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1. Introduction
Over the past few decades there has been a decreasing trend in the number of new
antibiotic approved for clinical use. From 1980 to 1984, nearly 20 new antibiotics were
introduced into clinical use1, whereas from 2010 to 2012 only three new antibiotics were
permitted: ceftaroline fosamil, fidaxomicin, and bedaquiline.2, 3, 4 One could surmise
from this trend that the fight against human pathogens, which are the main target of
antibiotics, has been largely won, but opposite is the case.5 Pathogens have a natural
tendency to develop resistance against chemicals, creating strains that do not respond to
the standard regime of antibiotic treatment. Recently, strains of pathogens have been
observed with multiple antibiotic resistances, including resistance against antibiotics of
last resort. Paired with the fact that very few novel antibiotics are being developed: we
are facing the threat of a post-antibiotic era.6, 7
One such pathogen of high concern is Pseudomonas aeruginosa, a Gram-negative
nosocomial bacterium. While a common member of the healthy human microbiome, P.
aeruginosa can become a threat in immunocompromized individuals, like HIV patients or
patients after an organ transplantation. Over 50,000 instances of P. aeruginosa infections
have been reported in the US in 2013.1 13% of these cases involving drug-resistant
strains and some showed resistance against nearly all clinically approved antibiotics.1 P.
aeruginosa is known for its formation of biofilms, which gives the bacteria additional
resilience to foreign chemicals by oxygen concentration gradients and in conjunction
with efflux pumps.8 These methods of chemical resistance are highly sensitive to genetic
mutation when compared to those of free planktonic cells and other pathogens such as
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Enterobacter,9, 10 allowing P. aeruginosa to acquire antibiotic resistance quickly and
resulting in an overall low antibiotic susceptibility.11 P. aeruginosa is abundant, and
present in many places, including hospital environments. This is particularly dangerous
for immunocompromized individuals whom P. aeruginosa could easily infect via
wounds, eyes, urinary, or respiratory tracts.12 Once inside the bloodstream, the pathogen
can become a serious complication in hospitalized patients, such as in burn victims or
individuals with cystic fibrosis.7 Studies have shown it to be more deadly than the more
commonly known Staphylococcus aureus infections in hospital environments.13
In order to combat pathogens such as P. aeruginosa, it is imperative that novel antibiotics
are discovered and approved for clinical use. Drug discovery initiatives to find and
develop drug leads against Gram-negative pathogens and multi-resistant strains are
urgently needed.7 Clearly, new drugs should only be used with great care to reduce its
exposure of pathogens and to delay the emergence of strains resistant to the drug.
Natural products derived from fungi and bacteria have proven through time to be a
prolific source of novel compounds with antibiotic activity.14,15 These products, such as
penicillin and tetracycline, and their derivatives have comprised approximately 40%-50%
of new approved drugs from 1981-2010.5,14 In order to keep up in antibiotic discovery
and development, academics and a few pharmaceutical companies have turned back to
natural products.16 Specifically, endophytic fungi have been shown to be a good source
of novel metabolites and one study shows up to 51% rate of novelty in isolated
metabolites.17 Additionally, endophytic metabolites have a higher rate of antimicrobial
activity, with as much as 83% of strains showing some sort of antibiotic activity, opposed
to 53% for fungal phytopathogens or 36% for fungi isolated from temperate soils.17 My
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thesis project is focused on the antibacterial and chemical screening of secondary
metabolites produced by five marine-derived endophytic fungi. Activity screening of
crude extracts identified the fungus GOZO23y as a potent producer of biologically active
metabolites with inhibitory activity against P. aeruginosa. Bioactivity-guided
fractionation let to the isolation of five fungal metabolites. Their structure elucidation and
bioactivity evaluation is presented.
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2. Methods
2.1 Strain isolation
A marine algae sample was harvested from the Mediterranean Sea in 2006 close to the
island of Gozo. Using the sterilization method based on that by Schulz et al,18 3-5cmlong pieces of the sample were cut and then sterilized by submersion in 70% ethanol for
30 seconds followed by a rinse in sterile deionized water. The pieces were cut into 2 mm
sections and plated on nutrient agar plates containing 250 µg/L penicillin G and 250 µg/L
streptomycin to avoid bacterial growth, along with an uncut piece as a control for
external contaminants. After 2-5 days, fungal colonies emerged from the cut edges and
were picked and streaked onto new plates; this process was repeated until a homogenous
strain of fungus was attained.
2.2 Culture media
M2: 10 g/L malt extract, 4 g/L ᴅ-glucose, 4 g/L yeast extract, adjusted to a pH of 7. G20:
