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of each of the stack represents the blank followed by those incubated at 15
and 30 days, respectively. The differences are highlighted in blue boxes.

Figure 4.24

Stacked 'H NMR spectra of fungal extracts obtained from Wickersham
liquid media with (A) and without sea salt (B). Spectrum 1 at the bottom
of each of the stack represents the blank followed by those incubated at 15
and 30 days, respectively. The differences are highlighted in blue boxes.

Figure 4.25

Stacked 'H NMR spectra of M. elegance extracts obtained from marine
broth media. Spectrum 1 at the bottom of the stack represents the blank
followed by those incubated at 15 and 30 days, respectively. The
differences are highlighted in blue boxes.

Figure 4.26

Stacked *H NMR spectra of fungal extracts obtained from rice media with
(A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days,
respectively. The differences are highlighted in blue boxes.

Figure 4.27

Stacked *H NMR spectra of fungal extracts obtained from oat media with
(A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days,
respectively. The differences are highlighted in blue boxes and circles.

Figure 4.28

Percentage bacterial inhibition of biofilm-forming S. aureus
with100ug/mL of M. elegance extracts obtained from various A: liquid
and B: solid media.

Figure 4.29

Percentage bacterial viability of biofilm-forming P. aeruginosa with
100pug/mL of M. elegance extracts obtained from various A: liquid and B:
solid media.

Figure 4.30

Percentage biofilm inhibition of biofilm-forming S. aureus with100pg/mL
of M. elegance extracts obtained from various A: liquid and B: solid media.

Figure 4.31

Percentage biofilm inhibition of biofilm-forming P. aeruginosa
with100ug/mL of M. elegance extracts obtained from various A: liquid
and B: solid media.

Figure 4.32

MIC results of active M. elegance extracts against S. aureus. A: MIC of
M. elegance growing malt extracts without sea salt, B: MIC of M. elegance
growing on malt extracts with sea salt, C: MIC of M. elegance growing on
oat extracts without sea salt, and D: MIC of M. elegance growing on oat
extracts with sea salt.

Figure 4.33

MIC results of active M. elegance extracts against P. aeruginosa. A: MIC
of M. elegance growing malt extracts without sea salt, B: MIC of M.
elegance growing on malt extracts with sea salt, C: MIC of M. elegance
growing on oat extracts without sea salt, and D: MIC of M. elegance
growing on oat extracts with sea salt.

Figure 4.34

MBEC results of active M. elegance extracts against S. aureus. A: MIC of
M. elegance growing malt extracts without sea salt, B: MIC of M. elegance
growing on malt extracts with sea salt, C: MIC of M. elegance growing on
oat extracts without sea salt, and D: MIC of M. elegance growing on oat
extracts with sea salt.
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Figure 4.35

MBEC results of active M. elegance extracts against P. aeruginosa. A:
MIC of M. elegance growing malt extracts without sea salt, B: MIC of M.
elegance growing on malt extracts with sea salt, C: MIC of M. elegance
growing on oat extracts without sea salt, and D: MIC of M. elegance
growing on oat extracts with sea salt.

Figure 4.36

PCA scatter plot of NMR spectral data of M. elegans extracts obtained
from various growth media incubated at 15 and 30 days.

Figure 4.37

OPLS-DA scatter (A) and loading (B) plots of the NMR spectral data of
M. elegans extracts obtained from various growth media incubated at 15
and 30 days. Extracts were classified according to their antimicrobial
activity against both biofilm-forming S. aureus and P. aeruginosa.

Figure 4.38

PCA scatter plot obtained from LC-HRMS data of M. elegance extracts
obtained from various media incubated for 15 and 30 days.

Figure 4.39

OPLS-DA scatter plot of LC-HRMS data of M. elegans extracts obtained
from various media incubated at 15 and 30 days. Extracts were grouped
according to their antimicrobial activity against both biofilm-forming S.
aureus and P. aeruginosa.

Figure 4.40

OPLS-DA loadings plot of LC-HRMS data of M. elegans extracts obtained
from various media incubated at 15 and 30 days. Group of discriminating
features for antimicrobial active extracts is encircled in red.

Figure 4.41

Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 4.12 have been
labelled.

Figure 4.42

Histogram of extract weights of H. rubiginosum obtained from various (A)
liquid and (B) solid media incubated for 15 and 30 days.

Figure 4.43

Stacked *H NMR spectra of H. rubiginosum extracts obtained from malt
extract liquid media with (A) and without sea salt (B). Spectrum 1 at the
bottom of each of the stack represents the blank followed by those
incubated at 15 and 30 days, respectively. The differences are highlighted
in blue boxes.

Figure 4.44

Stacked 'H NMR spectra of H. rubiginosum extracts obtained from
Wickersham liquid media with (A) and without sea salt (B). Spectrum 1 at
the bottom of each of the stack represents the blank followed by those
incubated at 15 and 30 days, respectively. The differences are highlighted
in blue boxes.

Figure 4.45

Stacked *H NMR spectra of H. rubiginosum extracts obtained from marine
broth media. Spectrum 1 at the bottom of the stack represents the blank
followed by those incubated at 15 and 30 days, respectively. The
differences are highlighted in blue boxes.

Figure 4.46

Stacked 'H NMR spectra of H. rubiginosum extracts obtained from rice
media with (A) and without sea salt (B). Spectrum 1 at the bottom of each
of the stack represents the blank followed by those incubated at 15 and 30
days, respectively. The differences are highlighted in blue boxes.

Figure 4.47

Stacked 'H NMR spectra of H. rubiginosum extracts obtained from oat
media with (A) and without sea salt (B). Spectrum 1 at the bottom of each
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of the stack represents the blank followed by those incubated at 15 and 30
days, respectively. The differences are highlighted in blue boxes.

Figure 4.48

Percentage bacterial inhibition of biofilm-forming S. aureus with
100pg/mL of H. rubiginosum extracts obtained from various A: liquid and
B: solid media.

Figure 4.49

Percentage bacterial inhibition of biofilm-forming P. aeruginosa with
100pg/mL H. rubiginosum extracts obtained from various A: liquid and B:
solid media.

Figure 4.50

Percentage biofilm inhibition of biofilm-forming S. aureus with 100ug/mL
of H. rubiginosum extracts obtained from various A: liquid and B: solid
media.

Figure 4.51

Percentage bacterial inhibition of biofilm-forming P. aeruginosa with
100pg/mL H. rubiginosum extracts obtained from various A: liquid and B:
solid media.

Figure 4.52

MIC results of antibacterial H. rubiginosum extracts against S. aureus. A:
MIC of H. rubiginosum growing rice media without sea salt, B: MIC of H.
rubiginosum growing on rice media with sea salt, C: MIC of H.
rubiginosum growing on oat extracts without sea salt, and D: MIC of H.
rubiginosum growing on oat extracts with sea salt.

Figure 4.53

MIC results of antibacterial H. rubiginosum extracts against P. aeruginosa.
A: MIC of H. rubiginosum growing rice media without sea salt, B: MIC of
H. rubiginosum growing on rice media with sea salt, C: MIC of H.
rubiginosum growing on oat extracts without sea salt, and D: MIC of H.
rubiginosum growing on oat extracts with sea salt.

Figure 4.54

MBEC results obtained from antibacterial H. rubiginosum extracts against
S. aureus by planktonic assay. A: MIC of H. rubiginosum growing rice
media without sea salt, B: MIC of H. rubiginosum growing on rice media
with sea salt, C: MIC of H. rubiginosum growing on oat extracts without
sea salt, and D: MIC of H. rubiginosum growing on oat extracts with sea
salt.

Figure 4.55

MBEC results obtained from antibacterial H. rubiginosum extracts against
P. aeruginosa. A: MIC of H. rubiginosum growing rice media without sea
salt, B: MIC of H. rubiginosum growing on rice media with sea salt, C:
MIC of H. rubiginosum growing on oat extracts without sea salt, and D:
MIC of H. rubiginosum growing on oat extracts with sea salt.

Figure 4.56

PCA scatter plot of proton NMR spectral data of H. rubiginosum extracts
obtained from various media incubated for 15 and 30 days.

Figure 4.57

OPLS-DA scatter (A) and loadings (B) plots of the *H NMR spectral data
of H. rubiginosum extracts obtained from various media incubated at 15
and 30 days. Extracts were grouped according to their antimicrobial
activity against both biofilm-forming S. aureus and P. aeruginosa.

Figure 4.58

(A) PCA scatter and (B) loading plots of the LC-HRMS data of H.
rubiginosum extracts obtained from various media incubated for 15 and 30
days.

Figure 4.59

OPLS-DA scatter plot of LC-HRMS data of H. rubiginosum extracts
obtained from various media incubated at 15 and 30 days. Extracts were
grouped according to their antimicrobial activity against both biofilm-
forming S. aureus and P. aeruginosa.
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Figure 4.60

OPLS-DA loadings plot of LC-HRMS data of H. rubiginosum extracts
obtained from various media incubated at 15 and 30 days. Extracts were
grouped according to their antimicrobial activity against both biofilms
forming S. aureus and P.aeruginosa.

Figure 4.61

Putative structures of dereplicated target bioactive metabolites found in the
anti-microbial extracts of H. rubiginosum.

Figure 4.62

Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 4.18 have been
labelled

Figure 5.1

Chemical structure of metabolites produced by degradative enzymes in D.
salina grown on various media.

Figure 5.2

Antimicrobial assay of crude fractions from liquid-liquid partitioning of
total crude extract of D. salina grown on malt extract broth using
AlamarBlue® assay and planktonic assay as indicated by the % bacterial
growth after treatment with respective extracts shown.

Figure 5.3

MPLC system and flasks used to collect fractions.

Figure 5.4

Summary TLC plates for the pooled fractions after spraying with
anisaldehyde reagent

Figure 5.5

AlamarBlue® and planktonic assays of D. salina fractions

Figure 5.6

Stacked 'H NMR spectra of 15 MPLC fractions. Highlighted spectra
represent the bioactive fractions

Figure 5.7

(A) PCA scatter and (B) loading plots of the NMR spectral data of the
MPLC fractions. The R2X and QX values were 1.00 and 0.99,
respectively.

Figure 5.8

DMod X results to test the occurrence of true outliers. Variables above the
red line are the true outliers that includes Fractions 1, 6, and 13.

Figure 5.9

OPLS-DA scatter (A) and loadings (B) plots of the NMR spectral data of
the MPLC fractions grouped according to their antimicrobial activity
against biofilm-forming S. aureus and P. aeruginosa. R%X and Q%X values
were 0.999 and 0.802, respectively. While The difference within group
R2Xo is equal to 23% and the difference between groups (R2X[1]) is equal
to 13%.

Figure 5.10A

PCA scatter plot of the mass spectral data of the MPLC fractions.

Figure 5.10B

OPLS-DA loadings plot of the mass spectral data of the MPLC fractions.
R2X, R%Y and QX values are equal to 0.743, 1.00 and 0.759 respectively.

Figure 5.11A

OPLS-DA scatter plot of the mass spectral data of the MPLC fractions.
Fractions are grouped according to their antimicrobial activity against both
biofilms forming S. aureus and P. aeruginosa.

Figure 5.11B

OPLS-DA loadings plot of LC-HRMS data. Discriminatory features for
antimicrobial active fractions are encircled and labelled with their MW.
Their relative abundance in the respective fractions are shown in the bar
graph.

Figure 5.12A

Compound hits for discriminatory feature P_2626 with a RT of 5.9 min, a
molecular weight of 184.073 Da, and a molecular formula of CgH1204.

Figure 5.12B

Compound hits for discriminatory feature P_1491 with a RT of 19.4 min,
a molecular weight of 234.125 Da, and a molecular formula of C14H150:s.

Figure 5.13

Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 5.5 have been labelled.
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Figure 5.14 TLC of bioactive fractions of D. salina grown on malt extract.

Figure 5.15 Preparative TLC of MPLC fraction 2 from crude extract of D. salina grown
on malt extract media with sea salts.

Figure 5.16 (A) Stacked proton NMR spectra of fraction 2 subfractions and (B)
fraction F2-1 proton NMR spectra with integration and chemical shifts

Figure 5.17 High-resolution mass spectral data for linoleic acid.

Figure 5.18 'H NMR spectrum of Compound 2-1 structurally elucidated as linoleic
acid.

Figure 5.19 COSY NMR spectrum of Compound 2-1 structurally elucidated as linoleic
acid

Figure 5.20: TLC of fraction 4 developed in 95:5 DCM and MeOH.

Figure 5.21: Stacked H* NMR spectrum of the preparative TLC bands targeted for
further analysis and structure elucidation.

Figure 5.22: | *H NMR of Fraction 4-1.

Figure 5.23 High-resolution mass spectral data for orsellinic acid.

Figure 5.24 'H and 3C NMR spectra of orsellinic acid in DMSO-ds at 400 and 100
MHz, respectively.

Figure 5.25 HMBC spectrum of orsellinic acid in DMSO-ds. Blue connecting lines
represent the CH direct signals.

Figure 5.26 'H and *C NMR spectra of orcinol in DMSO-ds at 400 and 100 MHz,
respectively.

Figure 5.27 HMQC (above) and HMBC (below) spectrum of orcinol in DMSO-de.

Figure 5.28 2,6-dimethoxy-1,4-benzoquinone chemical previously reported from D.
salina (Bramhachari et al., 2019)

Figure 5.29 High-resolution mass spectral data for F4-6. Inset shows the relative
abundance of F4-6 in the different fractions that is highest in Fraction 6.

Figure 5.30 Hypothetical oxidation of compound F4-6 during isolation work.

Figure 5.31A | *H NMR spectrum of F4-6 in DMSO-ds at 500 MHz.

Figure 5.31B | *H-'H COSY NMR spectrum of F4-6 in DMSO-ds at 400 MHz.

Figure 5.32 13C NMR spectrum of F4-6 in DMSO-ds at 500 MHz.

Figure 5.33 HMQC spectrum of F4-6 in DMSO-ds at 500 MHz.

Figure 5.34 HMBC spectrum of F4-6 in DMSO-de at 500 MHz.

Figure 5.35 Chemical structure of 2,5-dihydroxy-3-(hydroxymethyl) benzoic acid (F4-
6) and orsellinic acid.

Figure 5.36 Structures of oenostacin and a synthetic precursor analogue (Srivastava et
al., 2007).

Figure 5.37 AlamarBlue® and planktonic assays of liquid-liquid partitioning extract
against biofilm-forming S. aureus and P. aeruginosa.

Figure 5.38 Summary TLC plate of MPLC fractions of fungal extract obtained from
the oat media. TLC was developed in MeOH:DCM 2:98.

Figure 5.39 AlamarBlue® and planktonic assay results of MPLC fractions of D. salina
grown on oat solid media fractions.

Figure 5.40 Stacked *H NMR spectrum of MPLC fractions of D. salina grown on oat
solid media. Highlighted spectra represent the bioactive fractions

Figure 5.41 PCA scatter plot of the *H NMR spectral data of (A) all MPLC fractions
and (B) with the exception fraction-12 of the EtOAc extract of D. salina
grown on oat solid media.

Figure 5.42 PCA loadings plot (A) of the *H NMR spectral data of the MPLC fractions

with the exception fraction-12 of the EtOAc extract of D. salina grown on
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oat solid media. The relative abundance of the discriminating peaks for
Fraction-2 (B) and Fraction-9 (C).

Figure 5.43 OPLS-DA scatter (A) and loadings (B) plots of *H NMR spectral data of
the MPLC fractions grouped according to their antimicrobial activity.
Encircled in red are the discriminatory features for the antimicrobial-active
fractions. R?and Q? are 1.00 and 0.37, respectively, for 9 components.

Figure 5.44 PCA (A) and OPLS-DA (B) scatter plot of the LC-HRMS data of the
MPLC fractions of the extracts of D.salina grown on oat solid media.

Figure 5.45 (A) OPLS-DA loadings of the LC-HRMS data of the MPLC fractions
obtain from the extract of D.salina grown on oat solid media crude extracts
fractions. (B) Peak areas showing the relative abundance of discriminatory
features of the antimicrobial fractions. (C) VIP plot of top 10 features
differentiating the active and inactive fractions. The red bars represent the
features from the antimicrobial fractions.

Figure 5.46 Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 5.15 have been
labelled.

Figure 5.47 Total lon Chromatogram (TIC) of fraction 2 with assigned [M+H] and [M-
H] of the major peaks: [M+H] values are in blue boxes and [M-H] value in
red box.

