with a wide UV absorbance under a
Wood’s lamp (Fig. 11). This fraction, named XS01-2, contained 8.0 mg of compound
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active at 16 µg/ml. Other bands (XS01-1, 3, 4, 5) were cut from the TLC plates, but not
enough mass or activity was present to merit further purification.
Following the extraction of XS01-2, a total of 8.0 mg was collected with an
activity of 16 µg/ml against S. aureus. HPLC analysis of XS01-2 showed a single peak
at 282 nm (Fig. 12). This compound was considered pure enough for structure
elucidation.

FIG. 11. Thin layer chromatography plates of the CH2Cl2 crude extract from X.
szentirmaii. The developing system was 2% MeOH-CH2Cl2. The photo was taken under
UV light (365 nm). The active compound, XS01-2, is marked with an arrow.
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FIG. 12. Chromatogram of the active TLC fraction, XS01-2, run in 70% MeOH-H2O on
an analytical C-18 column (Thermo Hypersil Gold 3.0 x 250 mm, 5 µm). The main peak
absorbs at 282 nm.
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Elucidation of the structure for xenofuranone A. High resolution mass
spectroscopy revealed a mass of 280.112 g/mol (see Figure A18 in the appendix) and the
derived molecular formula was C18H16O3. NMR experiments (1H and 13C) (Fig. A16 and
A17) revealed the structure to be xenofuranone A (Fig. 13). Difference-NOE 1H was
recorded to determine the stereochemistry of XS01-2. Irradiation of proton 7 at δ7.60
resulted in NOE enhancement for proton 5 at δ5.50 (Fig. A24) but no enhancement was
recorded for proton 10 at δ 3.32. Irradiation of proton 5 resulted in only minor
enhancement of proton 10, while proton 7 was enhanced far greater (Fig. A23). These
data indicate that proton on the chiral carbon at positon 5 faces towards the proton at
position 7 while the proton at position 10 faces away from the proton at carbon 7.
Therefore, based on the position of lowest predicted energy, the proton on carbon 5 is in
an α orientation and the carbon at position 10 in a β orientation.

H
OH
O
O
FIG 13. Xenofuranone A
Additional purification of xenofuranone A. Xenofuranone A is not consistent
with the purple color of the isolated compound, so additional separation of the crude
extract was done to remove the purple contaminant and see if the MIC would decrease
from 16 µg/ml. TLC separation was repeated with identical solvent conditions, and the
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leading UV absorbing band, XS01-2, was cut separately from the rest of the purple band
that had little UV absorbance. This remaining purple band was designated XS02-1. Both
XS01-2 and XS02-1 were separated by Sephadex LH20 chromatography. Analytical
TLC of the XS01-2 Sephadex fractions showed that xenofuranone A separated from a
purple compound, indicating that XS01-2, earlier identified as xenofuranone A, contained
a purple contaminant. Analytical TLC of Sephadex fractions from XS02-1 showed only
one purple compound and no xenofuranone A. MIC assays were then performed to see if
the contaminant free xenofuranone A was responsible for antimicrobial activity, or if the
purple faction, XS02-1, was responsible. Xenofuranone A, now absent of any purple
compound had an MIC of >128 µg/ml against S. aureus. This indicates that
xenofuranone A is not responsible for the earlier antimicrobial activity against S. aureus.
Although, xenofuranone A was not responsible for the anti-S. aureus activity, it is still
valuable as a pure compound for additional antimicrobial assays. XS02-1 had an MIC of
8 µg/ml against S. aureus. The activity of XS02-1 cannot be attributed to xenofuranone
A and must be due to the purple compound present in XS02-1. Therefore, what was
thought to be a purple contaminant is actually the active compound.
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Experiment 2. Isolation and identification of anthrarufin
Bioassay guided separation of XS02-1 from xenofuranone A. Additional
XS02-1 needed to be collected to determine its activity and structure. Poor yield of
XS02-1 from CH2Cl2 extractions required a faster extraction method using a solvent or
resin with greater affinity to organic compounds than CH2Cl2. Four XAD-16 resinderived crude extracts were collected. Elutions with 30% and 60% MeOH-H2O
recovered 397.1 and 771.0 mg of crude extracts, respectively. The 100% MeOH elution
recovered 329.5 mg and the 100% acetone elution resulted in 76.2 mg of crude extract.
DDAs on all four crude extracts demonstrated that all four had an activity of at least 5
mg/ml. The acetone fraction was chosen for further separation by TLC because this nonpolar elution was more likely to contain the moderately non-polar XS02-1. Twenty-six
mg of acetone extract was added to the preparative TLC plate, which was subsequently
developed in 2% MeOH-CH2Cl2. Chromatographic separation revealed a purple band
that had an identical migration as compound XS01-2 recovered earlier from the CH2Cl2
extraction (Figure 15). A total of 16.6 mg of this compound was recovered and it had
activities of 16 µg/ml and 8 µg/ml against S. aureus and N. sicca, respectively. This
purple compound from the resin extraction was named XS02-1 from this point on.
Assuring the purity of XS02-1. XS02-1 was moderately polar, and only soluble
in 100% CH2Cl2. The poor solubility in MeOH made separation by Sephadex
chromatography difficult due to precipitation on the resin surface. A non-polar 30%
EtOAc – Hexane TLC system was tried, but the compound would not completely leave
the baseline. Higher concentrations of EtOAc only caused purple streaking up the length
of the plate.
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FIG. 14. Thin layer chromatography plates comparing XS01-2 from the CH2Cl2 crude
extract and XS02-1 from the acetone crude extract from XAD16. The developing system
was 2% MeOH-CH2Cl2. XS01-2 is marked with a black arrow, the active compound
XS02-1 is marked with a white arrow.
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An entire UV spectrum was needed to determine an absorbance fingerprint for
XS02-1, which would help determine at what wavelengths XS02-1 could be detected in
HPLC. XS02-1 absorbed light at 530, 351, and 288 nm (Fig. A 27). The absorbance at
534 nm was very wide indicating several other visible wavelengths may be absorbed.
Monitoring HPLC for the specific wavelength of absorbance of XS02-1 indicated
whether XS02-1 passed through the C-18 column to the detector or not. When XS02-1
was analyzed by HPLC (50% MeOH-H2O), the largest peak absorbed at 288 nm and
somewhat less at 300 nm. When monitoring specific activity rather than UV absorbance
was attempted, diminished MIC values indicate that the active compound strongly
adheres to the C18 column. When 100 µg was injected, the collected fraction’s MIC
value against N. sicca was between 64 and 32 µg/ml. This four-fold increase in the MIC
value indicated that only 12.5-25% of the compound was able to pass though the column.
Elucidation of the structure of XS02-1. Because HPLC was not able to reliably
detect the compound, proton NMR was used in place of HPLC analysis in determining
the purity of XS02-1, while also giving primary structure information. The NMR results
indicated few contaminants were present in the sample, yet there were few proton groups
detected (Fig. A19). Too few of the protons corresponding to a large, non-polar
compound were identified.