10 g/L malt extract, 20 g/L glycerin, 4 g/L yeast extract. 1158: 20 g/L malt extract, 10
g/L ᴅ-glucose, 2 g/L yeast extract, 0.5 g/L ammonium sulfate, adjusted to a pH of 6. PD:
Potato Dextrose agar (HiMedia, Mumbai, India). For M2, G20, and 1158 solid media
plates, 17 g/L agar was added.
2.3 Small-scale fungal growth and extraction
Ten plates of nutrient media were made. The plates were streaked with a small sample of
fungal mycelia from a mother plate, and allowed to grow at 25 °C in an incubator for 28
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days. Afterwards, the agar plates were frozen and then transferred to a large container,
300 mL of water and ethyl acetate were added, blended, and allowed to sit for 30
minutes. The mycelia were removed by vacuum-filtration, and the resulting liquid placed
in a separatory funnel. The organic phase was collected and the aqueous layer washed
twice with equal parts ethyl acetate. The organic layer was dried with magnesium sulfate
and the crude extract was evaporated under reduced pressure.
2.4 Thin layer chromatography (TLC)
Fungal extracts were examined via TLC analysis. A TLC chamber was prepared with
CEM2 solvent mixture (5 parts cyclohexane, 10 parts ethyl acetate, 2 parts methanol).
Extracts were dissolved in acetone and a small sample was applied to the TLC plate via a
capillary tube, roughly 1 cm from the bottom of a TLC plate. The plate was inserted into
the chamber upright, and allowed to develop. Separation of sample mixtures was
evaluated under UV light (254 and 366 nm), and after staining with an anisaldehyde
mixture (1% p-anisaldehyde, 5% sulfuric acid, 10% glacial acetic acid, 84% methanol)
and exposing to heat from a blow dryer for 30 seconds.
2.5 Large-scale fungal growth and extraction
Three liters of 1158 liquid nutrient media were prepared and distributed to three 2-liter
Erlenmeyer Flasks. The media was inoculated with a small piece of G23y mycelia grown
on an M2 agar plate and allowed to sit undisturbed for 40 days. At the end of this period,
the culture was extracted with equal amounts of ethyl acetate, mixed, allowed to sit for
half an hour, and filtered through filter paper. The layers were separated in a separatory
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funnel, and the aqueous later washed three times with equal parts ethyl acetate.
Magnesium sulfate was added to the organic layer to remove water and then filtered off.
The organic layer was then evaporated under reduced pressure to yield a crude extract.
2.6 Vacuum liquid chromatography (VLC)
1.68 g of G23y crude extract derived from a large-scale growth was dissolved in acetone,
mixed with 10.5 grams of silica and the solvent evaporated under reduced pressure. The
crude-absorbed silica was dry loaded onto a silica column. Fractions were collected by
passing ten 40 mL-portions of solvent thought the column under reduced pressure,
starting with 100% dichloromethane, followed by 99%, 98%, 97%, 94%, 90%, 83%,
75%, 50%, 0% dichloromethane in methanol. Thin-layer chromatography was used to
analyze the fractions and separation compared to the crude extract.
2.7 Sephadex column chromatography
250 mL of Sephadex LH-20 powder was swelled in acetone and loaded into an empty
glass column. 150 mg of fraction 6 from the VLC fractionation was dissolved in a small
volume of acetone and added to the top of the Sephadex column onto the gel surface.
Acetone was run through the column at a rate of 1-2 drops per second and 25 mL
portions were collected until the entire sample had run through the column. The portions
were analyzed via TLC as described above, and tubes with similar compound content
were combined.
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2.8 High-performance liquid chromatography (HPLC)
Different gradients of water to acetonitrile, each with 0.05% formic acid, were tested to
identify baseline separation for the peaks of interest. This gradient program was then
used for preparative separation. The crude extract or fraction sample was dissolved in
HPLC-grade acetonitrile or methanol up to 100 mg/mL, and 100 µL injected per run into
the HPLC instrument with a Kinetex 5 µm C18 100Å column. Peaks of interest were
collected in vials manually or with a fraction collector. Solvent programs: HPLC 1:
water (A)-acetonitrile (B) gradient 10-100% A in 33 minutes, HPLC 2: water (A)acetonitrile (B) gradient 48-75% B over 35 minutes. HPLC 3: water-acetonitrile 39:61%
isocratic run.
2.9 Liquid chromatography mass spectrometry analysis (LCMS)
Crude extracts and fraction samples were analyzed for their metabolic profiles by
dissolving a small amount in LCMS-grade acetonitrile or methanol and injecting them
into an LCMS instrument with a Kinetex 2.6 µm C18 100Å column using the HPLC 1
gradient program. UV absorbance at 210, 254, and 280 nm, and mass per charge ratio
data were displayed as a function of column retention. Peaks were analyzed by looking
at UV chromatograms and mass spectra at a given retention time. UV profiles and
masses for peaks of interest were compared to entries in the in-house library of
compounds of the Loesgen Lab and compared to the MarineLit19 and AntiBase20
databases to search for possible molecular structures.