Figure 5.48 Summary TLC plate developed with MP of DCM:MeOH 99:1.

Figure 5.49 Stacked *H NMR spectra of the fraction-2-subfractions obtained by flash
chromatography equipped with an evaporative light scattering detector
(ELSD).

Figure 5.50 Stacked *H NMR spectra of preparative-TLC subfractions from the pooled
fractions 2-1 and 2-2.

Figure 5.51 'H spectra of compounds F2-2-2 and F4-6.

Figure 5.52 Stacked 'H NMR spectra of fraction-3-subfractions obtained by flash
chromatography.

Figure 5.53 Chemical structure of compound F3-1

Figure 5.54 Extracted ion chromatogram for the mass spectral data of F3-1 at the ion
peak m/z 393.29934 [M-H].

Figure 5.55 'H NMR spectrum of compound F3-1 in DMSO-ds measured at 400 MHz.

Figure 5.56 Correlation (2D-COSY) NMR spectrum of compound F3-1 in DMSO-d6.

Figure 5.57 HSQC NMR spectrum of compound F3-1 in DMSO-ds at 500 MHz.

Figure 5.58 HMBC NMR spectrum of compound F3-1 in DMSO-ds at 500 MHz.

Figure 5.59 Chemical structure of Compound F3-3

Figure 5.60 Extracted ion chromatogram for the mass spectral data of F3-3 at the ion
peak m/z 355.28425 [M+H].

Figure 5.61 'H NMR spectrum of compound F3-3 in DMSO-ds at 400 MHz.

Figure 5.62 Correlation (2D-COSY) NMR spectrum of compound F3-3 in DMSO-d6.

Figure 5.63 13C, DEPT and HMQC NMR spectra of compound F3-3 in DMSO-ds.

Figure 5.64 HMBC NMR spectrum of compound F3-3 in DMSO-ds.

Figure 5.65 Summary TLC plate for fraction 10 fractionation.

Figure 5.66 Stacked 'H NMR spectra of the MPLC sub-fractions of fraction 10 in
DMSO-ds recorded at 400 MHz.

Figure 5.67 Chemical structure of compound F10-2 (turnagainolide A)

Figure 5.68 Extracted ion chromatogram for the mass spectral data of F10-2 at the ion

peak m/z 557.33406 [M+H].
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Figure 5.69 Structures of dereplicated compound hits for ion peak at m/z 557.33406
[M+H] for the molecular formula C3o0H44N40s.

Figure 5.70 'H NMR spectrum of Compound 10-2 in DMSO-dg at 500 MHz.

Figure 5.71 COSY spectrum of Compound 10-2 in DMSO-de at 400 MHz.

Figure 5.72 HMBC spectrum of Compound 10-2 in DMSO-ds at 500 MHz.

Figure 5.73 HSQC spectrum of Compound 10-2 in DMSO-ds at 500 MHz. Red
correlations are CHs and CHss while blue are CHzs.

Figure 5.74 (A) TOCSY spectrum of F10-2 in DMSO-ds at 400 MHz. (B) Carbonyl
region of the HMBC spectrum of F10-2 at 500 MHz. (C) Important HMBC
correlations to establish the amino acid sequence in the peptide structure
of F10-2.

Figure 5.75 Chemical structure of compound F10-8 (1-O-(9Z,12Z-octadecadienoyl)
glycerol-3-O-[D-galactopyranosyl-(1—6)a -D-galactopyranoside]

Figure 5.76 Extracted ion chromatogram for the mass spectral data of F10-8 at the ion
peak m/z 679.3900 [M+H].

Figure 5.77 Compound hits for the molecular formula C3sHsgO14 dereplicated from the
DNP.,

Figure 5.78 'H and *C NMR spectra of Compound 10-8 in DMSO-ds at 500 MHz

Figure 5.79 2D COSY and TOCSY spectra of Compound 10-8 in DMSO-ds at 500
MHz

Figure 5.80 2D HMBC spectrum of Compound 10-8 in DMSO-ds at 500 MHz
illustrating the connectivity (H to C) of the three moities in its structure
with bold arrows.

Figure 5.81 2D HSQC spectrum of Compound 10-8 in DMSO-ds at 500 MHz
highlighthing the sugar region.

Figure 6.1A Compounds isolated from the fungal extract of D. salina grown on malt
extract broth media with sea salt.

Figure 6.1B Compounds isolated from the fungal extract of D. salina grown on oat
media without sea salt.

Figure 6.2 Distribution of the isolated compounds between the active and inactive quadrant
by OPLS-DA. Positive projection are the predicted compounds with
antimicrobial activity and compounds on the negative projection are predicted to
be inactive. lon peaks with the same retention time but ionises in both modes were
plotted twice.

Figure 6.3 Relative abundance of the isolated compounds in various MPLC fractions.

Figure 6.4 OPLS-DA score contribution plot of active features in antimicrobial

extracts and corresponding outlying fractions. Y-axis is the weighed VIP
scores in the active quadrant. X-axis is the feature number arranged
acccording to m/z. Colour range blue to red is from low to high m/z. A)
Active extract obtained from D. salina incubated for 30 days on malt
extract media with sea salt. B) Active extract obtained from D. salina
incubated for 30 days on oat media without sea salt. C) Outlying active
Fraction-6 obtained from scaled-up fungal extract derived from malt
extract media. D) Outlying active Fraction-5 obtained from scaled-up
fungal extract derived from oat media. Asterisk (*) on ion peak at m/z
265.107 signifies similar ion peak detected from antimicrobial-active
fungal extract obtained malt extract agar plates.

20| Page




Figure 6.5

Proposed biosynthetic pathway of orsellinic acid, orcinol and 2,5-
dihydroxy-6-hydroxymethy) benzoic acid isolated from D. salina grown
on malt extract broth with sea salt (adapted from Chooi et al., 2008).

Figure 6.6A

Proposed biosynthetic pathway of linoleic acid and its derivatives isolated
from D. salina grown on malt extract broth and oat solid media,
respectively. (Adapted from Akpinar-Bayizit, 2014 and Gajewski et al.,
2017)

Figure 6.6-B

Proposed biosynthetic pathway of linoleic acid and its derivatives isolated
from D. salina grown on malt extract broth and oat solid media,
respectively.

Figure 6.7

Proposed biosynthetic pathway of turnagainolide A isolated from D. salina
grownon oat solid media.

Figure 6.8A

Chemical structure of bioactive compounds isolated from marine source against
biofilm-forming microbes.

Figure 6.8-B

Chemical structures of bioactive compounds isolated from marine source against
biofilm-forming microbes.

Figure 6.9

Some compounds responsible for quorum sensing in biofilm-forming
microbes.

Figure 7.1

Schematic diagram representing the integration of molecular and
cultivational approaches on silent gene cluster to increase the biodiversity
and the yield of the produced compounds.
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extracts obtained from various media incubated at 15 and 30 days.
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10 VIP (Variable Importance in Projection. Features are arranged according
to increasing FDR (False Discovery Rate).

Table 5.16 Yields of subfractions of fraction 2 obtained by Reveleris flash
chromatography.

Table 5.17 Yields of preparative-TLC subfractions from the pooled fractions 2-1 and 2-
2.

Table 5.18 Yields of subfractions of fraction 3 obtained by flash chromatography.

Table 5.19 NMR spectral data for compound F3-1 in comparison to synthesized 1,2-
acetonide-3-(9,12-octadecadienoyl)glycerol (Fraser et al., 2007).

Table 5.20 NMR spectral data for compound F3-3 in comparison to F3-1 in DMSO-de
in 400 MHz for *Hs «nd 100 MHz for *3Cs.

Table 5.21 Yield of pooled MPLC sub-fractions of fraction 10

Table 5.22 NMR spectral data for compound F10-2 in DMSO-ds in 500 MHz.

Table 5.23 NMR spectral data for compound F10-8 in MeOD at 500 MHz for 6H and
at 125 MHz for 5C.

Table 5.24 13C NMR spectral data for compound F10-8 measured at125 MHz in
comparison to literature at 67.5 MHz (Yoshikawa et al 1994).

Table 5.25 13C NMR spectral comparison from Glycosciences.DB with a match score
of 72.50% (http://www.glycosciences.de/).

Table 5.26 AlamarBlue® and planktonic assay results against biofilm-forming S.
aureus and P. aeruginosa for 100pg/ml concentration of bioactive
subfractions obtained from D. salina grown on malt extract broth.
Highlighted rows represent bioactive fractions at a threshold of less than
30% viability.

Table 5.27 AlamarBlue® and planktonic assay results against biofilm-forming S.
aureus and P. aeruginosa for 100ug/ml concentration of subfractions
obtained from D. salina grown on oat solid media. Highlighted rows
represent bioactive fractions at a threshold of less than 30% viability.

Table 5.28 MIC and MBEC results of isolated compounds from D. salina extracts
against biofilm-forming S. aureus and P. aeruginosa. Gentamicin was used
as positive control.

Table 6.1 List of active antibiofilm compounds isolated from marine environment. Structures

of compounds are illustrated in Figures 6.8-A and -B
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Abstract

In the search for a new antimicrobial bioactive compound from natural source against both
biofilm-forming Staphylococcus aureus and Pseudomonas aeruginosa, endophytic fungi
associated with seaweeds are an interesting source of bioactive secondary metabolites. Twenty-
four endophytes were isolated from eight different Scottish seaweeds namely; Ascophyllum
nodosum, Laminaria hyperborean, Ulva intestinalis, Ulva lactuca, Himanthalia elongata,
Fucus vesiculosis, Fucus serratus, and Fucus spiralis. Endophytes responsible for producing
bioactive compounds were identified using internal transcribed spacer (ITS) gene sequencing.
Depending on their biological activity and chemical profiles, three endophytic fungi, namely;
Dendryphiella salina (D. salina), Hypoxylon rubiginosum (H. rubiginosum), and Mariannaea
elegans (M. elegance) were identified and subjected for media optimisation studies on five
liquid media and four solid media in three different incubation periods. For liquid media; this
included: malt extract broth with and without sea salt, Wickersham liquid media with and
without sea salt and lastly, marine broth. While for the solid media, rice and oat, both with and
without sea salt were used. The chemical profile for each extract was monitored using Liquid
Chromatography-High Resolution Mass Spectrometry (LC-HRMS) and nuclear magnetic
resonance spectroscopy (NMR). Antimicrobial activity was monitored using both
AlamarBlue® and planktonic assays. The appropriate medium and the incubation period were
chosen for a scale-up of the selected endophytic fungus according to the following factors: 1)
higher yield, 2) improved antimicrobial activity, and 3) diverse chemical profile. Based on

these factors, D. salina was chosen for scale-up and isolation work.

D. salina was grown on malt extract with salt and oat without salt. The scaled-up extracts of
D. salina were subjected to liquid-liquid partitioning followed by fractionation using either
medium pressure flash chromatography or flash chromatographic technique. The first
fractionation of the scaled-up extracts was tested against both biofilm-forming S. aureus and
P. aeruginosa and analysed using *H NMR and LC-HRMS. The HRMS data was processed
using MZmine followed by dereplication using an in-house method then subjected to
orthogonal partial least square-discriminant analysis (OPLS-DA). OPLS-DA results were used
determine the antimicrobial active secondary metabolites. As a result, eight compounds were
isolated from the bioactive fractions of D. salina. D. salina grown on malt extract broth yielded
linoleic acid, orsellinic acid, orcinol and 2,5-dihydroxy-3-(hydroxymethyl)benzoic acid.
While D. salina inoculated on oat solid media afforded the acetonide and glycerylglycoside

derivatives of linoleic acid along with the peptide turnagainolide A. All isolated compounds,
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except for linoleic acid and its glycerol congener, displayed antibiofilm activity with MBEC
(Minimum Biofilm Eradication Concentration) values between 45 and 360 uM concentrations
against biofilm-forming bacteria S. aureus and P. aeruginosa. F10-2 (turnagainolide A) and
F10-8 (gingerglycolipid B stereoisomer) displayed the highest potency with MIC and MBEC

values between 45 and 75 uM concentrations.

Conclusion: Endophytic D. salina derived from Scottish seaweed L. hyperborea grown on
malt extract broth and oat solid media showed the ability to produce compounds with
antimicrobial bioactivity against biofilm-forming bacteria. In addition, three new antimicrobial
natural products: 2,5-dihydroxy-3-(hydroxymethyl)benzoic acid along with an acetonide and
glycerylglycoside derivatives of linoleic acid were isolated from D. salina extracts. Thus,

marine endophytic fungi are promising source of bioactive compounds.
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1 General Introduction

1.1 Hypothesis and study aims

The question of the study: Are endophytic fungi derived from Scottish seaweeds good sources
of new bioactive compounds with antimicrobial activity against biofilm-forming S. aureus and

P. aeruginosa?

Hypothesis: Applying metabolomics processes, specifically PCA and OPLS-DA, to search for
antimicrobial bioactive compounds from endophytic fungi associated with Scottish seaweeds
will aid in pinpointing the biologically active compounds in the first fractionation step, thus
saving time typically consumed in the traditional bioassay-guided isolation process. These
compounds will be targeted, isolated, identified, and tested to ensure their activity as
antimicrobial compounds. Moreover, early-stage dereplication will help isolate new

compounds.

The aim of this study is to isolate active antimicrobial compounds from seaweed-associated
endophytes. Eight Scottish seaweeds, Ascophyllum nodosum, Laminaria hyperborean, Ulva
intestinalis, Himanthalia elongata, Fucus serratus, Fucus vesiculosis, Ulva lactuca, and Fucus

spiralis, were chosen for this purpose. The following research objectives will be accomplished:

1. Endophytic fungi will be isolated from the seaweeds and identified using ITS gene

sequencing.

2. The obtained endophytic fungi will be screened for antimicrobial activity. A selected
endophyte will be scaled-up based on their biological activity and chemistry.

3. A specific type of media will be used for the scaling-up process. Thus, media
optimisation will be done for each of the endophytic fungus. The medium which will
facilitate the best yield, the most chemically diverse extract, and the most potent
biological activity for each endophytic fungus, will be chosen for the scaling-up

processes.

4. A metabolomic bioassay-guided approach will be designed for each of the scaled-up
endophytes, to identify the biologically active compounds against microbial growth and
their effects on biofilm formation.
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5. Fractionation will be accomplished to isolate the targeted antimicrobial active

compounds.
6. NMR and LC-HRMS will be used to identify the isolated compounds.

7. The isolated compounds will be tested against methicillin sensitive Staphylococcus

aureus and Pseudomonas aeruginosa.

1.2 Drug discovery

The demands for novel chemical compounds to be used as therapeutic agents are increasing
every day. These demands have been motivated by many reasons such as the emerging of new
diseases and infections, plus the advances in the instruments used for analysis. The increasing
incidence of multi-drug resistant microbes, which cause deathly infections is one of these
reasons that are boosting the field of discovering new chemical compounds that can overcome
these infections (Strobel, 2003, Yu et al., 2010, Alvin et al., 2014, Wu et al., 2015).
Furthermore, life-threatening diseases, such as cancer and microbial infections are playing

important role on keeping drug discovery processes moving on (Alvin et al., 2014).

Drug discovery can be accomplished by three different pathways depending on the source, type
and classes of compounds. The first pathway of discovering new bioactive compounds is by
exploring various natural sources. These chemical compounds are produced by both macro and
microorganisms through different biosynthetic routes (Alvin et al., 2014). While the second
pathway is by computer-based drug design (CBDD), where the chemical compound is designed
in-silico by a computer software to fit and interact with a specific active site or receptor
(Mandal et al., 2009). Finally, there is the utilisation of combinatorial chemistry, where
libraries are produced by large number of synthesised compounds to be tested against specific
targets, then followed by data analysis for the most potent drugs between the various congeners
(Gallop et al., 1994, Liu et al., 2017a).

Recently, pharmaceutical companies and research centres have been interested in employing
the 2nd and the 3rd pathways (CBDD and combinatorial drug discovery) of drug discovery by
involving new technologies such as 3D X-ray crystallography, drug-docking, and computer-
based tools in their favour (Muller, 2009). However, computer-based drug design and
combinatorial drug discovery have been facing difficulties as well. These difficulties involve
the need for knowledge on the mechanism of elucidating target receptors (Barry and Blanchard,

2010). In addition, most of these chemically-synthesised compounds pose many side effects
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and environmental concerns (Strobel and Daisy, 2003). Even more, the high cost to discover
novel compounds and marketing them later are adding more pressure on these pathways of

drug discovery (Alvin et al., 2014).