13

C NMR analysis was done next for better interpretation of

both mass spectroscopy and the proton NMR. NMR results only picked up a single
carbon atom at δ55.5, which did not provide any useful structural information or help in
determining a molecular formula (Fig. A20). Samples sent to the more powerful
machines at the University of Minnesota also returned the same scarcity of proton and
13

C peaks.
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Because NMR analysis was unsuccessful, IR spectroscopy was done to enhance
the lack of structural data from NMR. IR spectroscopy returned peaks consistent with
hydroxyl groups (3500 cm-1) and aromatic carbons (1,500 and 1,600 cm-1) that were all
absent from NMR analysis. These data indicated that NMR was unable to detect these
structural components (Fig. A22). The presence of hydroxyl groups suggested
aggregation of XS02-1 due to hydroxyl groups forming ether bonds between neighboring
molecules. These complexes are a possible explanation for the insolubility of this
compound in most solvents and/or possible signal inference in NMR.
Structure modification by acetic anhydride reaction. It was thought that by
derivatizing the compound, XS02-1 would have improved solubility in the various
separation techniques and better solubility in the NMR solvent. Any improvement in
NMR data could help to determine a basic structure. From the IR spec data, the presence
of –OH groups was confirmed. Acetate groups can easily be added to hydroxide groups
by reacting the compound with equal volumes of acetic anhydride and pyridine. TLC
separated XS02-1 (33 mg) was reacted with 6 ml acetic anhydride and 6 ml of pyridine.
The dried product, named XS03-1, had a mass of 90 mg and was far more soluble in
MeOH than the original compound. A 2% MeOH-CH2Cl2 TLC system was run with the
original purple fraction and 22.6 mg of the new derivatives to compare their polarity.
Three orange/yellow compounds were separated by TLC with an insoluble brown
baseline left behind. These compounds migrated slower than the precursor compound
and possessed improved solubility in polar solvents. Three more TLC plates were run
with the remaining derivatives to obtain sufficient mass for NMR. The most abundant
compound, XS03-3, (9.5 mg) was assayed by MIC against S. aureus and N. sicca. The
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activity was >128 µg/ml. NMR of this compound failed to show any new proton groups
or new 13C information compared to the original XS02-1 sample.
X-ray Crystallography. Following the collection of XS02-1 by the 2% MeOHCH2Cl2 TLC system, the formation of crystals was observed in some of the vials
containing XS02-1. Some of the XS02-1 crystals appeared to have characteristics that
would make identification possible by X-ray crystallography. All the previous
procedures involved in the separation of XS02-1 were repeated to yield 4.1 mg of XS021. XS02-1 was resuspended in CH2Cl2 and this solution was slowly dried by vapordiffusion in diphenyl methane to favor the formation of the best possible crystals.
Crystals were recovered and named XS04-1. Crystals approximately 1 x 3 mm in size
were sent to the University of Wisconsin-Madison Molecular Structure Laboratory for Xray crystallography structure elucidation. Dr. Ilia Guzei determined the unit cell of the
crystal (a=6.0569(12) Å, b=5.0044(10) Å, c=15.628(3) Å, α=90.72(3) Å, β=91.13(3) Å,
γ=90.02(3) Å, volume = 473.6(2) Å3) A search of the Cambridge Structural Database
with this unit cell data found that it matched 1,5-dihydroxy-9,10-anthraquinone (Fig. 15).
NMR structure elucidation. NMR was repeated with crystals XS04-1 and the
spectra were compared to the solved structure. Proton NMR spectra matched the
structure of 1,5-dihydroxy-9,10-anthraquinone for every single proton (Fig. A25), while
13