10

2.10 Antibacterial assay
Cultures of pathogens were maintained on plates of nutrient agar (Difco, Le Pont de
Claix, France) for Bacillus subtilis and Escherichia coli, trypticase soy agar (Difco, Le
Pont de Claix, France) for Pseudomonas aeruginosa and Staphylococcus auerus, or
sabourand dextrose agar (Difco, Le Pont de Claix, France) for Candida albicans. From
these maintenance plates, one colony of pathogen was picked, inoculated in a 5 mL tube
of nutrient broth (Difco, Le Pont de Claix, France) for B. subtilis and E. coli, trypticase
soy broth (Bacto, Le Pont de Claix, France) for P. aeruginosa and S. aureus, or
sabourand dextrose broth (HiMedia, Mumbai, India) for C. albicans, and shaken at 37 °C
overnight. Sabourand dextrose agar media for C. albicans or Mueller Hinton II agar
media (BBL, Le Pont de Claix, France) for all other pathogens was autoclaved and
allowed to cool to 60 °C. The overnight pathogen culture was diluted to an OD600 of 0.1
(0.12 for C. albicans), which corresponded to a cell concentration of 1.5•108 colonyforming units per milliliter (5•10^6 for C. albicans). A volume of the culture was added
to the broth in order to dilute the cells to a final concentration of 107 cells per milliliter
for B. subtilis, 106 for E. coli, P. aeruginosa, and S. aureus, or 105 for C. albicans. The
inoculated agar solution was poured into petri dishes, allowed to set, and then stored at
4 °C until used. In a sterile biosafety hood, autoclaved filter paper discs were sterilized
with UV light for 15 minutes and then loaded with 20 µL of sample dissolved in an
appropriate solvent system to 20 mg/mL for crude extracts, 10 mg/mL for column
fractions, and 1 mg/mL for pure samples. Additional discs were loaded with solvent as a
negative control, and with an appropriate antibiotic as a positive control (25 µg
chloramphenicol for B. subtilis, 50 µg ampicillin for E. coli, 50 µg kanamycin for P.
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aeruginosa and S. aureus, 25 µg amphotericin B for C. albicans). The discs were
allowed to dry for 30 minutes, and then placed firmly onto the pathogen plate sufficiently
spaced apart, and the plate placed upside-down in a 37°C incubator overnight. Any zones
of inhibition around sample discs were measured and recorded within 24 h.
2.11 Nuclear magnetic resonance (NMR)
Purified metabolites were dried in a lyophilizer for at least 48 hours, dissolved in 150 µL
of an appropriate deuterated solvent, and then loaded into a 3 mm NMR tube. A 500
MHz Bruker NMR instrument was used to obtain 1H, COSY, HSQC, and HMBC spectra,
and a 175 MHz Bruker NMR for 13C spectra as needed. Recorded spectra were analyzed
with TopSpin21, and the information compiled with mass spectrometry and UV trace data
for structure elucidation.
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3. Results
3.1 Fungal cultures, growth, and extraction
Five strains of endophytic fungi were isolated from the Mediterranean Sea near the island
of Gozo and were designated GOZO3, GOZO22, GOZO23-y (G23y), GOZO31o, and
GOZO31w. Every strain was examined in a small-scale growth on 10 plates each of M2,
G20, and 1158 media (see Figure 1), with G23y also being examined on PD plates.
Interestingly, the observed chemotype of any strain was rather different when examined
via TLC, and varied with the type of media it was grown on (see Figure 2). Notably, the
appearances of GOZO3 and GOZO22 on agar were very similar to each other, as were
those of GOZO31o and GOZO31w. TLC analysis confirmed that these pairs had a very
similar chemotype, but not completely identical, indicating that they are likely closelyrelated species of fungus (Figure 3).
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GOZO3%