1.2.1 Natural source for drug discovery

Natural products (NP) are chemical compounds produced by a living macro or microorganism,
such as animals, plants, seaweeds, bacteria and fungi. Plants are the biggest source of natural
compounds between all sources. Even though, marine sources, especially marine endophytes,
have yielded many of the biologically active secondary metabolites (Harvey, 2008, Sarker and
Nahar, 2012, Alvin et al., 2014).

Natural products are divided into two groups of compounds that include primary and secondary
metabolites. Primary metabolites such as glucose, amino acids and some fatty acids are
compounds produced by living organisms and are essential for its life cycle and its physical
activity. Whereas secondary metabolites are low or high molecular weight compounds that are
produced by the organism to adapt to a specific situation or environment and are produced by

a gene translation process. (Harvey et al., 2015, Nisa et al., 2015).

Records on the utilisation of natural products date back before 2600 BC by using oils of
Cupressus sempervirens and Commiphora species (myrrh) (Cragg and Newman, 2005b).
These oils were used by people in Mesopotamia for the treatments of cough and inflammation
(Cragg and Newman, 2005b). The Eber papyrus from 2900 BC is an Egyptian pharmaceutical
record of 700 plant-based drugs ranging from many drug formulation such as gargles, pills,
infusions, to ointments (Dias et al., 2012). In addition, in 1100 BC, the Chinese Materia Medica
had documented 52 prescriptions. Furthermore, Shennong Herbalrom from 100 BC recorded
365 drugs, and the Tang Herbal at 659 AD recorded 850 drugs (Cragg and Newman, 2005b).
All therapeutic preparations mentioned before were produced from a plant source. On the other
hand, microorganisms have also been used before as a source of natural medicinal preparations.
A first example is the fungus Piptoporus betulinus, which grows in birches, it was incorporated
in charcoal to be used as an antiseptic and disinfectant (Swanton, 1914). In addition, P.
betulinus strips were earlier used as corn pads for staunching bleeding (Swanton, 1932). A
second example is Agaricus campestris found in the Caribbean, which was reported to be used
for throat cancer by stewing the fungi in milk (Hatfield, 1994). Furthermore, lichens have also
been utilised such as Usnea dillenius that was used for scalp diseases, and sold as an ingredient

for anti-dandruff shampoo while it was also described to treat sore eyes in Ireland (Zavarzina
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and Zavarzin, 2006). Many famous examples of medicines based on traditional basis or natural
products are still being used nowadays. A famous example is the anti-inflammatory agent,
acetylsalicylic acid which was derived from the natural product salicin isolated from the willow
tree (Suntar, 2019). As well as, opium poppy which produced the commercially and clinically
important analgesic drug morphine (Stntar, 2019). Another example of a drug based from a
natural source is the cardiotonic glycoside digitoxin isolated form Digitalis purpurea L., and it
could be traced back to Europe in the 10" century, but was only discovered after 1700 to
improve cardiac conditions, especially with patients facing heart failure (Sintar, 2019).
Likewise, quinine drugs isolated from Cinchona succirubra Pav. were used for many diseases
such as malaria, fever, indigestion, mouth and throat diseases as well as cancer (Suntar, 2019).
Additionally, L-histidine derivative of pilocarpine isolated from Pilocarpus jaborandi have
been used for the treatment of different glaucoma cases (Siintar, 2019). Finally, the antibiotic
penicillin isolated from Penicillium mould was the beginning of the golden era of antibiotics

to treat microbial infections.
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Figure 1.1: Important compounds isolated from natural sources. (1): acetylsalicylic acid,

(2): salicin, (3): morphine, (4): digitoxin, (5): quinin, (6): pilocarpine and (7): penicillin.

1.2.2 Combinatorial drug discovery

Combinatorial drug discovery involves the generation of huge numbers of structurally diverse

compounds from different chemical groups, which are called compound libraries. Such
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libraries would catalogue compounds according to their physicochemical properties such as,
solubility, permeability, type of interaction, easiness of formulation and fitting with the binding
cavity of the targeted enzymes (Liu et al., 2017b). Active chemical compounds would be
categorised on their biological activity and mechanism of action (Liu et al., 2017Db).
Combinatorial chemistry was introduced in the 1980’s during the invention of Geysen’s multi-
pin technology(Houghten, 1985). The compounds in the libraries can be screened by two ways,

as follows:

Virtual screening is based on computer simulations, by predicting the interaction
between compounds and a target receptor or structurally-related compounds (Liu et al.,
2017b). Virtual screening can be done by three methods that included molecular docking,
pharmacopeia mapping and quantitative structure-activity relationship (Liu et al.,
2017b). The major problem with virtual screening is the inability to exclude real
biological activity testing of these compounds (Liu et al., 2017b). Virtual screening is

fundamentally done in a dry lab environment.

Experimental screening is accomplished in a wet lab (Liu et al., 2017b). The invention
of the high-throughput screening (THS) made the screening methodology easier and
faster, in which hundreds of thousands of compounds coud be tested providing a real-
time result in a short period with least effort (Liu et al., 2017b). Even though, there is a
time advantage through THS, it actually still needs plenty of time to set-up and its

considered to be more time consuming than virtual screening (Liu et al., 2017b).

Structural information provided by the different libraries on molecular binding between
compounds and receptors guided the rational selection for the best compounds in the library,
which lead also to affect the design of the library (Terrett et al., 1995). Many examples on
combinatorial drug discovery were found to be successful. For instance, plasmid relaxation
assay was used from a solution phase library (Marcon et al., 2010). This afforded the discovery
of an antiprotozoal compound (such as, fluorophenyl ethers) against Leishmania donovani with
no toxicity to the normal mammalian cells (Marcon et al., 2010). Another example is the OBOC
peptidomimetic library (Guan et al., 2012), that utilised a cell binding assay for asf1 integrin
ligand screening and generated the development of the drug LLP2A-alendronate for the

treatment of osteoporosis (Guan et al., 2012)
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1.2.3 Computer-based drug discovery (CBDD)

Computer-based drug discovery and development processes has been getting more
implementable, extensive, and popular (Kapetanovic, 2008). Many names are used to describe
computer-based drug discovery, such as computer-aided molecular design (CAMD),
computer-aided molecular modelling (CAMM), rational drug design, in-silico drug design and
computer-aided drug design (Kapetanovic, 2008). Computer-based drug discovery (CBDD)

involves the following objectives:

1- To streamline drug discovery and development process using computing abilities
(Kapetanovic, 2008).

2- To provide a strong source of chemical and biological information about the legends
and/or targets, which would aid in the identification and the optimisation of new drugs
synthesis (Kapetanovic, 2008).

3- To eliminate compounds with low interest for further drug development due to their
inept physicochemical and biological properties, such as (absorption, distribution and
metabolism) and (excretion, toxicity and biological activity) respectively (Kapetanovic,
2008).

The increased interest in CBDD had pushed companies to upgrade the needed software to be
specifically used for drug design and identification of molecular targets coupled to a publicly
available database to target protein structure (Kapetanovic, 2008). Furthermore, this
improvement in the software led computer companies to improve their hardware power and
sophistication (Kapetanovic, 2008). Biological activity testing of the selected compounds
would be done in two ways similar to combinatorial drug discovery, which would either be by
virtual or real-time screening (Kapetanovic, 2008). CBDD has been enrolled in important
pathways for drug discovery as presented in the workflow shown in Figure 1.2. The advantage
of using CBDD over a natural source and combinatorial chemistry for drug discovery is the
ability to increase the hit rates for novel compounds (Sliwoski et al., 2014). In addition, CBDD
has a higher capability to predict the biological activity on a molecular basis along with the
plausible derivatives that would enhance the biological activity of the selected compounds
(Abagyan et al., 1994).

Many drugs and mechanisms of actions have been discovered using CADDD with potent

bioactivity against specific target like the discovery of Tip60 (Gao et al., 2014). Another
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example of CADDD was the using of virtual screening of thymidine monophosphate kinase

inhibitor, as antitubercular agents by Gopalakrishnan et al., 2005 (Gopalakrishnan et al., 2005).
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Figure 1.2: CBDD position in drug discovery process flowchart(Gopalakrishnan et al.,
2005).

CBDD position in drug discovery

1.3 Natural products

Natural environments have been used as a source of many pharmacologically active
compounds used as medicines from the old ages until now (Harvey, 2008). The information
provided by research centres, educational institutions, and pharmaceutical manufacturers show
that approximately half of the approved drugs between 1981 and 2007 are from natural source
or derived from natural products (Newman and Cragg, 2016). Many of these compounds were

isolated from plants, microbial or animal sources, such as elliptinium, galantamine and
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huperzine from plants, daptomycin from microbes, and exenatide as well as ziconotide from
animals (Harvey, 2008). In addition, many synthetic and semi-synthetic compounds were
produced based on natural compounds such as tigecycline, everolimus, telithromycin,
micafungin and caspofungin (Harvey, 2008).
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Figure 1.3(A): Examples of natural products used or modified to be used as pharmaceutical
preparations (Harvey, 2008).
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Figure 1.3 (B): Examples of natural products used or modified to be used as pharmaceutical
preparations.
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Table 1.1: Number of drugs based on natural sources in different developments stages.
Development  Plants Bacteria Fungi Animals  Natural products-derived  Total

stage compounds
Pre-clinical 46 12 7 7 27 99
Phase 1 14 5 0 3 8 30
Phase 2 41 4 0 10 11 66
Phase 3 5 4 0 4 13 26
Pre-registration 2 0 0 0 2 4
Total 108 25 7 24 61 225

Source: pharmaprojects database (dated: March 2008)

As presented in Table 1.1, 255 drugs have been afforded directly or derived from a natural
source (Harvey, 2008). As demonstrated in Table 1.1, plants and microbes are considered to
be the most popular provider for natural lead compounds (Butler, 2008).

Advances provided by the improvements of existing chromatographic technologies such as
counter-current chromatography and high-resolution analytical instruments in mass
spectroscopy (MS), and nuclear magnetic resonance (NMR) aided the fractionation strategies
and purification of natural compounds as well as the elucidation of chemical structures (Singh
and Barrett, 2006, Harvey, 2007, Simoben et al., 2018). In addition, the high-throughput
capability of screening mixtures of natural compounds or extracts has made the work with
natural products less time-consuming and more successful (Singh and Barrett, 2006).
Furthermore, these advances in analytical and chromatographic instrumentation have improved
the duration of isolating target compounds to less than two weeks as well as from extracts
obtained from a broth media (Simoben et al., 2018). Thus, research groups from around the
globe working with natural products could currently produce and screen libraries of highly
diverse compounds isolated from the natural sources. The Dictionary of Natural products
(DNP) published by CRC Press, a member of the Taylor & Francis Group has provided
evidence of the availability of highly diverse bioactive compounds and thereby has further
aided drug discovery from the natural compounds (Simoben et al., 2018). Unfortunately,
compound libraries as such have been facing some problems in their maintenance and curation

especially from the cost-point of view (Simoben et al., 2018).

Despite advancements toward computer-based or combinatorial drug discovery, Newman and

Cragg stated in 2016 that over 34 years between 1981 and 2014, 44% of all new approved
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drugs in the market were either biological macromolecules, unaltered natural products,
botanical natural products (define mixture) or natural products derivatives. As well as 21% of
these new drugs were synthesised to mimic natural product (Figure 2). Furthermore, in spite of
the essential role of combinatorial chemistry in drug discovery, natural product-like library is
still of importance (Newman and Cragg, 2016).

mB
BN
NB
ND
mS
mS*
A
HS/NM
HS*/NM

Figure 1.4: All new approved drugs 1981 — 2014; n = 1562, B: Biological
macromolecule, 1997, N: Unaltered natural product, 1997, NB: Botanical drug (defined
mixture), 2012, ND: Natural product derivative, 1997, S: Synthetic drug, 1997, S*:
Synthetic drug (NP pharmacophore), 1997, V: Vaccine, 2003, /NM: Mimic of natural
product, 2003 (Newman and Cragg, 2016).

Cancer, microbial infections, and diabetes are the main causes of deaths globally (Harvey,
2008, Harvey et al., 2015). Curing these diseases have been the potential target for novel natural
products by providing a huge diversity of chemical profiles (Harvey, 2008). Half of the newly
approved antitumor, antibacterial, and antifungal drugs between 2006 and 2010 were natural
products or derived from natural products (Newman and Cragg, 2012). As well as, from the
thirteen natural products, derived drugs that were approved between 2005 and 2007, five of
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them were from a novel family of chemical classes as shown in Figurel.3 (Harvey, 2008). All
this confirms the great role of natural products to provide new bioactive lead compounds for
drug discovery. As mentioned before, natural source of chemical compounds is an attractive
source of new therapeutic agents because of the huge diversity of these chemical compounds
due to millions of species involved in the production of these compounds (da Rocha et al.,
2001). As mentioned before, the development of novel drugs from natural source is not easy
and this is because of many drawbacks related to the natural source of bioactive compounds.
This includes the inability to biosynthesise large amounts of these secondary metabolites,
challenging access to the natural source of the active compounds, expensive isolation scheme
to afford purified active compounds, and the elucidation of a complex chemical structure,
which made the exploitation of natural compounds in pharmaceutical industries to be
economically not sustainable (da Rocha et al., 2001). But the emergence of new technologies
in analysis and biological screening procedures made drug discovery from natural source more

feasible.
1.3.1 Anti-cancer compounds isolated from natural sources.

The first search of anti-cancer agents from natural source started in the beginning of 1950’s
(Cragg and Newman, 2005a). The first active compounds, vinblastine and vincristine were
isolated from the plant Madagascar periwinkle leaf (Catharanthus roseus) (Roepke et al.,
2010). Due to the low vyield production of vinblastine and vincristine by C. roseus, an
endophytic Fusarium oxysporum was isolated from the plant and was found to produce both
compounds in good yield to be available clinically (Kumar et al., 2013). On the other hand,
another group of compounds (Taxol) exhibited bioactivity in various cancer cell lines like
paclitaxel isolated from the bark of Taxus brevifolia. Paclitaxel was found active against
ovarian, breast and adenocarcinoma (Shah et al., 2013). Another taxol compound was derived
from the needles of Taxus baccata, docetaxel, which was used for the treatment of different
types of cell carcinoma (Shah et al., 2013). The advances in the analytical instrumentation
resulted in the isolation of many compounds either from plants or marine environment. Some
of these compounds have been introduced for clinical studies and/or approved for medicinal
use as listed in Table 1.2 (Schwartsmann, 2000, Schwartsmann et al., 2001).
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Table 1.2: Active anti-cancer agents derived from natural source (Sacks et al., 1973,
Williams et al., 1987, Creemers et al., 1996, Cragg et al., 1997, Kelland, 2000).

Source Compound
Plant source
Catharanthus roseus vincristine
Catharanthus roseus vinblastine
Taxus brevifolia paclitaxel
Taxus baccata docetaxel
Camptotheca acuminata topotecan
Camptotheca acuminata irinotecan
Dysoxylum binectariferum flavopiridol
Brucea antidysenterica bruceantin
Scutellaria baicalensis thalicarpin

Microbial source

Streptomyces sp. actinomycin D
Soil fungus Streptomyces bleomycin
Streptomyces sp. daunomycin
Streptomyces sp. doxorubicin
Streptomyces sp. epirubicin
Streptomyces sp. streptazocin
Streptomyces sp. mitomycin C
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Figure 1.5: Anti-cancer chemical agents isolated from plants (Sacks et al., 1973, Williams
etal., 1987, Creemers et al., 1996, Cragg et al., 1997, Kelland, 2000).
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Figure 1.6: Anti-cancer chemical agents isolated from microorganism (Sacks et al

, 1973,
Williams et al., 1987, Creemers et al., 1996, Cragg et al., 1997, Kelland, 2000)
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1.3.2 Anti-diabetic compounds isolated from natural sources

Diabetes mellitus (DM) is a chronic disease that causes elevation in blood glucose level due to
either a problem with insulin secretions from pancreas or the inability of insulin to work
properly in the human body (Xu et al., 2018). The number of patients with DM is more than
422 million to date, and this number will increase to be 592 million in 2035 (Xu et al., 2018).
Lifestyle and synthetic drugs are used to reduce the symptoms coupled with DM (Beccuti et
al., 2017). However, lifestyle and synthetic drugs are not enough to control DM due to the poor
acceptability and compliance of diabetic patients (Xu et al., 2018). Many evidences have been
found to confirm the successful convenient management of DM with herbal medicines
exhibiting high activity and low toxicity in patients (Xu et al., 2018). Flavonoids, polyphenols,
terpenoids, saponins, alkaloids, and quinones are different groups of compounds used to reduce
the symptoms of DM. More specific examples include quercetin and rutin flavonoids,
epigallocatechin gallate, resveratrol, abscisic acid, andrographolide, berberine, and
jatrorrhizine (Jung et al., 2006, Lee et al., 2006, Lin and Lin, 2008, Fernandes et al., 2010,
Soyoung etal., 2011, Ding etal., 2014, Fu et al., 2014, Magnone et al., 2015, Chen et al., 2016).
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Figure 1.7: Chemical compounds isolated from natural sources used to reduce blood glucose

level in DM patient.