C only had signals from three of the five unique carbons (Fig. A26).
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FIG. 15. 1,5-dihydroxy-9,10-anthraquinone
HPLC analysis. HPLC was run to compare samples XS02-1 and XS04-1 for the
presence of impurities. An Econosphere silica HPLC column was used with 2% MeOHCH2Cl2, a solvent system identical to the TLC developing system. Sample XS02-1
displayed a peak absorbance at 290 nm followed by smaller peaks, with one absorbing at
282 nm. The spectra from HPLC indicated that the anthraquinone was contaminated with
some xenofuranone-A. Sample XS04-1 containing pure 1,5-dihydroxy-9,10anthraquinone crystals only displayed the broad peak absorbing at 290 nm, confirming
the purity and solving the problem of product being lost in HPLC.
Antimicrobial activity assays. The purified compounds, xenofuranone A and
anthrarufin had antibiotic activity determined by MIC assays. The MIC assays were
performed against several Gram-positive and Gram-negative bacteria (Table 1).
Xenofuranone A had activity exclusively against a clinical isolate of C. difficile (MIC 8
µg/ml). Inhibitory concentrations for xenofuranone A were 128 µg/ml or higher for all
other organisms tested. Anthrarufin had strong activity against all Gram-positve species
tested including methicillin-resistant S. aureus (4 µg/ml) and vancomycin-resistant E.
faecium (2 µg/ml). Anthrarufin only had strong activity against two Gram-negative
bacteria, Acinetobacter calcoaceticus (8 µg/ml) and Neisseria sicca (4 µg/ml).
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TABLE 1. Minimum inhibitory concentrations for xenofuranone A and anthrarufin.
MIC (µg/ml)
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Bacterial Species
Gram-positive
Staphylococcus aureus ATTC 25923
Methicillin-resistant S. aureus MW-2
Enterococcus faecalis
Vancomycin-resistant E. faecium VRE1
Listeria monocytogenes MC-10-352256
Clostridium difficile NAP-1 MC-CD-07-01
Clostridium difficile NAP-1 MC-AHS-08-3
Bacillus cereus
Bacillus anthracis Sterne
Gram-negative
Escherichia coli ATTC 25922
E. coli MC-10-623949
Morganella morganii
Serratia marcescens
Klebsiella pneumoniae
K. pneumoniae ESBL MC-10-382679
Acinetobacter calcoaceticus
Pseudomonas aeruginosa
Acinetobacter baumannii
Burkholderia cepacia
Stenotrophomonas maltophilia
Neisseria sicca
Neisseria gonorrhoeae
a

Strain Sourcea

Xenofuranone A

Anthrarufin

ATCC
MC
UWL
MC
MC
MC
MC
UWL
MC

128
NDb
128
ND
>128
8
8
128
128

8
4
2
2
8
2
0.0625
2
2

ATCC
MC
UWL
UWL
UWL
MC
UWL
UWL
UWL
UWL
UWL
UWL
UWL

128
>128
ND
ND
ND
>128
ND
>128
ND
ND
ND
128
ND

128
128
128
128
128
>128
8
128
128
128
64
4
>128

ATCC = American Type Culture Collection, MC = Marshfield Clinic, and UWL = University of
Wisconsin-La Crosse.
b
ND = Not determined.

DISCUSSION

Novel antimicrobial compounds are needed to treat drug-resistant infections. In
the last twenty years, natural products have been a promising source for the discovery of
novel drugs. This renewal in interest is due to the fact that natural products offer novel
modes of pharmaceutical activity, incomparable structural diversity, and already possess
drug-like properties such as easy absorption and metabolism (59). Microbes are one of
the most promising sources of novel natural products due to fact that large libraries of
organisms can be rapidly screened and crude extracts can be prepared in unlimited supply
as long as the organism produces the compounds in vitro.
This thesis research targeted a bacterial species of the genus Xenorhabdus for the
characterization of novel antimicrobial compounds. Xenorhabdus bacteria are well
known for the production of a variety of secondary metabolites, essential to the infection
of insects and to its mutualistic relationship with nematodes. Many of the secondary
metabolites produced by Xenorhabdus have novel structures and some of these
compounds possess antimicrobial activity. In this thesis research, crude extracts from X.
szentirmaii were screened for antimicrobial activity. Bioassay-guided separation of
active crude extracts was done to isolate and identify these compounds.
DDAs performed on crude extracts from CH2Cl2 and XAD16 resin extractions
found both extracts possessed antibacterial activity, at a concentration as low 5 mg/ml,
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against S. aureus. Further bioassay-guided separation was done to isolate two
compounds with antibacterial activity. Xenofuranone A was isolated from the CH2Cl2
crude extract and 1,5-dihyroxy-9,10-anthraquinone, also known as anthrarufin, was
obtained from the XAD16 resin. Both of these compounds were tested against a library
of human pathogens to determine their spectrum of activity.
Both xenofuranone A and anthrarufin were found to have antibacterial activity
almost exclusively against Gram-positive bacteria. Xenofuranone A is a compound that
was previously isolated from X. szentirmaii (7). Xenofuranone A has been shown to
possess some cytotoxic activity, but no assays were done to indicate any antibacterial
activity (7). In this study, it was found that xenofuranone A had an MIC of 8 µg/ml
against a clinical isolate of C. difficile. With antibiotic activity only against C. difficile,
xenofuranone A may act against a very unique target found only in this bacterium. An
antibiotic that specifically inhibits spore-forming bacteria such as C. difficile may also
possess an ability to destroy the bacterial spores. This would be a very novel mechanism
of activity. While xenofruanone A is a known cytotoxin, possibly limiting its clinical
applications, an antibiotic with such species-specific activity could yield new
mechanisms for future drugs to target.
The second isolated compound, anthrarufin, possessed MICs of 8 µg/ml or less
against several Gram-positive bacteria. With Neisseria sicca and Acinetobacter
calcoaceticus being the only exceptions, anthrarufin did not show activity below 128
µg/ml against the Gram-negative bacteria tested. The strong antimicrobial activity of
anthrarufin against a wide range of Gram-positive bacteria is consistent with the activity
of the other compounds previously isolated from Xenorhabdus (10, 37, 47, 48, 68).