GOZO22%

GOZO23y%

GOZO31o%

GOZO31w%

M2#agar#
media#

G20#agar#
media#

1158#agar#
media#

Figure 1: Results of the small-scale media screening of the five fungal strains. The
columns show the appearance of strains of isolated endophytic fungi when grown on the
agar medias M2, G20, and 1158.
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A)

B)

Figure 2: TLC plate with GOZO3 and GOZO22 in adjacent lanes on the left and
GOZO31o and GOZO31w analyzed under UV (A) and after anisaldehyde staining (B) to
compare chemotypes. The lanes, from left-to-right are the extracts from GOZO3,
GOZO22, GOZO31o, and GOZO31w, all grown on 1158 nutrient agar.

A)

B)
M2

G20 1158 PD

M2

G20 1158 PD

Figure 3: G23y extracts from cultures grown on M2, G20, 1158, and PD agar plates
visualized by TLC under UV light (A) and after staining with anisaldehyde (B). Arrows
denote the production of compounds in a single media, indicating that the metabolome
makeup of G23y was dependent on the growth environment.
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3.2 GOZO23y and large-scale growth
Antibacterial assay results in the small-scale growth showed that G23y exhibits inhibitory
activity against Pseudomonas aeruginosa. The strain was chosen for further analysis.
Based on the fungus’ morphology, as seen in Figure 4, G23y was identified by Prof. Jeff
Stone (OSU department of botany and plant pathology) as a member of the genus
Aspergillus. 1158 media was chosen for the large-scale growth because it produced the
largest mass of crude extract of the four examined media types in the small-scale growth,
and due to its inhibition of Pseudomonas. G23y was grown in 3L liquid 1158 media for
40 days, at the end of which it had attained a pH of 3. The culture was adjusted to a pH
of 7 with sodium hydroxide and extracted to yield 2.92 grams of crude extract.

A)

B)

Figure 4: (A) Microscopic image of G23y showing the formation of ascospores (credits
Prof. Jeff Stone) and (B) the appearance of G23y when grown on 1158 nutrient agar.
3.3 Fractionation and bioactivity
A VLC column produced ten fractions from 1.68 grams of crude extract (see Figure 5).
Fractions 5 and 6 were bioactive against Pseudomonas aeruginosa (see Figure 6 and
Figure 7). The size of the zones of inhibition were comparable, and there was only 17
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mg of fraction 5 compared to 217 mg of fraction 6, and so the latter was explored further
for the bioactivity; the “tree of fractionation” and followed Pseudomonas bioactivity can
be seen in Figure 7. 150 mg of fraction 6 was further purified by a Sephadex column to
produce 13 fractions, of which 6B, 6C, 6G, and 6H were found to have bioactivity
against Pseudomonas. The gap of bioactivity between fractions 6C and 6G suggests that
G23y produces two active compounds of various size that inhibit Pseudomonas.