1.3.3 Anti-bacterial compounds isolated from natural sources

Amongst the first type of antibacterial compounds were the sulpha-drugs, which was reported
to be used in 1936, followed by the discovery of the B-lactam compound penicillin between
1929 and 1941, which was the golden age of antibiotic discovery (Walsh, 2003). However, the
occurrence of multi-resistance microbes to the antimicrobial compound based on the B-lactam
ring compelled scientists to isolate other antimicrobials, one of which were the
phenylpropanoid compounds, such as chloramphenicol in 1946 (Walsh, 2003). The need of
new type of antibiotics led to the discovery of the polyketides group, such as tetracycline in
1949, followed by the isolation of aminoglycosides like streptomycin between 1946 and 1950
(Walsh, 2003). While macrolides like erythromycin was discovered in 1952, followed by the
isolation of glycopeptides, such as vancomycin between 1956 and 1975 (Walsh, 2003).
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Quinolones, 2nd generation p-lactams, streptogramins, 3rd generation [-lactams,
oxazolidinones, and daptomycin have been discovered between 1960 and 2003 as represented
in Figure 1.8 (Walsh, 2003).

4| Sulfa-dugs 1936
B-lactams 1% generation A— B-lactams 1¥ generation
1946 1941
—
; . 4 Polyketides 1949
Aminoglycosides 1950 | | eI FaslEs
A—  Macrolides 1952
Glycopeptides 1956 |—
B-lactam 2ed generation 1962
Streptogramins 19662
— Quinolones 1962
p-lactam 3ed generation | e——
1976
2000 A— Oxazolidinones 2000

Daptomycin 2003 |—

Figure 1.8: Timeline represents the discovery of novel antimicrobial compounds from
natural source (Walsh, 2003).
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1.3.4 Advantages of natural products for drug discovery

Natural products afford structural diversity to fit specific targets and receptors, as well as
provide models for drug design in terms of selectivity and specificity (Chen et al., 2017). In
addition, the diverse range of pharmacophores and unique complex stereochemistry offered by
natural products, enabled interaction with targets, like those with the more challenging protein-
protein interface (Drewry and Macarron, 2010, Gray et al., 2012). Moreover, cellular transport
of natural products through a physiological membrane can offer the ability to act intracellularly,
which would improve targeting the active sites and enhance bioavailability (Harvey et al.,
2015, Chatzikonstantinou et al., 2018). The chemical space occupied by the natural compounds
could suggest novel potential interaction with the biological space on many of their targets
(Gray etal., 2012, Harvey et al., 2015). Furthermore, natural products that follow the Lipinski's
rule of five in terms of their physicochemical and structural properties would have the ability
to be absorbed readily from the gastrointestinal tract, as well as provide wider pharmacokinetic
interaction (Quinn et al., 2008).

1.3.5 Disadvantages of natural products for drug discovery

Because of the structural complexity of natural products, which may include properties such as
low solubility and stability as mentioned above, a huge difficulty can be encountered in
formulating compounds to drug dosage form particularly in parenteral preparations (Harvey,
2008, Chen et al., 2015). However, these challenges which are related to pharmaceutical
manufacturing can be eliminated by the improvement of their physicochemical property,
stability and selectivity through chemical and structural modifications of these natural products
as a lead compound (Chen et al., 2015). In some cases, the presence of lead compounds needs
specific conditions to be produced by microbial endophytes, so such conditions must be
stipulated to produce the targeted compound (McChesney et al., 2007). In addition, the
complexity of these natural products makes the preparation of them in scientific laboratories

could be difficult or impossible in some cases (da Rocha et al., 2001).

1.3.6 New approaches and technologies in utilising natural products for drug discovery

The conventional bioassay-guided isolation of bioactive natural products is continually being
modified. Strategies for high-throughput screening have enhanced the usability of natural
products by pharmaceutical companies. Moreover, applying metabolomics and chemometrics-
coupled with functional pharmacology has augmented natural product-based drug discovery

(Harvey, 2008, Yuliana et al., 2011). Metabolomics is the science of dealing with the
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phenotypic ability of an organism to synthesise secondary metabolites . A metabolomics-based
approach uses statistical tools to establish the suitable situation for the production of
metabolites at the end of a biological process (Harvey et al., 2015). Multivariate analysis has
become an efficient means of targeting the bioactive component(s) to prioritise the active
fractions for further isolation and purification work. Similar approaches have been also used to
determine the optimum cultivation conditions that could affect the production of secondary
metabolites in microorganisms, and for the prediction of precursors that can enrich the
biosynthesis of the targeted compounds (Bochner, 2009, Tawfike et al., 2013, Macintyre et al.,
2014, Harvey et al., 2015). Molecular biology and genetic engineering have introduced new
approaches which can augment microorganism’s ability to produce a specific type of natural
compound (Chang and Keasling, 2006, Watanabe and Oikawa, 2007). In addition, a
metagenomics-based approach of cloning a specific DNA gene from an endophytic
microorganism in a host has been used to produce a target bioactive compound (Gillespie et
al., 2002). Furthermore, a mutasynthetic method combines both synthetic and enzymatic
pathways to produce natural bioactive compounds has been used to improve the ability to

isolate novel bioactive compounds (Kopp and Marahiel, 2007).
1.4 Marine environment as a source of bioactive compounds

While plants, fungi and bacteria are the major sources of natural bioactive compounds, the
isolation of biologically active compounds from marine sources has significantly increased in
the last decades (Altmann, 2017). This is not surprising because the ocean covers more than
65% of the earth, and represents 95% of its biosphere (Agranoff et al., 1969). The huge
diversity provided by the marine environment is expected to be a source of highly diverse
secondary metabolites (Pye et al., 2017). Thousands of compounds have been isolated from
marine sources each year since 2008, and the total number recorded in 2015 was about 27000
compounds (Bergmann and BURKE, 1955). The first drugs developed from a marine source
are the arabinose-nucleosides spongothymidine and spongouridine (Figure 1.10), which were
isolated from the sponge Tectitethya crypta in 1950’s (Bergmann and BURKE, 1955).
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spongothymidine spongouridine
Figure 1.10: First bioactive compounds isolated from a marine source.

Marine organisms are considered to be one of the sources of a wide-range of biologically active
compounds (Molinski et al., 2009). Seaweeds have been widely studied in traditional and folk
medicines over more than 2000 years (Sarasan et al., 2017). Algal-derived compounds have
been earlier described for their antimicrobial and antifungal activity, as well as for other
purposes (Bhadury and Wright, 2004). In addition, algal compounds were used in cosmetics

and antifouling preparations (Bhadury and Wright, 2004).
1.4.1 Marine endophytes as a source of bioactive compounds

Microbes can easily adapt and respond to their environment and defend their existence by the
production of a specific type of secondary metabolites, to aid their adaptation and maintain
their defence mechanism (Zhang et al., 2005). Terrestrial fungal endophytes have proven their
effects on plant growth and defence mechanism, as well as improved the ability of plants to
adapt to environmental stress by producing certain types of compounds (Sturz and Nowak,
2000). Endophytic association with a host organism had yielded novel secondary metabolites
with pharmacological and industrial interest (Strobel, 2002). Fungi derived from different
marine sources, such as: fish, sponges, mangroves and both micro- and macro-algae have
attracted further research because of their ability to produce novel bioactive compounds due to
their exposure to varied environmental factors (Zainuddin et al., 2010, Giddings and Newman,
2015, Bajpai, 2016, Di Camillo et al., 2017). As of the last decade, 272 new compounds have
been reported from marine fungi until 2002, from these 272 new compounds 85% were derived
from epi/endophytes (Zhang et al., 2009). The rise of bacterial resistance, lack of bioactive
antimicrobial agents, and the side effects associated with some antimicrobial agents; all these
have driven for further research to discover novel bioactive compounds from endophytic

microorganisms (Doshi et al., 2011, Pimentel et al., 2011).

Microorganisms like bacteria and fungi are of great importance as a source of a novel bioactive

metabolites (Kjer et al., 2010). These bioactive metabolites are used by pharmaceutical
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companies as potential drug leads to cure specific types of diseases (Konig et al., 2006, Zhang
et al., 2006). Fungi isolated from the marine environment are considered to be a promising
source of biological active metabolites of high chemical diversity (Bugni and Ireland, 2004).
Cephalosporins (Figure 1.12) were first isolated by G. Brotzu in 1945 from the marine-derived
fungus Acremonium chrysogenum (Newton and Abraham, 1955). More recently, a marine
sponge-associated Penicillium chrysogenum afforded sorbicillactone (Figure 1.11), an alkaloid

that showed promising biological activity against leukaemia (Kjer et al., 2010).
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Figure 1.11: Examples of chemical compounds isolated from endophytic microorganisms.

Fungi are considered to be one of the most distinct life forms hence yielding chemically diverse
metabolites (Hyde, 2001). Endophytes are microorganisms living in the internal tissues of a
host organism without causing any physical damage (Stone et al., 2000). The production of
secondary metabolites is directly affected by three correlations which include: 1) endophyte
with its host organism, 2) endophyte with its surrounding environment and 3) between various
endophytic species (Schulz et al., 2002). Various classes of compounds have been isolated from
endophytic fungi such as phenols, xanthones, terpenoids and quinones (Dos Santos et al., 2003,
Schulz and Boyle, 2005). Endophytic fungi are considered to be a source of natural products,
which can be optimised to yield a certain biologically active metabolite for a specific type of
disease (Tenguria et al., 2011). Like endophytes derived from plants, fungi have also been
described to associate with marine organisms such as sponges, or algae and these endophytes
were found to produce highly chemically diverse metabolites (Bugni and Ireland, 2004, Paz et
al., 2010, Rateb and Ebel, 2011). The interest on marine-derived fungi as a source of novel
bioactive compounds has been increasing as implicated by the increasing number of
publications since the beginning of the 21% century (Debbab et al., 2011). Numerous novel
bioactive compounds have been isolated from marine microbes and were found to be anti-

infective, cytotoxic, anti-inflammatory, rheumatoid arthritis and cystic fibrosis as examples are

51|Page



presented on Table 1.3 and Figure 1.12 (Arunpanichlert et al., 2010, Elsebai et al., 2010, Isaka
etal., 2010, Wang et al., 2010). Many endophytes isolated from host marine sources have been
responsible for the synthesis of novel compounds and are presented in Table 1.4 and Figure
1.13 (Oliveira et al., 2012).

Table 1.3: Some examples of biological active compounds isolated from marine
microorganism.

Microorganism Compound Reference
Talaromyces 7-epiaustdiol (Liu etal., 2010)
Xylaria mairetolide F (Isaka et al., 2010)
Streptomyces sp methylelaiophylin (Wu et al., 2013)
Streptomyces koyangensis neoabyssomicins A, (Huang et al., 2018)
Hansfordia sinuosae hansforesters A (Wu et al., 2018)
Dendrodochium sp. dendrodolides M (Sunetal., 2013)
Penicillium sumatrense sumalactones B (Wu etal., 2017)
Aspergillus ochraceus asperochrins C (Liu et al., 2015)
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Figure 1.12: Chemical structures of known bioactive compounds isolated from marine
endophytes.
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Table 1.4: Some examples of novel compounds isolated from marine endophytes.

Host marine source Endophyte Structure Reference
number
Blidingia minima Penicillium sp. 1 (Zhu et al., 2009)
Valsa ceratosperma Codium fragile 2 (El-Beih et al., 2007)
Enteromorpha sp. Cadophora malorum 3-5 (Almeida et al., 2010)
Enteromorpha sp. Coniothyrium cereale 6-8 (Elsebai et al., 2011)
Ulva sp. Ascochyta salicorniae 9 (Osterhage et al., 2000)
Ulva sp. Penicillium sp. 10 (Gamal-Eldeen et al., 2009)
Fucus spiralis L. Phoma tropica 11 (Osterhage et al., 2002)
Fucus vesiculosus L. Epicoccum sp. 12 (Abdel-Lateff et al., 2003)
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Figure 1.13: Chemical structure of novel compounds isolated from endophytes isolated from

marine source.
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1.4.2 Antimicrobial agents isolated from marine endophytic fungi

Many novel bioactive compounds isolated from marine endophytes were found to be active
against different types of microbial infections (Debbab et al., 2010). Some examples are
presented in Figure 1.14. Dihydroxychlorofusareilin B was a new polyoxygenated compounds
isolated from a fungus of the Trichocomaceae family (to which the genus Aspergillus belongs
to), which was derived from the Korean brown algae Sargassum horneri (Debbab et al., 2010).
This polyoxygenated compound showed mild activity against Staphylococcus aureus,
methicillin-resistance S. aureus (MRSA), and multi-drug resistance S. aureus (Debbab et al.,
2010). Usually compounds produced from fungi associated with brown algae have been
described to display antifungal and antioxidant activities (Oliveira et al., 2012). Another
example are  1-(2,6-dihydroxyphenyl)  pentan-l1-one and  (Z)-1-2-(2-butyryl-3-
hydroxyphenoxy)-6-hydroxyphenyl)-3-hydroxybut-2-en-1-one, compounds produced by
Cryptopsoriopsis sps., from Clidamia hirta (Habbu et al., 2016). 1-(2,6-dihydroxyphenyl)
pentan-1-one was found active against microbial pathogens with ICses between 18 and
30pg/ml. While (2)-1-2-(2-butyryl-3-hydroxyphenoxy)-6-hydroxyphenyl)-3-hydroxybut-2-
en-1-one exhibited activity against Pseudomonas fluoroscens, with an I1Cs of 6ug/mL (Zilla et
al., 2013). A new antimicrobial diketopiperzine (eurocristatine) compound was isolated from
the sponge-associated fungus Eurotium cristatum (Gomes et al., 2012). a-Campholene
aldehyde and lucenin-2 were two novel compounds isolated from a sponge-associated
Aspergillus ochraceus. Both compounds displayed activity against microbial human pathogens
(Meenupriya and Thangaraj, 2011). Furthermore, Curvularia lunata was another sponge-
derived endophytic fungus that yielded two anthraquinone compounds, lunatin and cytoskyrin-
A that were found active against S. aureus, Escherechia coli and Bacillus subtilis (Jadulco et
al., 2002). Another active antimicrobial compound was varixanthone isolated from the
endophytic fungus Emericella variecolor (Malmstrem et al., 2002). Varixanthone was found

active against a wide range of bacteria (Malmstrgm et al., 2002).
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Figure 1.14: Anti-microbial compounds produced by endophytic fungi
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1.5 Fungal endophytes as sources of bioactive compounds

Natural bioactive compounds are chemical compounds produced from a natural source as a
result of a metabolic process in organism, such as plant, animals and microorganism (Strobel
and Daisy, 2003). As mentioned above, about 68% of antimicrobial agents and 34% of the anti-
cancer agents are derived from natural sources (Newman and Cragg, 2007). There has been a
strong need to find novel and sustainable sources of bioactive compounds to overcome
emerging new diseases and microbial resistance (Kaul et al., 2012). One of the sources of
biologically active compounds which can overcome supply problems are endophytic fungi and
bacteria (Kaul et al., 2012). Endophytes are microorganism either both bacteria and/or fungi,
which live inside a living host organism such as plants, animal and seaweeds without causing
any disease to the host organism (Bacon and White, 2000). Endophyte-organism association is
a beneficial relationship. Endophytes afford chemical defence compounds to protect the host
organism from any attack of other microorganisms and pests (Strobel and Daisy, 2003). Host
organisms can be beneficial to endophytes by supplying them with primary and secondary
metabolites to be used for the synthesis of compounds needed for the endophyte’s adaptation
(Bacon and White, 2000). Endophytic fungi have been considered to be the most generous
provider of secondary metabolites amongst endophytic microorganisms (Zhang et al., 2006).
Compounds produced by endophytic fungi have afforded a broad spectrum of biological
activity from diverse chemical groups (Figure 1.15) that include alkaloids, steroids, terpenoids,
flavonoids, glycosides, isocoumarins and many more (Zhang et al., 2006). Studies on the
endophytic secondary metabolites are considered to be small, which indicates the high

possibility for the discovery of novel biologically active compounds (Kaul et al., 2012).