35

Anthraquinone compounds have been isolated from a species closely related to
the genus Xenorhabdus called Photorhabdus luminescens. Both Xenorhabdus and
Photorhabdus bacteria are symbionts with entomopathogenic nematodes and produce
secondary metabolites to kill insects and inhibit microbial growth in the insect carcass
(63). In fact, P. luminescens is so closely related to Xenorhabdus that it was previously
included in this genus. One of the factors facilitating the creation of a separate genus for
P. luminescens was the diversity of secondary metabolites it produced, many of them not
observed in Xenorhabdus. One type includes hydroxystilbene antimicrobial compounds
and the other types are anthraquinone compounds (25, 36). The identified anthraquinone
compounds from P. luminescens have never been isolated in bacteria before (40).
Closely related anthraquinone compounds were known to exist in leaves of Xyris
semifuscata, Cassia tora seeds, and in the fungi Aspergillus glaucus and Trichoderma
(25, 43). This research is the first to isolate anthrarufin from bacteria. The discovery in
this research of anthraquinone compounds made by X. szentirmaii is significant due to the
fact that Xenorhabdus and Photorhabdus have not been shown to produce a common
class of antimicrobial compounds. Anthraquinone compounds have never been isolated
from Xenorhabdus, making this a significant addition to the family of Xenorhabdus
secondary metabolites. The isolation of anthrarufin marks a new class of antibiotic
compounds produced by Xenorhabdus, and a new anthraquinone secondary metabolite
produced by entomopathogenic bacteria.
Anthraquinone compounds are easily produced by synthetic chemistry and
numerous derivatives have been investigated in a variety of bioassays and structure
activity relationships (43). Anthraquinones have been known to exhibit a variety of
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biological functions serving as laxatives, diuretics, phytoestrogens, immune stimulators,
and anticancer agents (43). Fostel et al. performed DNA nicking assays with various
anthraquinones against human and C. albicans topoisomerase I (18). The anthraquinone
compound, quinizarin, showed in vitro selectivity towards the fungal topoisomerase I and
increased the DNA nicking activity while human topoisomerase I nicked less DNA.
Other anthraquinone derivatives, including anthrarufin, displayed no change in fungal
topoisomerase I activity. This suggests that some anthraquinones may be effective at
selectively preventing the stable packaging and replication of fungal DNA. Quinizarin
had MIC values against C. albicans between 50-100 µg/ml, but human cell lines were
also inhibited with IC50 values of 8 µg/ml. This suggests that quinizarin may have a
cellular target other than topoisomerase I (18).
Anthraquinones have been noted to have a strong peroxidizing activity due to
their affinity for several oxyreductases. The reduction of the anthraquinones creates an
unstable intermediate that reacts with oxygen and creates reactive oxygen species (64).
The production of superoxide by anthraquinones is thought to contribute to mutagenicity
and genotoxicity due the intercalation affinity of anthraquinones to double stranded DNA
(49). Mutagenicity tests against Salmonella typhimurium with anthrarufin indicated that
the compound was mutagenic to only a limited number of S. typhimurium strains, and
only under exogenous metabolic activation. Several methylhydroxy anthraquinones had
strong mutagenic properties in eukaryotic cell lines (69).
Anthrarufin was also found to reduce the damaging effects of the toxin dioxin.
Anthrarufin strongly suppresses the ability of secondary messengers from dioxin receptor
proteins to activate dioxin response genes. Dioxin response genes activated by
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halogenated aromatic hydrocarbons, such as dioxin, are involved in disrupting the proper
activation of regulatory proteins (19).
Immune suppressive effects of several anthraquinones have been observed.
Anthrarufin inhibited the proliferation of monocytes with an IC 50 value of 41.5 µM, and
was 81% as effective as the positive control at suppressing proliferation at this
concentration (26). More extensive assays performed with the anthraquinone emodin
indicate an ability to suppress IL-1 and IL-2 production. IL-1 and IL-2 suppression was
inhibited with the addition of free radical scavengers and catalase. Structure-activity
relationships of these anthraquinone compounds indicate that a hydroxyl group was
necessary at the β-position of the anthraquinone nucleus to provide the strongest
immunesuppressive effect (26).
HIV-1 protease inhibition was observed by several anthraquinone derivatives,
with anthrarufin having a IC50 of 78 µM. Other dihydroxy-anthraquinones performed
better than anthrarufin but there was no clear correlation between hydroxyl group
positioning and protease inhibition except that two hydroxyl groups were necessary (9).
In this study, it was found that, anthrarufin, derived from X. szentirmaii possesses
antibiotic activity against many Gram-positive bacteria at concentrations of 8 µg/ml or
lower. No activity was observed against nearly all Gram-negative bacteria tested. In
previous research by Sztaricska et al., isolation of anthraquinones produced by P.
luminescens yielded 1,3,8-tri-hydroxy-9,10-anthraquinone, a compound with an MIC of
12.5 µg/ml against B. subtilis (63). Two synthetic methoxy derivatives of this compound
produced higher MIC values of 50 and 100 µg/ml (63). Anthrarufin was not isolated by
Sztaricska et al. Liu et al. isolate several anthraquinones, with the exception of
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anthrarufin, were isolated from a species of Trichoderma fungi and assayed against
several bacteria by DDA (43). All the tested compounds, with the exception of
crysophenol, produced zones of inhibition greater than or equal to the kanamycin control
against S. aureus. All compounds were unable to create zones of inhibition against P.
aeruginosa and E. coli. It was determined that 3-hydroxy methyl anthraquinones were
more effective as antibacterial agents than 3-methyl anthraquinones. Lee et al. assayed
against various human intestinal bacteria with Cassia tora-derived anthraquinones, and
commercially acquired compounds including anthrarufin, produced zones of inhibition
against several Gram-positive bacteria (34). One compound, quinizarin, produced zones
larger than 30 mm against Clostridium perfringens. Morphological changes observed by
electron microscopy indicated that quinizarin may have bacteriacidal activity against C.
perfringens. Anthrarufin had a 10-15 mm zone of inhibition against S. aureus, and was
not effective against E. coli or C. perfringens. It appeared that anthraquinones, such as
anthrarufin, with two hydroxyl groups had the strongest activity against S. aureus (34).
Some contradictory information has been published about the strength of the
Gram-positive activity of anthraquinones. Antibacterial assays with a variety of
anthraquinone derivatives, including anthrarufin, did not produce MICs values below 50
µg/ml against S. aureus 209P and B. subtilis (46). Compared to this study, these results
indicate a relatively weak antibiotic activity against these Gram-positive bacteria. Also,
assays against Clostridium perfringens by DDA did not indicate any anthrarufin activity
(34), which is unusual because potent activity was observed in this work against closely
related C. difficile.
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Previous studies tested a spectrum of anthraquinone compounds against a limited
number of antibiotic-sensitive organisms. The Gram-positive exclusive spectrum of
activity for anthraquinones has been well established by previous studies, but the range of
Gram-positive activity for individual compounds, such as anthrarufin, is not well
established by other work. Also absent from other studies are assays against antibiotic
resistant Gram-positive organisms. Further work needs to be done against these resistant
organisms to see if their results are consistent from those obtained from this study.
Due to the fact that both xenofuranone A and anthraquinone have been previously
described in other literature, neither compound can be considered a lead candidate for the
treatment of antibiotic-resistant infections. Both compounds have also been noted for
their cytotoxic and mutagenic properties, limiting their successful application for treating
patients. However, the anti-C. difficile activity of both compound merits further
investigation. Anthrarufin had very strong MIC values against C. difficile and further
studies on its pharmacokinetics could help determine if the drug is poorly absorbed in the
bowel. Poor absorption keeps the drug concentration surrounding C. difficile high, while
reducing the systemic toxicity. Xenofuranone A only had antimicrobial activity against
C. difficile. Therefore, xenofuranone A likely has a mechanism of action targeting a very
unique component of C. difficile, and understanding this mechanism could help in the
development of new drugs to treat these infections. While both xenofuranone A and
anthrarufin may not be lead drug candidates, further study of their potent antimicrobial
activity against C. difficile, may contribute valuable knowledge aiding the treatment of C.
difficle infections.