Figure 5: HPLC chromatograms of the crude extract (blue), and active fraction 6C
(green), and 6H (red) derived from G23y. Peaks arise from the detection of a compound
that absorbs at 210 nm. Both active daughter fractions 6C and 6H represent a sub-set of
metabolites from the crude extracts and only have one peak in common at a retention
time of 30 min.
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A)

B)

Figure 6: Results of antibacterial assays of G23y VLC (A) and Sephadex column (B)
fractions against Pseudomonas aeruginosa. Zones of inhibition (circled) indicate where
bioactive molecules have diffused from the filter discs into the agar and hindered the
growth of the bacterium.

Figure 7: The “tree of fractionation” from the crude of G23y, with active fractions
outlined in red and isolated compounds in yellow. The crude was fractionated by a VLC
column, and fraction 6 by a Sephadex column. Peak isolations and the timefractionations of 6CP and 6CPt3 were performed by HPLC.
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3.4 Anti-Pseudomonas active fraction 6C
40 mg of fraction 6C was separated by preparative HPLC using the HPLC 2 program in
an attempt to isolate four peaks. Two compounds were successfully isolated to over 95%
purity as analyzed by LCMS: 6C rt 20 and 6C rt 43, however these compounds are not
active against P. aeruginosa. Activity against Pseudomonas was found to be eluted prior
at a retention time of 20 min in a multitude of peaks. Peak isolation of this fraction
would have been a difficult task by HPLC due to the presence of many compounds with
similar retention times. Therefore, 3 mg of this fraction was separated by HPLC by time
into four fractions, of which time-fraction 3 was bioactive (rt 20.5-23.9). 1.2 mg of this
fraction was again separated by HPLC by time into five fractions, of which time-fractions
2 and 3 were found to be bioactive (rt 19.3-20.6 and 20.6-21.3). These two fractions
were analyzed by LCMS, and found to have two compounds in common with UV
maxima at 226 and 282 nm, and 286 and 336 nm, respectively. Due to the sub-milligram
quantities of these compounds, they could not be further studied at the time, however
they are the focus of a follow up study with a larger culture.
3.5 6C20
6C20 was obtained as 1.1 mg of beige solid. High-resolution mass spectrometry gave an
m/z peak at 277.1799 for [M+H]+, suggesting a chemical formula of C17H24O3
(calculated [M+H]+ 277.1798, Δ 0.29 ppm). UV absorbance spectra returned two
maxima at 250 and 312 nm.
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3.6 Echinulin
Echinulin was obtained as 1.5 mg of a beige solid. High-resolution mass spectrometry
gave an m/z peak at 462.3119 for [M+H]+, which supported a chemical formula of
C29H39N3O2 (calculated [M+H]+ 462.3115, Δ 0.86 ppm). UV absorbance spectra exhibit
maxima at 236 and 284 nm. 1H-NMR (500 MHz, chloroform-d): δ 8.05 (1H, s), 7.12 (1H
s), 6.81 (1H, s), 6.10 (1H, dd), 5.86 (1H, s), 5.66 (1H, s), 5.42 (1H, t), 5.35 (1H, t), 5.17
(2H, m), 4.41 (1H, dd), 4.10 (1H, q), 3.67 (1H, dd), 3.53 (2H, d), 3.40 (2H, d), 3.20 (1H
dd), 1.87 (3H, s), 1.81 (3H, s), 1.74 (6H, s), 1.51 (6H, s). Based on database searches for
the mass and UV trace, the structure of echinulin was suggested. NMR references for
echinulin can be found by Sohn et al22 in 400 MHz chloroform-d, matching the recorded
NMR data. Echinulin is a known cytotoxic compound which targets NADPH oxidase
and nitric oxide synthase.23 To verify the structure, a COSY spectrum was taken and the
bond correlations confirmed (See Figure 8).
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A)

B)
Figure 8: (A) 500 MHz 1H-NMR spectrum and (B) observed COSY correlations for
echinulin in CDCl3.
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3.7 Anti-Pseudomonas active fraction 6H
Twenty milligrams of anti-Pseudomonas active fraction 6H was separated by HPLC
using the HPLC 3 program in an attempt to isolate the five major components. Four
compounds were successfully isolated to over 95% purity as analyzed by LCMS: 6H rt
16, 6H rt 19, 6H rt 30, and 6H rt 43 (echinulin). None of the five compounds were found
to have bioactivity against Pseudomonas, and neither did the collected flow-though
collection. In order to examine where the bioactive molecules were hiding in fraction
6H, 4 mg were separated by HPLC by time elution into eight fractions, of which number
five showed a small amount of bioactivity (see highlight in Figure 9).