Fungi relate with their host organism either by parasitic or saprobic and asymptomatic
association (Suryanarayanan, 2012). Parasitic association causes host cell damage with the
production of toxic compounds (Suryanarayanan, 2012). Saprobic or asymptomatic association
do not cause any damage to the host organism but affords biologically active compounds that
are not harmful to the host (Suryanarayanan, 2012).
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Figure 1.15: Bioactive compounds isolated from endophytic fungi; anti-cancer bioactive
compounds (1-3), anti-oxidant compounds (4-6), immunomodulatory compounds (7-8) and
anti-bacterial compounds (9-11) (Strobel et al., 2002, Harper et al., 2003, Puri et al., 2005,
Kour et al., 2008, Kusari et al., 2009, Zhao et al., 2012).
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1.6 Limitations of working on fungal endophytes

Working on endophytes as a source of novel bioactive compounds can be greatly valuable for

drug discovery, but the following technical difficulties must be overcome:

1. Fungi have a highly diverse morphological traits that a traditional taxonomical
method alone is insufficient for their identification. Correct identification must be
accomplished through molecular biological methods, which requires an internal
transcribed spacer (ITS) for gene sequencing (Kusari et al., 2014, Gardes and Bruns,
1993, Horton and Bruns, 2001). The ITS is unique for every organism that is used to
taxonomically identify respective genus within a family or even species within a genus.
ITS gene sequencing requires only a small amount of DNA to facilitate amplification
reactions. All fungi have a specific DNA priming site that can be used to find certain
types of fungi, so it could be well conserved by the primers (Peay et al., 2008).

2. A consistent expressions of the genes responsible for the biosynthesis of a bioactive
compound in the endophyte could be difficult to reproducibly obtain because genes can
change very quickly during the fermentation process.

3. Repeated sub-culturing could repress the expression of the genes responsible for the
biosynthesis of the bioactive compounds, and thus decrease the amount of the bioactive
compounds that are produced by the endophyte (Scherlach and Hertweck, 2009, Kusari
etal., 2014).
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2 Materials and methods

2.1 Isolation and identification of endophytic fungi from collected seaweeds

2.1.1 Materials and equipment

Media for the inoculation of the endophytic fungi was prepared from malt extract (ME) powder
and nutrient agar, both were purchased from Oxoid, Manchester, UK. Chloramphenicol
obtained from Acros Organics, Geel, Belgium was used as an antibacterial agent in the initial
inoculation step. A solution of 70% of isopropanol was prepared by mixing HPLC grade
isopropanol from Sigma-Aldrich, Poznan, Poland with sterile water. Sagrotan® spray from
Sagrotan, Heidelberg, Germany was used as a disinfectant for the microbial safety cabinet.

Adjustment of media pH was done by using sodium hydroxide (NaOH) purchased from Sigma-
Aldrich Poznan, Poland. The pH has been monitored using pH meter obtained from Jenway,
Staffordshire, UK. Magnetic mixer from Stuart, Stone, UK and Vortex Genie 2 from Scientific
Industries Inc, London, UK were used for multi-purpose mixing or solubilization either during
media or sample preparation and fractions produced by preparative thin layer chromatography
(TLC) extraction. Inoculated media used for screening, media-optimisation and scale-up were
incubated at 27C° using an incubator from Vindon scientific, Oldham Lancashire, UK. Petri
dishes used to initially grow the fungi were purchased from Thermo Scientific, Massachusetts,
USA. The laminar flow (BioMAT?) was obtained from Medical Air Technology, Manchester,
UK. Thirty strains were obtained after inoculation of seaweed internal tissues on malt agar
plates. For endophytes identification, Internal transcribed spacer (ITS) region that stand
between 16s and 23s rRNA genes of endophytes were used. Successful ITS gene sequencing
was done by preparing electrophoresis gel plates containing UltraPure™ TBE buffer 10X from
Life technologies, Cramlington, UK, ethidium bromide 10mg/ml from Sigma-Aldrich,
Continental, USA and Agarose-Molecular Grade, from Camarillo, Bioline, US. While the
samples for polymerase chain reaction (PCR) were prepared using Water-Molecular Biology
reagent, REDExtract-N-Amp™ PCR ReadyMix™, Extraction and Dilution solution purchased
from Sigma-Aldrich, St. Louis, USA. In addition, ITS primers; ITS1{5-TCC-GTA-GGT-
GAA-CCT-GCG-G-3'}aand ITS4 {5-TCC-TCC-GCT-TAT-TGA-TAT-GC-3'} used in PCR
were obtained from Integrated DNA Technologies, Coralville, USA. The HyperLadder Il and
sample loading buffer used for processing the electrophoresis experiments were purchased

from Bioline, Camarillo, USA.
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For DNA extraction and DNA amplification Two thermal cyclers were used including, Primus
96 Thermal Cycler from MWG AG Biotech, Ebersberg, Germany and DNA Thermal Cycler
480 Manual from Perkin Elmer, Waltham, USA. Electrophoresis plates were purchased from
Bioscience Services, London UK. While the voltage source used for amplified DNA
movements in electrophoresis gel plate was a BioMax MBP300 from Kodak, New Jersey USA.
Gel imaging for the plates was done using INGENIUS gel documentation system from

Syngene, Cambridge, UK.

GenElute™ Gel Extraction Kit from Sigma-Aldrich, St. Louis, USA was used to extract the
DNA after PCR of the DNA samples from electrophoresis gel. Washing solution, gel
solubilization solution, column preparation solution, elution solution, GenElute™ binding
column G and collection Tube were all obtained with a GenElute extraction kit. The
solubilization of agarose gel containing DNA was done using a dry block DRI-BLOCK® DB-
2A from Techne, Chelmsford, UK. Centrifugation of the samples after each DNA extraction
step was done using 5415 D Centrifuge from Eppendorf, Hamburg, Germany. DNA
concentration of each sample was measured using Nanodrop 2000c Spectrophotometer from
Thermo Scientific, Massachusetts, USA. While the processing of the PCR results was done
using FinshTV 1.4.0 software developed by Geospiza, and the data produced was compared
with data obtained by Basic Local Alignment Search Tool (BLAST) that is available online
from the National Centre for Biotechnology (NCBI), Maryland, USA.

Crude extract produced during screening, media optimization and scale up were extracted using
(HPLC) grade ethyl acetate (EtOAc) from Sigma-Aldrich, Poznan, Poland were used as
extraction solvent. Different solvents were used either for LC-HRMS, HPLC-grade acetonitrile
(ACN) and formic acid both from Sigma-Aldrich, Poznan, Poland were used. For MPLC,
HPLC-grade dichloromethane (DCM), n-hexane, acetone, and methanol (MeOH) from Sigma-
Aldrich, Poznan, Poland were purchased. While analytical-grade acetone from VWR,
Fontenay-sous-Bois Cede, France was used for multi-purpose work. Homogenization of
incubated media was done with a T18 basic ULTRA-TURRAX from IKA, Anhalt-Bitterfeld,
Germany. While crude extracts in EtOAc were concentrated and dried under vacuo using a
rotary evaporator R-110 from Buchi, Flawil, Switzerland. Concentrated extracts were
reconstituted in EtOAc and dried under nitrogen in a Heating Block SBH130D/3 and sample
concentrator SBHCONC/1 from Stuart, Stone, UK. During the extraction process an ultra-

wave sonicator from Scientific Laboratory Supplies, Nottingham, UK was used to enhance
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solubilization. In addition, ultrapure water for solvent and media preparation was generated

using a Direct-Q® water purification system from Merck Millipore, Massachusetts, USA.

For extracts and fractions, samples were run on an Accela HPLC (Thermo Scientific, Germany)
coupled to an Exactive mass spectrometer (Orbitrap, Germany). Data were processed with
“Xcalibur 2.2” released by Thermo Scientific, Heidelberg, Germany. In addition, data splitting
was done with ProteoWizard (https://sourceforge.net/projects/proteowizard/), USA to separate
the data between the negative and positive ionization files (Kessner et al., 2008). While splitted
data analysis was done with MZmine 2.4.2 followed by an in-house excel sheet called Macro
which coupled with Dictionary of Natural Products (DNP version 2021) database published by
CRC Press, Boca Raton, USA (Pluskal et al., 2010, Macintyre et al., 2014). The NMR samples
have been dissolved using deteriorated dimethyl sulfoxide (DMSO-d6) purchased from Sigma-
Aldrich, Poznan, Poland and transferred to NMR tubes obtained from Norell, New York, USA.
NMR samples were measured in a 400 MHz Jeol-LA400 FT-NMR spectrometer system
equipped with a 40TH5AT/FG probe. In addition, an AVANCE-I111 600 instrument with a 14.1
T Bruker UltraShield magnet from the Department of Pure and Applied Chemistry was used
as well. It has a 24 position autosampler, 3 channel console, is DQD and Waveform-equipped
and can use either a BBO-z-ATMA-[31P-183W/1H] probe or a TBI-z-[*H, 3C, 3'P-1°N] probe
from Bruker, Rheinstetten, Germany. All NMR spectra were processed with MestReNova 14.2

developed Mestrelab Research, Santiago de Compostela, Spain.

2.1.2. Seaweed Collection

Eight seaweeds namely: Ascophyllum nodosum, Laminaria hyperborea, Ulva intestinalis, Ulva
lactuca, Fucus vesiculosis, Fucus serratus, Fucus spiralis, and Himanthalia elongata were
collected from Culzean coast, Ayr, Scotland, United Kingdom and were identified by Kirsty
Blake from Marine Biopolymers Ltd (MBL). Seaweeds were collected at least five meters from
both sides the dry coastline at low tide. GPS collection location was at 55.3546966, -
4.7891084. The seaweeds were placed in 50ml falcon tubes and stored in fridge at 2-8C° until

used for inoculation work.
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2.2 Microbiological Methods

2.2.1 Preparation of malt extract agar media and fungal inoculation from seaweeds.

Malt agar (MA) media was prepared with 7.5g of malt extract powder mixed with 7.5g of agar
followed by addition of 0.1g of chloramphenicol in a 500ml bottle. The mixture solubilized in
500ml of ultrapure water and pH of the mixture was adjusted to between 7.4 and 7.8 with 0.1M
sodium hydroxide. A pH meter was used to monitor the pH of the media. The prepared media
were then autoclaved. The autoclaving was done for 1h and 30mins at 121°C under 15psi. The
autoclaved agar-based media was poured into 100mmx15mm Petri dishes plates in a laminar

flow safety cabinet hood.

The laminar flow was cleaned and disinfected using both physical sterilization through UV
light for 30min and chemical sterilization using 70% isopropanol and Sagrotan spray to ensure
sterility. A small cut (1x1cm) of a seaweed frond was rinsed with 70% isopropanol to get rid
of the epiphytes living on the surface of it, followed by rinsing with sterile water to get rid of
any isopropanol residues. Each seaweed was divided to three or four parts (1x1cm) and each
part was added into an agar plate with the cut in direct contact with the media. All inoculated

plates were incubated at 27C° until fungal growth could be observed.

2.2.2 Initial inoculation of endophytic fungi from seaweeds

MEA plates were again prepared as described above but 3x of the volume in section 2.2.1. A
small cut of each of the fungal colony from the incubated plates from section 2.2.1 were
transferred to the new MEA plates. The re-inoculated plates were labelled according to their
host origin. The colour and morphology of each transferred colony were recorded. The newly
incubated plates were again incubated at 27C° until enough biomass was available for the 2"

inoculation for further purification.

2.2.3 Fungal culture purification step.

MEA plates were again prepared as in section 2.2.2 but without adding chloramphenicol. An
aliquot cut of each of the pure fungal colonies from section 2.2.2 were re-inoculated on new
plates and were incubated at 27C°. Enough plates were inoculated for chemical profiling,
biological screening, voucher storage and taxonomical identification. The isolated endophytes
have been coded according to their host seaweeds and morphology.
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2.2.4 Fungal extracts for screening.

2.2.4.1 Preparation of crude fungal extracts

Each purified fungus was re-inoculated on nine MEA plates as prepared in section 2.2.3 to
make a triplicate from each fungal extract. Every extract was prepared from three plates.
According to their growth rates, the triplicates were categorised into slow and fast-growing
groups. The fast-growing fungi were incubated for 15 days, while the slow-growing
endophytes were incubated for 30 days. After incubation, the fungal cultures were transferred
to a 250ml Erlenmeyer flask to which 100ml of EtOAc was added and left to macerate for 24h
under fume hood. After 24h, each flask of fungal culture in EtOAc was then homogenized for
30 min and filtered. The homogenized flasks have been subjected to extraction producer using
a buchner funnel. While the mycelia were extracted for another 2 times using 100ml of EtOAc
as presented in Figure 2.1. Extracts was dried using rotary evaporator and placed in tared vials.
The dried extracts were stored at 2-5C° until further use for chemical profiling with NMR and

MS, as well as prior to the biological assays.

63 |Page



Inoculated endophyte

fast-growing
endophyte

Slow-growing
endophyte

Incubation for 15 days

Incubation for 30 days

Addition of EA and
maceration for 24h

¥

Homogenization

‘

Filtration and drying

o

Vials containing

Figure 2.1: Schematic diagram for the preparation of crude fungal extracts.

2.2.4.2 Sample preparation of fungal crude extracts for screening.

The crude fungal extracts were subjected to three screening tests. The three screening tests

included nuclear magnetic resonance spectroscopy (NMR), high performance liquid

chromatography coupled with high-resolution mass spectrometry (LC-HRMS) and antibiofilm

assay. The spectral data was processed and subjected to multivariate analysis using the SIMCA

software. Sample concentrations for each screening test is summarised in Table 2.1.
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Table 2.1: Required concentration of sample for screening.

Screening test Concentration Solvent used
LC-HRMS 1 mg/mL Methanol
NMR 5 mg/600uL DMSO-ds
Bioassay 10 mg/mL DMSO

2.2.4.3 Anti-biofilm biological assay.
2.2.4.3.1 Bacterial concentration preparation:

Both biofilm-forming Staphylococcus aureus (ATCC 29213) and Pseudomonas aeruginosa
(ATCC 27853) were prepared by inoculating a loop of each bacteria in three different 25 cm?
of tissue culture flasks containing 5ml of (Lysogeny broth) LB broth with a total of six flasks.
The six flasks were prepared to be used in AlamarBlue® and planktonic assays, three flasks
for each. The inoculated flasks were incubated for 16h at 37C°. This was done to let S. aureus
and P. aeruginosa reach stationary growth phase. This was followed to the transfer of 100ul
from the flasks to a new 6 flasks containing a fresh media and incubated for 6h to grow again
and reach log phase. Optical density was measured at 600nm wavelength, the density of each
bacterial culture was calculated, and each culture was diluted to a final concentration of
1x107cfu/ml.

2.2.4.3.2 Stock solutions and dilution plates:

Stock solutions of each of the extracts and fractions were prepared with 100ug of the samples
dissolved in 100l of biological-grade DMSO. The dilution plate for extracts, fractions, and
pure compounds was prepared to have a final concentration of 1000ug/ml by diluting 4ul of
10mg/ml extract with 36ul of LB broth.

2.2.4.3.3 AlamarBlue® biofilm viability assay:

Assay plates were prepared by mixing 10pl of the sample stock solutions in the dilution plate
with 90ul of LB broth pre-inoculated with the bacteria to give a final concentration of the
sample at 100pg/ml. Gentamicin was used as a standard with which the reference curve was
prepared using a concentration range of 10-0.039ug/ml. The plates were incubated at 37C° in
a shake incubator at a speed of 150rpm for 16h. A 10ul volume of Alamarblue® solution was
added to each well. The plates were further incubated for 4h in a shake incubator at 37C°.