40

REFERENCES

1. Akhurst, R.J. 1980. Morphological and functional dimorphism in Xenorhabdus
spp., bacteria symbiotically associated with the insect pathogenic nematodes
Neoplectana and Heterorhabditis. J. Gen. Microbiol. 121:303-309.
2. Akhurst, R.J. 1982. Antibiotic activity of Xenorhabdus sp., bacteria symbiotically
associated with the insect pathogenic nematodes of the families Heterorhabditidae
and Steinernematidae. J. Gen. Microbiol. 128:3061-3065.
3. Akhurst, R.J., and M.E. Boemare. 1990. Biology and taxonomy of Xenorhabdus,
p. 75-92. In R. Gaugler and H.K. Kaya (ed.), Entomopathogenic nematodes in
biological control. CRC Press, Inc., Boca Raton, Fla.
4. Boemare, N.E., and R.J. Akhurst. 1988. Biochemical and physiological
characterization of colony form variants in Xenorhabdus spp. (Enterobacteriaceae). J.
Gen. Microbiol. 134:751-761.
5. Boemare, N.E., R.J. Akhurst, and R.G. Mourant. 1993. DNA relatedness between
Xenorhabdus spp. (Enterobacteriaceae), symbiotic bacteria of entomopathogenic
nematodes, and a proposal to transfer Xenorhabdus luminescens to a new genus,
Photorhabdus gen. nov. Int. J. Syst. Bacteriol. 43:249-255.
6. Boucher, H.W., G.H. Talbot, J.S. Bradley J.E. Edwards, D. Gilbert, L.B. Rice, M.
Scheld, B. Spellberg, and J. Bartlett. 2009. Bad Bugs, no drugs, no ESKAPE! An
update from the Infectious Disease Society of America. Clin. Infect. Dis. 48:1-12.
7. Brachmann, A.O., S. Forst, G.M. Furgani, A. Fodor, and H.B. Bode. 2006.
Xenofuranones A and B: phenylpyruvate dimers from Xenorhabdus szentirmaii. J.
Nat. Prod. 69:1830-1832.
8. Bradford P.A., S. Bratu, C. Urban, M. Visalli, N. Marino, D. Landman, J.J.
Rahal, S. Brooks, S. Cebular, and J. Quale. 2004. Emergence of carbapenemresistant Klebsiella species possessing the class A carbapenem–hydrolyzing KPC-2
and inhibitor-resistant TEM-30 β-lactamases in New York City. Clin. Infect. Dis.
39:55–60.
41