Figure 9: HPLC chromatogram showing the time-fractionation of 4 mg of 6H; the antiPseudomonas active time fraction is highlighted.
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3.8 6H16
6H16 was obtained as 0.9 mg of black solid, which obtained a vibrant pink color when
dissolved in acetonitrile. High-resolution mass spectrometry gave an m/z peak at
285.0758 for [M+H]+, suggesting a chemical formula of C16H12O5 (calculated [M+H]+
285.0757, Δ 0.18 ppm). UV absorbance spectra exhibit maxima at 252, 290, 340, and
520 nm. The compound had low solubility in acetone, water, acetonitrile, and methanol.
When dissolved in DMSO, the compound had a crimson color that did not return to the
original pink when the solvent was taken off.
3.9 6H19
6H19 was obtained as 1.2 mg of red solid, which retained its color in solution. The
compound had low solubility in acetone, water, acetonitrile, chloroform, and methanol.
Low-resolution mass spectrometry gave an m/z peak at 301.0. UV absorbance spectra
show maxima at 232, 255, 278, and 480 nm. 1H-NMR (500 MHz, DMSO-d6): δ 8.36
(1H, broad), 7.20 (1H, s), 7.10 (1H, s), 6.61 (1H, s), 3.83 (1H, s), 2.24 (3H, s).
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3.10 6H30
6H30 was obtained as 1.3 mg of a red solid, which obtained an orange color when in
solution. High-resolution mass spectrometry gave an m/z peak at 343.0807 for [M+H]+,
suggesting a chemical formula of C18H14O7 (calculated [M+H]+ 343.0812, Δ 1.54 ppm).
UV absorbance spectra returned peaks at 238, 256, 278, 304, and 486 nm. The
compound had low solubility in acetone, water, acetonitrile, and methanol. 1H-NMR
(500 MHz, DMSO-d6): δ 13.20 (1H, s), 12.21 (1H, s), 12.19 (1H, s), 11.47 (1H, broad),
7.29 (1H, s), 7.19 (1H, d), 6.62 (1H, d), 2.27 (3H, s).
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C-NMR (150 MHz, DMSO-d6): δ

187.9, 186.3, 165.5, 164.5, 156.7, 156.1, 139.8, 134.9, 129.2, 111.6, 110.2, 109.1, 108.3,
108.3, 15.9. Upon removal of the DMSO and re-injecting the NMR sample into the
LCMS, it was found that it had degraded to give an m/z peak at 287.1 for M-H. The
carbon spectrum indicates an anthraquinone-like structure (see Figure 10A), which was
supported by the presence of multiple, sharp, and downshifted proton signals. This was
further supported by COSY, HSQC, and HMBC data, yielding the two spin systems
shown in Figure 10B. The sections can be joined in two ways via the dashed bonds,
however this structure was not supported by mass-spectrometry data.

A)

B)

Figure 10: A) The base structure of an anthraquinone and B) possible fragments of 6H30
derived from NMR spectra.
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4. Discussion
Five endophytic fungi were grown under different conditions and their metabolic profiles
were analyzed by chemical screening. It was found that the strains produce a different set
of metabolites based on the type of media they were grown in. Strain G23y showed
inhibition against Pseudomonas aeruginosa, but not Bacillus subtilis, Candida albicans,
Escherichia coli, or Staphylococcus aureus in an antibacterial assay and was grown in
large-scale for further evaluation of the bioactivity. G23y produces two active
compounds found in subfractions 6C and 6H. Unfortunately, neither antibiotic could be
isolated for characterization due to the low amount produced. In total, five compounds
were isolated and characterized, one of which was identified as echinulin, a known
cytotoxin. Three of the compounds were pigments, with NMR spectra suggesting the
base structure of an anthraquinone. Future studies are planned in the lab to grow G23y
on a large scale to overcome the problem of small compound yields to isolate and
characterize the active components of the fungal metabolome.
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