Absorbance reading was taken at 560nm excitation wavelength and 590nm emission
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wavelength every 30 mins after 2h of incubation. The readings were processed in excel sheet

and final graphs were produced after processing the results with GraphPad prism 5.

2.2.4.3.4 Planktonic assay:

Assay plates were similarly prepared and inoculated as in the AlamarBlue® assay. In the
planktonic assay, the wells were emptied and washed twice with 100ul of phosphate buffer
saline (PBS) after the incubation period. Absorbance readings for the plates were measured to

determine the ability of the extracts to inhibit biofilm formation at wavelength of 600nm.

2.2.4.3.5 Minimum biofilm eradication Concentration (MBEC) and Minimum inhibitory
concentration (MIC) assay:

The active fungal extracts with a minimum of 80% with a concentration of 100ug/ml against
bacterial growth and biofilm formation were again tested in both AlamarBlue® and planktonic
assays to calculate the MBEC, and MIC of each of the active extracts. A dilution plate was
prepared for each extract with a concentration range of 3.91 to 1mg/ml by serial dilution
method. Assay plates were prepared as described above in the AlamarBlue® and planktonic
assays in section 2.2.4.3.3 and 2.2.4.3.4 respectively.

After finishing the data analysis of the screening tests, the results along with the spectral data
of the samples were subjected to multivariate analysis using SIMCA to obtain the
corresponding OPLS-DA scatter and loadings plots.

2.2.5 Taxonomical identification of antimicrobial active endophytic fungi by ITS gene
sequencing.

A small cut of each of the fungal cultures devoid of any trace of the solid media were transferred
to 1.5ml Eppendorf tube, followed by an addition of 100ul of DNA extraction solution and
mixed vigorously on a vortex. The mixture was placed in a DNA thermal cycler 480 Manual
at 95C° for 10 min to denature the DNA strands. 100ul of DNA dilution solution was added to
each Eppendorf tubes containing the DNA and stored at 2-8C° for the next step. Polymerase
chain reaction (PCR) and gene amplification were done for each of the endophytic fungus by
mixing 4ul of a solution of denatured DNA with 25 pL of REDExtract-N-Amp™ PCR
ReadyMix™, 3 uL of the forward primer ITS1, 3 uL of the reverse primer ITS4 and 18 pL of
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water-molecular biology reagent. The resulting mixture from each of the fungus was amplified

and subjected to PCR using Primus 96 Thermal Cycler as summarised in Table 2.2.

Table 2.2: Polymerase reaction and amplification steps.

Step Temperature Duration Cycles
(C) (min)

Initial denaturation 95 3 1
Denaturation 95 1 -
Annealing 56 1 35
Extension 12 1 -
Final extension 72 10 1
Hold 4 - -

Gel electrophoresis plates were prepared by dissolving 0.5g of agarose powder in 50ml of 1x
TrisBorateEDTA (TBE) buffer. The mixture was heated using a full power microwave for 1-2
min to ensure full solubilization. The weight loss during microwaving was recovered by the
addition of ultrapure water. A 2ul volume of ethidium bromide was added under the fume hood
followed by pouring the mixture in an empty gel electrophoresis plate and the plate was left to
stand for 20min until the mixture solidified. A volume of 1x TBE buffer was added to the plate
to enhance the migration of fungal DNA in the plate. A 6ul volume of hyperLadder I1, 45ul of
blank sample and amplified DNA samples were applied on the prepared gel electrophoresis

plate and partitioned at three positions as shown in Figure 2.2.

I ]
|

Blank sample Endophyte
sample 1

HyperLadder

Figure 2.2: Map representing samples on gel electrophoresis plate.

The gel electrophoresis plate was subjected to 50 volts for 1h for the DNA to migrate in the gel
electrophoresis plate. After 1h, gel imaging was accomplished for documentation then DNA

bands for each of the fungus were cut out with a scalpel and stored in 1.5mL Eppendorf tube
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and stored at -20C° until extraction. DNA was extracted from the agarose gel with a GenElute
extraction kit using the kit protocol. The agarose gel pieces that contained the gene fragments
were weighed for each sample. Then the solubilisation solution was added, which was three
times the volume of the DNA solution. Subsequently, the mixture was incubated in DRI-
BLOCK® for 10 min with occasional mixing on a vortex. Then, equal volumes of isopropanol
were added to the solubilised gene-agarose mixture and again homogenised with a vortex.
Meanwhile, the GenElute™ Binding Columns were prepared. Each binding column was placed
in a 2 mL collection tube, to which 500 pL of column preparation solution was added to each
binding column then centrifuged for 1 min. The preparation solution was drained into the
collection tube and discarded. The solubilized gel solution mixture was loaded into the binding
column and again centrifuged for 1 min. After centrifugation, the solution was collected into
the collection tube then discarded. While 700 pL of the wash solution was added to the binding
column. This was followed again centrifuged for 1 min. After finishing, the solution was
discarded along with the collection tubes. Next, the binding columns were placed in a new
collection tubes, with 25 pL of previously heated Elution Solution added into them and
centrifuged for 1 min. Then the binding columns were discarded, and the genes were
solubilised in the Elution Solution and collected in the collection tubes. Each tube containing
the genes was stored in -20C° freezer until they were submitted for sequencing. Only the fungus
that afforded antimicrobial active extracts were submitted for sequencing. The sequencing
results were processed with the FinchTV software and compared to database hits available on
the Basic Local Alignment Search Tool (http://blast.ncbi.nIm.nih.gov/Blast.cgi).

2.2.6 Media optimization.

Three of the four antimicrobial active fungal extracts were selected for further optimisation on
nine different media to obtain a higher yield and improved biological activity of the extracts as
shown in Figure 2.3. Depending on the extract yield and the biological assay results as well as
the uniqueness of the chemical profiles of the crude extracts obtained from the malt agar

extract, D. salina, M. elegance, and H. rubiginosum were selected for media optimisation work.

68 |Page



Media

liquid state media Solid state media
Malt extract with salt Oat with salt Rice with salt
Malt extract without salt Oat without Rice without
salts salts
Wickersham with salt

Wickersham without salt

Marine broth

Figure 2.3: Schematic diagram for media optimisation work.

2.2.6.1 Preparation of fungal inoculum for media optimisation.

Fungal stock cultures in 30% glycerol and 70% malt extract broth were initially inoculated on
petri dish plates of MEA media and incubated for 10 days at 27C°. At one vial per plate, three
pates were prepared for each fungus. After 10 days, fungal cultures were re-inoculated on fresh
MEA plates and incubated for another 10 days at 27C°.

2.2.6.2 Media preparation to optimise the production of active crude extract.

2.2.6.2.1 Malt extract broth media with and without sea salt:

Malt extract broth without sea salt was prepared by mixing 1.5g of malt extract powder with
100ml of ultrapure water in 250ml Erlenmeyer flask. The pH of the mixture was adjusted to
7.4 using 0.1M NaOH. The prepared media was then autoclaved. In parallel, malt extract broth

with sea salt was prepared with 2.5¢g of sea salt.
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2.2.6.2.2 Wickersham broth with and without sea salt:

Wickersham broth without sea salt was prepared by mixing 0.3g of malt extract and 0.3g of
yeast extract powder (Oxoid) with 0.5g of peptone (Oxoid) with 100ml of ultrapure water in
250ml Erlenmeyer flask. The pH was adjusted to 7.4 with 0.1M NaOH then autoclaved.

Wickersham liquid broth with sea salt was prepared with 2.5g of sea salt.

2.2.6.2.3 Marine broth media:

Marine broth was prepared by dissolving 3.74g of marine broth powder (Oxoid) in 100ml of
ultrapure water in a 250ml Erlenmeyer flask. The pH was adjusted to 7.4 with 0.1M NaOH

then autoclaved.

2.2.6.2.4 Rice media with and without sea salt:

Rice (long grain) media without sea salt was prepared by mixing 100g of rice purchased from
Aldi store. UK with 150ml of ultrapure water in 500ml Erlenmeyer flask then autoclaved.

Alternatively, rice media with sea salt was prepared by mixing 100g of rice with 3.75g of sea

salt in 150ml of ultrapure water.
2.2.6.2.5 Oat media with and without sea salt:
For oat (Scott’s Porage Oats) media without sea salt a 100 %w/v of oat was prepared by mixing

100g of oat with 100ml of ultrapure water in 250ml Erlenmeyer flask then autoclaved. While

for oat solid media with sea salt, a 100 %w/v of oat was prepared with 2.5 %w/v of sea salt.

2.2.6.3 Fungal inoculation.

One-third of the petri dish fungal culture was added to the respective media described above.
The inoculated media were incubated at 27C° in three time periods at 7, 15, and 30 days. Each

sample at different incubation periods were prepared in triplicates.

2.2.6.4 Preparation of extracts from fungal cultures.

Fungal cultures were extracted with EtoAc by macerating the cultures in 100 ml of the

solvent for 24h then homogenized for 30 min to lyses the fungal cells and filtered. For the
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EtOAc extracts from the liquid media, the filtrate was added into a separatory funnel to

achieve further extraction of the aqueous layer with EtOAc by solvent partitioning. EtOAc

was added 3-4 times during liquid-liquid extraction for exhaustive extraction. The several

volumes of pooled organic phase were then concentrated under vacuo by rotary evaporation.

For the fungal culture from the solid media, the homogenate was also extracted several times

with EtOAc, decanted and filtered. The pooled filtrates were then concentrated under vacuo.

The concentrated extracts were transferred to tared vials and stored at 2 to 5C° until further

analysis. A summary of the extraction procedure is presented in Figure 2.4.

0

Liquid media

100ml EA

I

maceration for
24h followed by
homogenization

¥

Filtration

¥

Separatory
funnel

Media optimisation extract ]

Solid media

I

100ml EA

maceration for
24h followed by
homogenization

g

Filtration

Drying using rotary
evaporator

Figure 2.4: Schematic diagram represents extraction procedure for both liquid and solid

medias.
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2.2.6.5 Sample Preparation

NMR, LC-HRMS, and bioassay samples were prepared to provide the spectral and biological
data necessary to select the media for the scale-up work. The samples were prepared as
summarised above in Table 2.1. The generated spectral data was processed then subjected to

multivariate analysis using the software SIMCA as shown in Figure 2.5.

Endophytes

l _ 9 different medias

Medial extract:
NMR | - HEEETE ‘ LC-HRMS l

! ! !

Data processing using — Data processing using
Mnova Bio-assay MZMine

I ]

Dereplication using in-

Multivariate analysis house (macro):

using SIMCA _ (combining positive

and negative mode
and remove the effect
of media and solvent

Identifving possible
metabolite and chose
the media for scale up

of Dendryphiella
salina

Figure 2.5: Workflow for sample analysis.
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2.3 Chemical analysis: Extraction, chromatographic separation and
structure elucidation

2.3.1 Scaled-up fermentation and extraction

Endophyte inoculation
on the chosen media
for large-scale

Incubation for the
selected incubation
period at 27C

Extraction of the
active crude extract
using EA

fermentation

¥

Fractionation of the
crude extract using
flash chromatography

technique
Structure elucidation / ¢ \
4 'H NMR for Biological LC-HRMS
Isolation of pure screening assay analysis
compounds using +
different MZMine 2.42: -
chromatographic L
- Peak picking
technique: Deconvolution
prep-TLC and flash Deisotoping
chromatography Alignment
* Multivariate analysis *
Identifying of possible using SIMCA: - Dereplication using in-
active features PCA and OPLS-DA house method macro
scatter plots

Figure 2.6: Workflow for scale-up fermentation to pure compounds isolation.

Malt extract liquid broth with sea salt and oat solid media without sea salt were chosen to scale-
up the crude extract yield from D. salina. Media were prepared following a scaled-up protocol

as further outlined below.

For malt extract broth media with sea salt, 20 flasks were prepared with 15g of malt extract
powder and 25g of sea salt in 1000ml of ultrapure water in a 2000ml Erlenmeyer flask. The pH
was adjusted to 7.4 with 0.1M sodium hydroxide then the media flasks were autoclaved. For
oat media without sea salt, 20 flasks were prepared with 500g of oat with 1000ml of ultrapure

water in a 2000ml Erlenmeyer flasks then autoclaved.

Fungal inoculum for scale-up cultures of D. salina was prepared as described in section 2.2.6.1.
and inoculation was accomplished as described in section 2.2.6.3. The inoculated 1-litre media

were incubated as stand cultures at 27°C for 30 days.
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For extraction, 800ml of EtOAc was added to each flask and again macerated for 24h to stop
D. salina growth and other metabolic processes. After 24h, the culture flasks were
homogenised for 30min. For D. salina growing on malt extract broth, the organic EtOAc phase
layer was separated from the aqueous phase with a separatory funnel. Liquid-liquid extraction
was done exhaustively with EtOAc. The multiple batches of EtOAc extracts were pooled,
concentrated nder vacuo and transferred to a tared vial for storage until fractionation. For D.
salina growing on oat media, the same steps were followed except the solvent partitioning step.
After homogenisation, EtOAc was repeatedly added on the mycelia growing on the oat and the

solvent was instead decanted and filtered at the end.

The crude extracts afforded by the two-culture media were subjected further to preliminary
fractionation by liquid-liquid partitioning. The crude extracts were reconstituted with 200ml of
10% aqueous methanol and extracted thrice with equal volumes of n-hexane to eliminate fatty
acids and lipids. Then successively, the 10%Aq methanol layer was solvent extracted three
times with equal volumes of EtOAc as well. The crude fractions of hexane, EtOAc, and
aqueous methanol were concentrated, dried, and subjected to chemical profiling and
antimicrobial assay screening. Extraction workflow for both fungal extracts generated from
two media is presented below in Figure 2.7. A schematic diagram of liquid-liquid partitioning
of crude extracts of D. salina grown on malt extract with sea salt is shown in Figure 2.8/2.9

and those grown in oat media is in Figure 2.9/2.10.
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Figure 2.7: Preparation of crude extracts of D. salina for liquid-liquid partitioning.
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Figure 2.8: Schematic diagram of liquid-liquid partitioning of D. salina extract grown on

malt extract with sea salt.
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Figure 2.9: Schematic diagram showing the isolation of pure compounds produced by D.

salina grown on malt extract media with sea salt.
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Figure 2.10: Schematic diagram of liquid-liquid partitioning of D. salina extract grown on

oat media.
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Figure 2.11: Schematic diagram showing the isolation of pure compounds produced by D.
salina grown on oat media without sea salt.
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2.3.2 LC-HRMS

Each sample was weighed and dissolved in methanol to prepare a concentration of 1 mg/mL
for LC-HRMS analysis. Methanol was used as a media blank. ACE 5 C18 column was used.
Solvent system was made up of acetonitrile (solvent A) and water (solvent B), both with 0.1%
formic acid. The injection volume was 10uL, the flow rate was at 300uL/min. The standard
gradient is presented in Table 2.3. High resolution mass spectrometry analysis was performed
in both positive and negative modes in a mass range that varied from m/z 150 to 1500. The
spray voltage was 4.5 kV. The capillary temperature was 320°C.

Table 2.3: Elution gradient used for LC-HRMS. Acetonitrile
(solvent A) and water (solvent B)

Time (minutes) % A % B
0 90 10
30 0 100
35 0 100
36 90 10
45 90 10

The LC-HRMS chromatograms and spectra were viewed in Thermo Xcalibur 2.2.

2.3.3 NMR spectroscopy

Samples were dissolved in 600uL of DMSO-46 and transferred to NMR tubes. 5 mg were used
for fractions, while the entire amount obtained (up to 30 mg) was used for pure compounds.
Quantities less than 5 mg were dissolved in 300pL. DMSO-¢s and transferred to capillary NMR
tubes. For structure elucidation, all compounds were submitted to applied chemistry
department to use their 500MHz Bruker NMR instruments. This was done to perform HMBC,
HSQC, and C*2 especially for compounds with low yield (less than 5mg). The rest of the
experiments (COSY, TOCSY, H and HMQC) were done at Strathclyde Institution of
Pharmacy and Biomedical Science (SIPBS) using 400MHz NMR instrument. All experiments
were processed using MestReNova 14.2. For Proton Spectra, smoothing with Whittaker
Smoother, baseline correction with Whittaker Smoother, apodization with Gaussian 1.00 and
manual phase correction were carried out in MestReNova. While COSY analysis, smoothing

with Whittaker Smoother, reducing t1 noise and symmetrizing as COSY -like were done.
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2.3.4 Medium pressure liquid chromatography (MPLC)

MPLC or flash chromatography (FC) is a separation technique that is very similar to open
column chromatography; however, a pressure is applied to elute the sample faster from the

column. The solvent system was chosen after it was optimised on a TLC plate.