9. Brinkworth, R. and D. Fairlie. 1995. Hydroxyquinones are competitive nonpeptide inhibitors of HIV-1 proteinase. Biochemica et Biophysica Acta. 1252:5-8.
10. Chen, G. 1996. Antimicrobial activity of the nematode symbionts, Xenorhabdus
and Photorhabdus (Enterobacteriaceae) and the discovery of two novel groups of
antimicrobial substances, nematophin and xenorides. Ph.D Thesis, BC, Canada:
Simon Fraser University.
11. Clinical and Laboratory Standards Institute. 2005 Methods for dilution
antimicrobial susceptibility tests for bacteria that grow aerobically, 6th ed. Approved
standard M7-A6. Clinical and Laboratory Standards Institute, Wayne PA.
12. Cragg, G.M., D.J. Newmann, and K.M. Snader. 1997. Natural products in drug
discovery and development. J. Nat. Prod. 60:52-60.
13. Davis, K.A. 2006. Ventilator-associated pneumonia: a review. J. Intensive Care.
Med. 21:211–226.
14. Department of Health and Human Services, Centers for Disease Control and
Prevention. Estimates of healthcare-associated infections. May 30, 2007.
http://cdc.gov/ncidod/dhqp/hai.html. Accessed January 17, 2008.
15. Deresinski, S. 2005. Methicillin-resistant Staphylococcus aureus: an evolutionary,
epidemiologic, and therapeutic odyssey. Clin. Infect. Dis. 40:562–573.
16. Forst, S., and K. Nealson. 1996. Molecular biology of the symbiotic-pathogenic
bacteria Xenorhabdus spp. and Photorhabdus spp. Microbiol. Rev. 60:21-43.
17. Forst, S., B. Dows, N. Boemare, and E. Stackebrandy. 1997. Xenorhabdus and
Photorhabdus spp.: bugs that kill bugs. Ann. Rev. Microbiol. 51:47-72.
18. Fostel, J., D. Montgomery, and P. Lartey. 1996. Comparison of responses of
DNA topoisomerase I from Candida albicans and human cells to four new agents
which stimulate topoisomerase-dependent DNA nicking. FEMS Microbiol Lett.
138:105-11.
19. Fukuda, I., A. Kaneko, S. Nishiumi, M. Kawase, R. Nishikiori, N. Fujitake, and
H. Ashida. 2009. Structure-activity relationships of anthraquinones on the
suppression of DNA-binding activity of the aryl hydrocarbon receptor induced by
2,3,7,8-tetrachlorodibenzo-p-dioxin. J. Biosci. Bioeng. 107:296-300.

42

20. Furgani, G., E. Böszörmenyi, A. Fordor, A. Máthé -Fodor, S. Forst, J.S. Hogan,
Z. Katona, M.G. Klein, E. Stackebrandt, A. Szentirmai, F. Sztaricskai, and S.L.
Wolf. 2008. Xenorhabdus antibiotics: a comparative analysis and potential utility for
controlling mastitis caused by bacteria. J. Appl. Micorbiol 104:745-758.
21. Gaultieri, M., A. Aumelas, and J.O. Thaler. 2009. Identification of a new
antimicrobial lysine-rich cyclolipopeptide family from Xenorhabdus nematophila. J.
of Antibiot. 62:295-302.
22. Hall, I.C., and E. O’Toole. 1935 Intestinal flora in new-born infants: with a
description of a new pathogenic anaerobe, Bacillus difficilis. Am. J. Dis. Child.
49:390-402.
23. Himmler, T., F. Pirro, and N. Schneer. 1998. Synthesis and antibacterial in vitro
activity of novel analogues of nematophin. Bioorg. Med. Chem. Lett. 8:2045-2050.
24. Hindler, J., B. Howard, and J. Keiser. 1994. Antimicrobial agents and
susceptibility testing, p. 437-454. In B. Howard, J. Keiser, T. Smith, A. Weissfeld
(eds.), Clinical and Pathogenic Microbiology. 2nd Ed. Mosby Year Book Inc., St.
Louis, MO.
25. Hu, K., J. Li, W. Wang, H. Wu, H. Lin, and J.M. Webster. 1998. Comparison of
metabolites produced in vitro and in vivo by Photorhabdus luminescens, a bacterial
symbiont of the entomopathogenic nematode Heterorhabditis megidis Can. J.
Microbiol. 44:1072–1077.
26. Huang, H.C., J.H. Chang, S.F. Tung, R.T. Wu, M. Foegh, and S.H. Chu. 1992.
Immunosuppressive effect of emodin, a free radical generator. Eur. J. Pharmacol.
211:359-364.
27. Jacoby G.A., and L.S. Munoz-Price. 2005. The new β-lactamases. N. Engl. J.
Med. 352:380-391.
28. Jarvis, L.M. 2008. An uphill battle. Chem. En. News. 86:15-20.
29. Ji, D., Y. Yi, G.H. Kang, Y.H. Choi, P. Kim, N.I. Baek, and Y. Kim. 2004.
Identification of an antibacterial compound, benzylideneacetone, from Xenorhabdus
nematophila against major plant-pathogenic bacteria. FEMS Microbiol. Lett.
239:241-248.