In both Buchi Sepacore and Reveleris® Flash Forward systems, normal phase columns were
used and conditioned with the starting solvent system before loading the dry samples that were
mixed with celite. For the initial fractionation of the crude extract with the Buchi Sepacore
system, fractions were collected manually in 100 mL Erlenmeyer flasks at a rate of 200 ml/min.
With Reveleris® Flash Forward system, samples were collected automatically in test tubes at
lower flower rates. TLC analysis was done for all fractions so the similar ones would be pooled

together.

2.3.4.1 Fractionation of D. salina extract obtained from malt extract broth with sea salt.

The crude extract (2.1g) was reconstituted in 6mL of EtOAc or in other appropriate solvent at
the minimum amount possible and added to 7.5g of celite. The concentrated extract solution
was added to the celite drop-wise to obtain homogeneous mixing then dried overnight under
the fume hood. A prepacked column of silica was used as a stationary phase with 40x150mm
(width x height) dimension. The main solvent used was DCM and MeOH. The percentage of
MeOH in the mobile phase must not exceed 80%, to avoid the solvation of silica from the pre-
packed column. Prior to chromatographic separation, the column was equilibrated with 100%
DCM for 10 min at a slower flow rate of 50 mL/min with a total volume of (500ml) because
DCM could be abrasive on the piston pump seals. The chromatographic separation was
accomplished by step-wise gradient elution using a very gradual slope with increasing ratio of
MeOH from 1 to 20% in 160 min at a flow rate of 100 ml/min. The column was washed with
70:30 acetone and MeOH. The selected mobile phase for fractionation was optimised by TLC

and the elution gradient is presented in Table 2.4.
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Table 2.4: Elution gradient for the fractionation of D. salina crude extract obtained from
malt extract broth with sea salt.

Time Mobile phase %
(min) DCM MeOH Acetone Flow rate mL/min
0 100 0 0 50
10 100 0 50
40 99 1 0 100
70 97 3 0 100
130 95 5 0 100
160 80 20 0 100
180 0 30 70 100
200 0 30 70 100

2.3.4.2 Fractionation of D. salina extract obtained from oat media without sea salt.

The crude extract (4.4g) was reconstituted in 10mL of EtOAc and added to 99 of celite drop-
wise to obtain a homogeneous mixture then left to dry overnight under the fume hood. A
prepacked column of silica was used as a stationary phase solvent. The column was also
equilibrated with 100% DCM for 10 min at a flow rate of 50 mL/min. The chromatographic
separation was accomplished by step-wise gradient elution with increasing ratios of MeOH
from 1 to 20% in 130 min at a flow rate of 100 ml/min. The column was washed with 70:30
acetone and MeOH. The selected mobile phase for fractionation was also optimised by TLC

and the elution gradient is presented in Table 2.5.
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Table 2.5: Elution gradient for the fractionation of D. salina crude extract obtained from
oat media without sea salt.

Time Mobile phase %
(min) DCM MeOH Acetone Flow rate mL/min
0 100 0 0 50
10 100 0 0 50
40 99 1 0 100
70 97 3 0 100
100 95 5 0 100
130 80 20 0 100
120 0 30 70 100
140 0 30 70 100

2.3.4.3 Purification of Fraction 2 obtained from D. salina grown on oat media

Fraction 2 (76.8g) was dissolved in 2ml of EtOAc and added drop-wise to 2g of celite with
thorough mixing. The mixture was left to dry under the fume hood over a weekend prior to
loading on a pre-packed 129 silica column for a Grace Reveleris flash chromatography system.
For fractionation, a gradient mobile phase system of DCM and EtOAc was used by starting
with 100% DCM and ending with 100% EtOACc in 2h.

2.3.4.4 Purification of fraction 3 obtained from D. salina grown on oat media

Fraction 3 (70mg) was dissolved in 2ml of EtOAc and added drop-wise to 2g of celite powder
with thorough mixing. The mixture was left to dry under the fume hood over the weekend. The
dried sample-celite mixture was added to a loader for a 12g silica column for the Reveleris
flash chromatography system. DCM and MeOH were used as the solvent system for
fractionation as shown in Table 2.6 below. The sub-fractions were collected automatically by
peaks monitored with both ELSD and UV detectors. The wavelengths used in the UV detector
were at 254 and 280nm. Column was washed using a mixture of acetone and MeOH (70:30).

8l|Page



Table 2.6: Elution gradient for the fractionation of D. salina secondary metabolites.
Mobile phase %

Time (min) DCM MeOH Acetone  Flow rate mL/min
0 100 0 0 25
10 100 0 0 25
15 100 0 0 15
55 99 1 0 15
35 98 2 0 15
45 97 3 0 15
55 95 5 0 15
65 90 10 0 15
70 85 15 0 o
75 80 20 0 b
95 0 30 0 >

100 0 30 70 15

2.3.4.5 Purification of fraction 10 obtained from D. salina grown on oat media

Fraction 10 (490mg) was dissolved in 5ml of EtOAc and incorporated to a 4g of celite powder.
The mixture was left to dry over the weekend. The dried sample-celite mixture was added to a
loader for a 12g silica column for the Reveleris flash chromatography system. Ratios of n-
hexane and EtOAc were used as the mobile phase as summarised in Table 2.7 below. The sub-
fractions were collected by peaks monitored with both ELSD and UV detectors. The UV
wavelengths used were at 254 and 280nm. Column was washed as above using a mixture of
acetone and MeOH (70:30).
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Table 2.7: Mobile phase % used in sub-fractionation of D. salina secondary fraction 10.

Time Mobile phase %

(mins) n-Hexane EtOAc MeOH  Acetone Flow rate mL/min
0 100 0 0 0 25
10 100 0 0 0 25
15 100 0 0 0 25
25 95 5 0 0 25
35 90 10 0 0 25
55 80 20 0 0 25
75 70 30 0 0 25
95 60 40 0 0 25

125 50 50 0 0 25
130 0 0 0 100 25
150 0 0 30 70 25
170 0 0 30 70 25

2.3.5 Thin layer chromatography (TLC) and preparative thin layer chromatography
(PTLC)

Thin layer chromatography (TLC) was used as an analytical tool to identify compounds based
on their Rf value and colour either under UV light or upon reaction with different spraying
reagents. Moreover, it was used to determine the purity of a sample and to estimate the number
of compounds in a mixture. Furthermore, it was used to determine the suitability of solvent
systems for column chromatography. In addition to all of that, it was used as a preparative tool

to purify compounds.

Mobile phases used in the MPLC/Flash chromatography system were chosen after they were
optimised on TLC plates (TLC silica gel 60 F254 plates) obtained from Merck, Darmstadt,
Germany to ensure a proper separation of compounds on the column. The appropriate mobile
phase was chosen based on is the Rf value of first eluting component. The Rf value of the spots
should be between 0.3 and 0.5 to avoid a fast elution rate of the various components in the
crude extract, which will lead to inferior separation if the Rf value is more than 0.5. The elution

rate is quite slow when the Rf value of a component is less than 0.3.

For analytical TLC purposes, fractions were all dissolved in acetone and spotted 1 cm above
the bottom edge of the TLC plate. The TLC chamber was equilibrated with the mobile phase

to which the plates were added and left to develop. The run of the plates was 5 — 6 cm (the
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plate size was 2x8cm). The eluted spots were detected under short and long UV lights.
Compounds that quenched fluorescence or phosphorescence could be detected as dark spots
under the short UV light. Conjugated double bond systems and aromatics could be detected as
coloured spots under short UV wavelengths as well. Alkaloids, flavonoids and other analytes
could be detected under long UV light (Wall, 2005). TLC plates were also sprayed with
anisaldehyde/sulfuric acid reagent (Table 2.8) and heated to 200°C with a heat gun. This
spraying reagent is used to detect many natural products like essential oil components, steroids,
terpenes, sugars, phenolic compounds, and sapogenins (Wall, 2005). The mobile phases used

are mentioned under the results and discussion in Chapter 5.

For PTLC, 10 mg of sample was dissolved in 150uL of acetone and applied to each plate (TLC
silica gel 60 F254 on 20x20 cm aluminium sheets) as a band, 2 cm above the bottom edge of
the plate. Few spots were applied to the TLC plate at both sides as a reference. Prior to the
development of the PTLC plates, filter papers were placed inside TLC chamber for
equilibration. This is very important, otherwise, the solvent front would evaporate from the
plates, decreasing their volatility causing the solvent front to be uneven and concavely shaped.
After the mobile phase had developed the plates, the bands were viewed under UV light. Prior
to using a spray reagent, 90% of the plate area was covered with an aluminium foil, allowing
the edges to be exposed and sprayed with anisaldehyde/sulfuric acid reagent. The bands were
marked with a pencil, cut, and recovered with acetone. The mobile phases used are mentioned

under results and discussion in Chapter 5.

Table 2.8: The components of anisaldehyde/sulfuric acid spray reagent.

Component Volume (mL)
anisaldehyde 0.5
methanol 85
glacial acetic acid 10
concentrated sulfuric acid 5

2.3.5.1 Thin layer chromatography (TLC) of D. salina crude extracts.

Various mobile phases were tested to select the optimum solvent system for MPLC. The best

mobile phase was 99:1of DCM:MeOH that generated Rf values of less than 0.5. However,
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0.1% MeOH was not enough to elute all compounds, which means using a higher percentage
MeOH was necessary to elute all compounds. When using 3% MeOH, the Rf value was higher
than 0.5% for the first two eluate but this percentage was still not enough to elute all the
components. After using 5% of MeOH, the Rf value of most compounds was higher than 0.5,
but again it failed to elute the most polar compounds. Different ratios of DCM and MeOH were
then used in the MPLC separation procedures for the respective extracts and fractions.
However, the columns were always washed with acetone and MeOH at a ratio of 70:30 at the
end of each chromatographic run.

2.3.5.2 Purification of fraction 2 from D. salina extract obtained from malt extract broth.

Preparative TLC was chosen for the sub fractionation of fraction 2 due to its low yield of
42mg. The fraction was dissolved in 600ul of EtOAc. A volume of 150ul was loaded as a
band on every 20x20cm silica TLC using four TLC plates in total. DCM and MeOH (95:5)
was used as mobile phase. TLC plates were developed twice to ensure the maximum

separation between bands.

2.3.5.3 Purification of fraction 4 from D. salina extract obtained from malt extract broth.

Like fraction 2, fraction 4 was subjected to fractionation by preparative TLC. Fraction 4 (60mg)
was dissolved in 900pl of EtOAc and divided to six smaller volumes of 150pl. The sample was
loaded on six 20x20cm silica TLC plates. The plates were developed twice in DCM and MeOH
(95:5).

2.3.5.4 Purification of fraction 2-2(1+2) from D. salina extract obtained from oat media.

Fractions 1 and 2 produced from the sub-fractionation of fraction 2 from D. salina extract
obtained from oat media were pooled together due to their similar chemical profiles. Both
fractions F2-1 and F2-2 resulted in a yield of 19.4mg. The pooled fraction F2-2(1+2) was
dissolved in 300ul of EtOAc and divided to two portions of 150ul. The sample portions were
loaded on two 20x20cm silica TLC plate and also developed twice with DCM and MeOH
(97:3).
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2.4 The metabolomics approach used in this study

Metabolomics is defined as a holistic approach, which can be used as a qualitative and
quantitative technique for all metabolites found in an organism or as part of an organism at
specific times and in particular environments (Rochfort, 2005, Maree et al., 2014, Harvey et
al., 2015). This approach can also be used for the end product of the gene expression process
as well as to monitor gene function and the biochemical status of an organism (Yuliana et al.,
2011).

Metabolomics-based studies can be divided into two types:

1. Non-targeted studies

These studies examine all measurable analytes in the extracts. They should be coupled
with chemometrics-based methods to analyse the compounds, including compounds at
low concentrations when within the limit of detection (Griffiths et al., 2010).

2. Targeted studies

Targeted studies would only search within the pathway that provided the selected
metabolites or known and predefined metabolites (Griffiths et al., 2010).

As illustrated on Figure 2.12, The “-omics” flow includes proteomics, genomics, and
transcriptomics that all either utilises or supports metabolomics (Rochfort, 2005, Dettmer et
al., 2007). However, studying gene functions by transcriptomic and proteomic methods is a
limiting process. This is because changes in proteomes and transcriptomes do not always result
in biochemical phenotype changes. Furthermore, translated proteins could be less active than
enzymes. Moreover, mRNA identifications and protein depend on the similarity of sequence
and database matching. Thus, any lack in database resources will affect the identification
process. Accordingly, the most functional “-omics” approach is the metabolomics-based

method (Sumner et al., 2003, Rochfort, 2005, Yuliana et al., 2011).
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“Omics” Cascade

-

What can happen? GENOME

-

What appears to

be happened? TRANSCRIPTOME
What makes it PROTEOME
happen?
What has happened
and is happening? METABOLOME
PHENOTYPE

Figure 2.12: The omics flow (Dettmer et al., 2007).

Secondary metabolites demonstrate a huge degree of diversity in their structural complexities
and physicochemical properties; as a result, it is challenging to identify and quantify secondary
metabolites which are present in certain natural sources. Hence, robust and selective analytical
methods must be chosen to overcome these challenges (Tawfike et al., 2013, Stuart et al.,
2020). Liquid chromatography, coupled with high-resolution mass spectroscopy (LC-HRMS)
and NMR spectroscopy, are the instruments mostly used in metabolomics processes. Because
crude extracts are used in the first screening to guide metabolomics, LC-HRMS is more
effective than NMR due to the higher sensitivity of LC-HRMS; it can detect compounds which
are presented as femtogram levels in the extracts. Furthermore, the compound dereplication
can be accomplished using exact mass and fragmentation patterns, as well as the specific
retention time can enhance the identification. However, the ionisation capability of the isolated
compound can affect the metabolite identification (Griffiths et al., 2010, Tawfike et al., 2013,
Krug and Miuller, 2014). Reproducible methods, like NMR, and its ability for structural
elucidation can be valuable. However, NMR can miss compounds with low concentrations and

cause problems in dereplication processes.
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Dereplication applies spectroscopical analysis to identify known compounds, especially in the
early stages of their fractionation and isolation processes (Krug and Miiller, 2014, Harvey et
al., 2015). It can be carried out using LC-HRMS, where hits with specific m/z values are
compared to databases, such as the AntiMarin and the Dictionary of Natural Products (DNP).
This comparison is used in parallel with multivariate analysis, which pinpoints active
metabolites and facilitates an improved selection of fractions, which can be used for further
purification. As a result, this can save time and money in the novel bioactive metabolite
isolation process. Merging data provided by both LC-HRMS and NMR with multivariate data
analysis tools allows researchers to make comparisons and detect differential metabolites in
biological extracts and fractions, thus narrowing the search for potential biomarkers and
avoiding chemical redundancy at the very beginning of the study (Wu et al., 2015). This reflects
the ability of metabolomics data to be analysed and visualised by incorporating multivariate
analysis, to simplify and identify significant correlations which lie within the dataset
(Covington et al., 2017).

2.4.1 Chemometrics and multivariate analysis

Chemometrics is described by Wold and Sjdstrom as the “art of extracting chemically relevant
information from data produced in chemical experiments, and is heavily dependent on the use
of different kinds of mathematical models. The major concern is to modulate the chemical
problem to a form that can be expressed as a mathematical relation. It is how to get chemically
relevant information out of measured chemical data, how to represent and display this
information and how to get such information into data” (Wold and Sjostrom, 1998). It
incorporates the use of both numerical and statistical techniques to recover more data from
complex datasets and could be used as a way to clear up patterns in complicated chemical
matrices (Wold and Sjostrom, 1998, Mok and Chau, 2006, Maree et al., 2014).