43

30. Kennedy, G., M. Viziano, J.A. Winders, P. Cavallini, M. Gevi, F. Micheli, P.
Rodegher, P. Seneci, and A. Zumerle. 2000. Studies of the novel antistaphylococcal compound nematophin. Bioorg. Med. Chem. Lett. 10:1751-1754.
31. Klein, M.G. 1990. Efficacy against soil-inhabiting insect pests, p. 195-214. In R.
Gaugler and H.K. Kaya (ed.), Entomopathogenic nematodes in biological control.
CRC Press, Boca Raton, Fla.
32. Landman D., J.M. Quale, D. Mayorga, A. Adedeji, K. Vangala, J. Ravishankar,
C. Flores, and S. Brooks. 2002. Citywide clonal outbreak of multiresistant
Acinetobacter baumannii and Pseudomonas aeruginosa in Brooklyn, NY: the
preantibiotic era has returned. Arch. Intern. Med. 162:1515–20.
33. Lang, G., T. Kalvelage, A. Peters, J. Wiese, and J.F. Imhoff. 2008. Liner and
cyclic peptides from the entomopathogenic bacterium Xenorhabdus nematophilus. J.
Nat. Prod. 71:1074-1077.
34. Lee, H.S. 2003. Inhibitory effects of quinizarin isolated from Cassia tora seeds
against human intestinal bacteria and aflatoxin B1 biotransformation. J. Microbiol.
Biotechnol. 13:529-536.
35. Lengyel, K., E. Lang, A. Fodor, E. Szállás, P. Schumann, and E. Stackebrandt.
2004. Description of four novel species of Xenorhabdus, family Enterobacteriaceae:
Xenorhabdus budapestensis sp. nov., Xenorhabdus ehlersii sp. nov., Xenorhabdus
innexi sp. nov., and Xenorhabdus szentirmaii sp. nov. Syst. Appl. Microbiol.
28:115-122.
36. Li, J., G. Chen, J.M. Webster, and E. Czyzewska. 1995. Antimicrobial
metabolites from a bacterial symbiont. J. Nat. Prod. 58:1081-1086.
37. Li, J., G. Chen, and J.M. Webster. 1996. N-(Indol-3-ylethyl)-2’-hydroxy-3’methylpentanamide, a Novel Indole Derivative from Xenorhabdus nematophilus. J.
Nat. Prod. 59:1157-1158.
38. Li, J., G. Chen, and J.M. Webster. 1997. Nematophin, a novel antimicrobial
substance produced by Xenorhabdus nematophilus (Enterobacteriaceae). Can. J.
Microbiol. 43:770-773.
39. Li, J., G. Chen, and J.M. Webster. 1997. Synthesis and antistaphylococcal
activity of nematophin and its analogs. Bioorg. Med. Chem. Lett. 7:1349-1352.

44

40. Li, J., K. Hu, and J.M. Webster. 1998. Antibiotics From Xenorhabdus spp. and
Photorhabdus spp. (Enterobacteriaceae). Chem. Heterocycl. Comp. 34:1331-1339.
41. Li, J., and J.M. Webster. 1997. Bacterial symbionts of entomopathogenic
nematodes – useful sources of bioactive materials. Can. Chem News. 49:15-16.
42. Li, J., G. Chen, H. Wu, and J. Webster. 1995. Identification of two pigments and
a hydroxystilbene antibiotic from Photorhabdus luminescens. Appl. Environ.
Microbiol. 61:4329-4333.
43. Liu, S.Y, C.T. Lo, M.A. Shibu, Y.L., Leu, B.Y., Jen, and K.C. Peng. 2009.
Study on the anthraquinones separated from the cultivation of Trichoderma
harzianum strain Th-R16 and their biological activity. J. Agric. Food Chem.
57:7288-7292.
44. Marokhazi, J. G. Koczan, F. Hudecz, L. Graf, A. Fodor, and I. Venekei. 2004.
Enzymic characterization with progress curve analysis of a collagen peptidase from
an entomopathogenic bacterium, Photorhabdus luminescens. Biochem. J. 379:633640.
45. Martens, E.C., K. Heugens, and H. Goodrich-Blair. 2003. Early colonization
events in the mutualistic association between Steinernema carpocapsae nematodes
and Xenorhabdus nematophila bacteria. J. Bacteriol. 185:3147-3154.
46. Matsueda, S., K. Takagaka, M. Shimoyama, and A. Shiota. 1980 Studies on
fungal products V. Antimicrobial aspects of quinine derivatives. Yakugaku Zasshi.
100:900-902.
47. McInerney, B.V., R.P. Gregson, M.J. Lacey, R.J. Akhurst, G.R. Lyons, S.H.
Rhodes, D.R.J. Smith, L.M. Englehardt, and A.H. White. 1991. Biologically
active metabolites from Xenorhabdus spp., part 1 dithiolopyrrolone derivatives with
antibiotic activity. J. Nat. Prod. 54:774-784.
48. Mc Inerney, B.V., W.C. Taylor, M.J. Lacey, R.J. Akhust, and R.P. Gregson.
1991. Biologically active metabolites from Xenorhabdus spp., part 2. Benzopyran-1one derivatives with gastroprotective activity. J. Nat. Prod. 54:785-795.
49. Mian, M., D. Fratta, G. Rainaldi, S. Simi, T. Mariani, D. Benetti, and P.G.
Gervasi. 1991. Superoxide anion production and toxicity in V79 cells of six
hydroxyl-anthraquinones. Anticancer Res. 11:1071-1076.

45

50. Morishima, H., K. Fujita, M. Nakano, S. Atsumi, M. Ookubo, M. Kitagawa, H.
Matsumoto, A. Okunyama, T. Okabe, H. Suda, and S. Nishimura. 1994. Jpn.
Kokai Tokkyo Koho.
51. National Institute of Allergy and Infectious Diseases. The problem of
antimicrobial resistance. April 2006.
http://www.niaid.nih.gov/factsheets/antimicro.htm. Accessed January 17, 2008.
52. National Nosocomial Infections Surveillance (NNIS) System Report. Data
summary from January 1992 through June 2004, issued October 2004. 2004. Am. J.
Infect. Control. 32:470–485.
53. Ninomiya, Y.T., Y. Yamada, H. Shirai, M. Onitsuka, Y. Suhara, and H.B.
Maruyama. 1980. Biochemically active substances from microorganisms. V.
Chem. Pharm. Bull. 28:3157-3162.
54. Norrby S.R., C.E. Nord, and R. Finch. 2005. Lack of development of new
antimicrobial drugs: a potential serious threat to public health. Lancet Infect. Dis.
5:115–119.
55. Obritsch M.D., D.N. Fish, R. MacLaren, and R. Jung. 2004. National
surveillance of antimicrobial resistance in Pseudomonas aeruginosa isolates obtained
from intensive care unit patients from 1993 to 2002. Antimicrob. Agents. Chemother.
48:4606–4610.
56. Otoguro, K., R. Oiwa, Y. Iwai, H. Tanaka, and S. Omura. 1988. Screening for
new antitrichomonal substances of microbial origin and antitrichomonal activity of
trichostatin A. J. Antibiot. 41:461-468.
57. Park, D., K. Ciezki, R. van derHoeven, S. Singh, D. Reimer, H. Bode, and S.
Forst. 2009. Genetic analysis of xenocoumacin antibiotic production in the
mutualistic bacterium Xenorhabdus nematophila. Mol. Microbiol. 73:938-949.
58. Paul, V.J., S. Frautschy, W. Fenical, and K.H. Nealson. 1981. Antibiotics in
microbiological ecology: isolation and structure assignment of several new
antibacterial compounds from the insect-symbiotic bacteria Xenorhabdus spp. J.
Chem. Ecol. 7:589-597.
59. Satyajit, S.D., L. Zahid, and A.I. Gray. Natural product isolation, an overview. p.
1-25. In S.D. Darker, Z. Latif, and A. I. Gray (ed), Methods in Biotechnology, vol
20. 2nd Ed. Humana Press Inc., Totowa, NJ.

46

60. Schraq, S.J., Peña C., Fernandez J., Sanchez J., Gomez V., Perez E. J.M. Feris,
and R.E. Besser. 2001. Effect of short-course, high-dose amoxicillin therapy on
resistant pneumococcal carriage. A randomized trial. JAMA. 286:49–56.
61. Siegel, R.E. 2008. Emerging gram-negative antibiotic resistance: daunting
challenges, declining sensitivities, and dire consequences. Resp. Care. 53:471-479.
62. Streit, J.M., R.N. Jones, H.S. Sader, and T.R. Fritsche. 2004. Assessment of
pathogen occurrences and resistance profiles among infected patients in the intensive
care unit: report from the SENTRY Antimicrobial Surveillance Program (North
America, 2001). Int. J. Antimicrob. Agents. 24:111–118.
63. Sztaricska, F., Z. Dinya, Gy. Batta, E. Szállás, A. Szentirmai, and A. Fodor.
1992. Anthraquinones produced by Enterobacters and Nematodes. Acta. Chimica.
Hungarica. 129:697-707.
64. Tarasiuk, J., K. Tkaczyk-Gobis, B. Stefañska, M. Dzieduszycka, W. Priebe, S.
Martelli, and E. Borowski. 1998. The role of structural factors of anthraquinone
compounds and their quinine-modified analogues in NADH dehydrogenase-catalysed
oxygen radical formation. Anti-Cancer Drug Design. 13:923-939.
65. Talbot, G.H., J.Bradley, J.E. Edwards, D. Gilbert, M. Scheld, and J.G. Bartlett.
2006. Bad bugs need drugs: An update on the development pipeline from the
Antimicrobial Availability Task Force of the Infectious Diseases Society of America.
Clin. Infect. Dis. 42:657-668.
66. Thomas, G.M., and G.O. Poinar. 1979. Xenorhabdus gen. nov., a genus of
entomopathogenic nematophilic bacteria of the family Enterobacteriaceae. Int. J.
Syst. Bacteriol. 29:352-360.
67. Waksman, S.A. 1947. What is an antibiotic or an antibiotic substance? Mycologia
39:565–569.
68. Webester, J.M., G. Chen, and J. Li. 1998. Parasitic worms: An ally in the war
against the super bugs. Parasitol. Today. 14:161-163.
69. Westendorf, J., H. Marquardt, B. Poginsky, M. Dominiak, J. Schmidt, and H.
Marquardt. 1990. Genotoxicity of naturally occurring hydroxyanthraquinones.
Mutation Res. 240:1-12.
70. Wisplinghoff, H., T. Bischoff, S.M. Tallent, H. Seifert, R.P. Wenzel, and M.B.
Edmond. 2004. Nosocomial bloodstream infections in US hospitals: analysis of
47

24,179 cases from a prospective nationwide surveillance study. Clin. Infect. Dis.
39:309-317.

48

APPENDIX
FIGURES A16-A27

FIG. A16. Proton NMR of xenofuranone A isolated from X. szentirmaii.
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FIG. A17. 13Carbon NMR of xenofuranone A isolated from X. szentirmaii.
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FIG. A18. High Resolution Mass Spectroscopy of xenofuranone A isolated from X.
szentirmaii.
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FIG. A19. Proton NMR of XS02-1isolated from X. szentirmaii.
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FIG. A20. 13Carbon NMR of XS02-1 isolated from X. szentirmaii.
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M+1 =
359.3151

FIG. A21. High Resolution Mass Spectroscopy of XS02-1 isolated from X. szentirmaii.
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FIG. A22. IR Spectroscopy of XS02-1 isolated from X. szentirmaii
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FIG. A23. NOE Diff of xenofuranone A isolated from X. szentirmaii. Irradiation at δ5.6.
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FIG. A24. NOE Diff of xenofuranone A isolated from X. szentirmaii. Irradiation at δ7.6.
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FIG. A25. Proton NMR of 1,5-dihydroxy-9,10-anthraquinone isolated from X.
szentirmaii.
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FIG. A26.

13

C NMR of 1,5-dihydroxy-9,10-anthraquinone isolated from X. szentirmaii.

60

FIG. A27. UV spectra for XS02-1 isolated from X. szentirmaii.
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