Multivariate data analysis is a chemometrics-based method which provides interpretable data
from a complex collected data matrix of an experiment, thereby examining the data and
allowing the estimation of its outcomes. High-resolution analytical instruments produce
multivariate colinear data, determining variables, which describe the system and provides
information similarity in the information content. These colinear variables which describe the
system, and thus the data structure, could be incorporated and defined by fewer factors, which

are called latent variables or principal components (Rajalahti and Kvalheim, 2011).
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Approaches in multivariate analysis include principal component analysis (PCA), soft
independent modelling by class analogy (SIMCA), partial least squares (or projections to latent
structures) discriminant analysis (PLS-DA), orthogonal partial least squares discriminant
analysis (OPLS-DA) and modified orthogonal projections to latent structures (O2-PLS). Those

approaches are summarised in Table 2.9 (Wiklund, 2008).

Table 2.9: Approaches used in multivariate analysis (Wiklund, 2008).

PCA: SIMCA: PLS-DA and OPLS- 02-PLS:
Overview Classification DA: Discrimination Regression
Trends Pattern recognition Discriminating Comparing blocks
between groups of omics data
Outliers Diagnostics
Biomarker Metabolomic vs
Quality control Healthy/diseased candidates proteomic vs
genomic
Biological diversity Toxicity Comparing studies
mechanisms or instrumentation Correlation
Patient monitoring | Disease progression spectroscopy
° . [ ee
L 0% o | -.o L,
32 n e oo
[ ] E @ (o]

Two of the most commonly used multivariate approaches for metabolomics data analysis are
PCA and OPLS-DA (Covington et al., 2017). For example, measuring "K" number of variables
for "I" number of objects; will result in a big data matrix IxK in size (as shown in Figure 2.13).
Using PCA could reduce this matrix to the smaller matrices IxA and AxK, which are easier to
interpret and understand (Geladi, 2003). PCA converts the large data space that is present in
the IxK matrix into a smaller space (as shown in Figure 2.13), where X = IXK = IxA + AxK +
E. Each term (IxA and AxK), is called a PC or a latent variable, and E represents the residual
matrix. Usually, many PCs are obtained; however, two could be sufficient to represent the data

in an efficient and descriptive way.
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Data Latent variables Residual

Figure 2.13: “A data matrix of size IxK is reduced to smaller matrices of size [xA
and AxK (A<<min (I, K), which are easier to interpret and understand, and contain all
the relevant information. Noise and other disturbances are left in the residual matrix of
size IxK. A general name for the reduced data is latent variables”. Example of

metabolomics (Geladi, 2003).

Two types of plots are used for PCA: the scores plot and the loadings plot. The scores plot
(Figure 2.14) summarises observations (crude extracts or fractions), and the loadings plot
summarises the variables (mass ion peaks, m/z or chemical shifts, ppm) responsible for the

pattern of observations in the scores plot (Geladi, 2003).

Latent variable 2

Cluster A
]
@ Gradient
luster B

@Outlier

Latent variable 1

Figure 2.14: Examples of scores plots for two PCs (Geladi, 2003). As the figure depicts,
cluster A shows less variation, as it is denser than the spread-out in cluster B which
reveals more variation. In some situations, outliers and a gradient between the pure
classes A and B might be observed.
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PCA is an unsupervised approach which does not make assumptions about the data and
identifies the sources of variation among the observations; thus, observations are classified in
scores plots according to the variables in the loading’s plots (Covington et al., 2017). In
contrast, the PLS-DA approach is supervised. Thus, separate groups of observations are defined
by the researcher and are clustered accordingly in the scores plot, while variables in the
loadings plot are grouped so that they are responsible for the observation groups in the scores
plot (Covington et al., 2017). Enhanced separation between predictive and nonpredictive
variations, can be done by applying orthogonal signal corrections to PLS regressions (Bylesjo
et al., 2006).

2.4.2 Applications of metabolomics in natural product research

In examining natural products for drug discovery purposes, metabolomics has introduced
important applications, both in tracking novel compounds and active metabolites, and in
optimising the production of secondary metabolites. Both PCA and OPLS-DA could be used
to guide the isolation of compounds and to prioritise fractions for further work, which will save
time and resources and direct fractionation and purification toward the novel and bioactive
compounds (Raheem et al., 2019, Tawfike et al., 2019, Mazlan et al., 2020). This effect is a
result of the ability of a metabolomics processes to compare and screen secondary metabolites
extracted from endophytic fermentations, rapidly revealing outliers, differences, and
biomarkers among experimental extracts, either from different sources or from different
fractions related to the same extract. This would aid in tracking the possible novel and bioactive
metabolites and biomarkers present from the early stages of research to the end (Sebak et al.,
2020, Stuart et al., 2020, Santiago et al., 2021) . Then, such biomarkers could be isolated, and
their structural information (provided by NMR or LC-HRMS) are compared with database or
library information to serve as a dereplication process and conserve time in defining the target
metabolites (Wu et al., 2015). If the core structure of the biomarker is known, but its functional
groups are not, then two-dimensional NMR and fragmentation patterns from MS/MS spectra
combined with molecular networking evaluation processes could be used to identify the
compound in question. However, if its nucleus is novel, then a full de novo NMR structural

characterisation is needed (Tawfike et al., 2013).

Furthermore, metabolomics processes could be used to optimise fermentation conditions and
to detect and sustain the production of interesting secondary metabolites during the scaling-up

process (Schulz et al., 2002, Harvey et al., 2015). Furthermore, studying, exploring, and
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validating relationships between culture methods, diversity, bioactivity, and metabolome
evaluation in the microbial isolate could be aided by real time-metabolomics (Jorda et al., 2012,
Zhu et al., 2013, Abdelmohsen et al., 2014, Hubert et al., 2014). When certain fermentation
parameters are changed, the secondary metabolite production could be checked by
metabolomics processes. This gives the metabolomics processes the ability to work as quality
control tools (Tawfike et al., 2013, Toya and Shimizu, 2013, Wu et al., 2015). Metabolomics
processes could also be used as quality control tools in phytomedicine. Interspecies variations,
adulterations, environmental changes, post harvesting treatments, and extraction methods may
all lead to change in the metabolic profiles and affect the activity of the resulting isolated
compounds. Any change of these could be detected by PCA (Yuliana et al., 2011). In addition,
metabolomics could be used to link the chemical profiles and bioactivity patterns of certain
phytomedicines, where the activity of these phytomedicines is a result of the synergism of
many individually inactive chemical constituents. In such cases, the combination of these
constituents is monitored to maintain the biological activity (Yuliana et al., 2011). Further,
metabolomics data can be mined in searches for biosynthetic precursors, which could be used

to increase the production of a certain bioactive secondary metabolite (Harvey et al., 2015).

2.4.3. Multivariate analysis of spectral data

The LC-HRMS files were splitted into positive or negative ionisation mode files with
MassConvert by Proteowizard before they were imported to MZmine 2.42 for processing. The
splitting was essential due to the inability of MZmine to process both negative and positive
data modes sets at together (Pluskal et al., 2010).

Mzmine parameters followed those put together by Macintyre et al, 2014, the centroid mass
detector was used for peak detection where the noise level set to 1.0E* and the MS level to
1(Macintyre et al., 2014). The chromatogram builder function was set to a minimum time span
of 0.2 min, minimum height of 1.0E* and m/z tolerance of 0.001 m/z or 5.0 ppm. Local
minimum search algorithm was used for chromatogram deconvolution. The chromatographic
threshold was set to 5.0%, the search minimum in tr range to 0.4 minutes, the minimum relative
height to 5.0%, the minimum absolute height to 10000, the minimum ratio of peak top/edge to
3 and the peak duration range to 0.2 — 5.0 min. Isotopic peak grouper was used for detecting
isotopes. The tolerances of both tr and m/z were set to 0.1 min and 0.001 m/z, respectively. The

maximum charge was set to 2 and the representative isotope chosen was the most intense. After
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that, the chromatograms were cropped to 5.0 — 40.0 min using the peak list row filtering
function. Then, join aligner was used to align the peak list, in which, m/z tolerance was set to
0.001 m/z or 5 ppm, weight for m/z to 20, tr tolerance to 5 relative % and weight for tr and m/z
to 20. Later, gap filling took place where the m/z tolerance was set to 0.001 m/z too, intensity
tolerance to 30%, tr tolerance to 0.5 minutes and m/z tolerance to 0.001 m/z or 5 ppm. Adduct
search was performed with tr tolerance of 0.2 min, m/z tolerance of 0.001 m/z or 5 ppm and
maximum relative adduct peak height of 30%. The adducts searched for were Na, K, NH4 in
positive mode and format in negative mode. ACN was searched for in both modes.
Furthermore, a complex searched was performed using [M+H]" for the positive mode and [M-
H] for the negative mode. The tolerance of tr was set to 0.2 min, m/z tolerance of 0.001 m/z or
5 ppm and maximum complex peak height to 50%. Moreover, the formula prediction function
was used to search for unknowns where again m/z tolerance was 0.001 m/z or 5 ppm. Finally,
the data was exported as a CSV excel file for further clean up using the in-house developed
macro. The exported parameters were Row ID, m/z, tr, identification method, predicted
chemical formula and the peak area. In macro, data preparation took place where both positive
and negative outputs were combined again in one data set. This was followed by the removal
of media and solvent effects and dereplication. This resulted in a data set prepared to be
analysed using SIMCA-P software. The data was imported into SIMCA. Polarity and MZmine
ID were merged and set to be the primary identifier and m/z, tr, molecular formula and
molecular weight (MWt) were selected as secondary identifiers. Both Principal Component
Analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) was
performed depending on the purpose of the study. Scores, loadings and S-plots were then
generated (Macintyre et al., 2014). Permutation test was performed for OPLS-DA models. This
test calculates the model's fitness (R?) and predictive power (Q?). A strong model has its R?
and Q? values close to 1, its R?Y intercept must be less than 0.4 and Q2Y intercept less than
0.05 (Ali et al., 2013).
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3 Isolation and Screening of Fungal Endophytes
3.1 Literature background on selected seaweeds for this study

3.1.1. Ascophyllum nodosum source of natural products

Ascophyllum nodosum (A. nodosum) is a brown seaweed that belongs to the Fucales family
(Jiménez et al., 2010). Previous reports indicated the presence of bioactive metabolites, which
affect different macro and micro-organisms (Jiménez et al., 2010). Macroalgae-derived extracts
have been used extensively by the cosmetic industry for skincare products (Jimenez et al.,
2010). Extracts of A. nodosum exhibited antioxidant and immunomodulatory activities both in
vitro and in vivo (Turner et al., 2002). The crude extract of A. nodosum was also shown to be
a good food additive to reduce the growth of pathogens and has improved the performance of
livestock grazing animals (Allen et al., 2001). The acetone crude extract of A. nodosum exerted
good anti-oxidant, anti-mcrobial and tyrosine inhibitor activities (Jiménez et al., 2010). A.
nodosum was also a good source of fucoidan, alginates, ascophyllan, laminarins and
polyphenolic compounds (Kadam et al., 2015). Some of these examples are shown in Figure
3.1
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Figure 3.1: Examples of compounds isolated from A. nodosum (Kadam et al., 2015)

3.1.2 Laminaria hyperborea source of natural products

Laminaria hyperborea (L. hyperborea) is a brown seaweed listed under Laminariaceae species,
which is likely to be found on the coast of Scotland, Ireland and Norway (Kadam et al., 2015).
L. hyperborea is commonly utilised in the hydrocolloidal industry for their high yields of

various alginate-like compounds as shown in Figure 3.2 (Werner and Kraan, 2004).
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Figure 3.2: Chemical structure of alginate hydrocolloidal compounds isolated from L.

hyperborea.

In addition, the crude extracts of L. hyperborea are rich with phenolic compounds and -glucan

polysaccharide, known as laminarins which can enhance various biological activities (Murphy
et al.,, 2013, Kadam et al., 2015). Laminarins consist of (1,3)-B-D-glucopyranose residues
(Figure 3.3) with some 6-O-branching in the main chain and/or some B-(1,6)-intrachain links
(Rioux et al., 2007, Kadam et al., 2015). The physicochemical property of laminarin

compounds depends on the degree of branching of each compound, which can also affect the

biological activity of these polysaccharides (Rioux et al., 2007, Kadam et al., 2015).
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Figure 3.3: Chemical structure of (1,3)-B-D-glucan building unit of laminarin compounds

isolated from L. hyperborea.
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3.1.3 Ulva intestinalis source of natural products

Ulva intestinalis is a marine green microalga growing in rockpools (Larsson et al., 1997). Crude
extracts of U. intestinalis was also found to exhibit anti-microbial activity (Sahnouni et al.,
2016). U. intestinalis was describe to yield ulvan polysaccharides with building blocks such as
glucouronic acid, rhamnose 3-sulfate, xylose, xylose 2-sulfate and iduronic acid, as presented
in Figure 3.4 (Brading et al., 1954, Tavernier et al., 2008).

O//
HO—° o1 OH
H3C O OH3C O
—%Fo OW W 6.5-0
OH -0.5-O HO 0557 OH
0557~ OH ~0 OH
- —In - —In
glucuronic acid-rhamnose 3-sulfate iduronic acid-rhamnose 3-sulfate
L
o 7]
i TR o707
0] o 3
o= o 0 34
OH _ O 058 ‘058
035 OH 3 3
— —n
- xylose-rhamnose 3-sulfate - xylose 2-sulfate-rhamnose 3-sulfate

Figure 3.4: Ulvan polysaccharides isolated from U. intestinalis.

3.1.4 Ulva lactuca source of bioactive metabolites

Ulva lactuca (U. lactuca) is a green edible seaweed under the Ulvaceae family and is
commonly known as sea lettuce (Fotedar, 2011). U. lactuca was able to produce metabolites
that can be used by the seaweed itself and/or by its endophytes (Yaich et al., 2011). As
illustrated in Figure 3.5, metabolites found in U. lactuca were related to different families of
compounds like amino acids, polyphenolics, polysaccharides, and fatty acids (Yaich et al.,
2011).
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Figure 3.5: Chemical structure of some compounds produced by U. lactuca
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3.1.5 Fucus vesiculosis source of natural products

Fucus vesiculosis is a brown alga usually found in the north Atlantic ocean, Baltic sea (Craigie
et al., 1977). Brown alga has been widely reported in the literature to produce active
antimicrobial metabolites (Buedenbender et al., 2020). These reported compounds were found
to exhibit inhibitory effect against gram+ bacteria like S. aureus and Bacillus subtilis (B.
subtilis) (Narayani et al., 2011, Pérez et al., 2016). Antimicrobial compounds from various
chemical groups have been isolated from brown alga such as phenolics, carotenoids,
polysaccharide and lipids (Pérez et al., 2016). Only a few number of research papers have
reported the biological activity of the isolated pure compounds (Figure 3.6), while the majority
of the publications described the biological activity of the crude extracts (Buedenbender et al.,
2020). From the reported compounds, a polyhydroxylated fucophlorethol was found to be
active against E. coli and S. aureus growing on the surface of the seaweeds (Sandsdalen et al.,
2003). Another compound under the carotenoid group was fucoxanthin that e to be active
exhibited antimicrobial activity against four different types of bacteria (Pseudoalteromonas
sp., Ulvibacter littoralis, Bacillus aquimaris, Cytophaga KT0804) growing on algal surface at
a concentration of 0.9-10mg/cm? (Saha et al., 2011). In addition, galactolipid compounds were
also found to be active against S. aureus (DSM346) (Buedenbender et al., 2020). The
production of phenolic compounds was higher in the summer, while galactolipids production

was higher in the winter and both were active against S. aureus (Buedenbender et al., 2020).
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Figure 3.6: Chemical structures of some reported bioactive compounds isolated from Fucus

vesiculosis

3.1.6 Fucus spiralis source of bioactive metabolites

Fucus spiralis (F. spiralis) is a brown algae that usually thrives at the intertidal zones of marine

environments (Schmid et al., 2017). F. spiralis has been reported as a valubale source of

nutritional and bioactive metabolites (Neto et al., 2006). These bioactive metabolites like

phlorotannins have a potential impact on human health (Paivaet al., 2016, Catarino etal., 2017,

Paiva et al., 2017). F. spiralis displayed good antioxidant activity due to the polyphenolic

compounds produced by these seaweeds (Paiva et al., 2018). Many phenolic compounds have

been reported to be produced by F. spiralis, like gallic acid, caffeic acid, vanillic acid and

gentistic acid, as presented in Figure 3.7 (Fernando et al., 2016).
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Figure 3.7: Some phenolic compounds produced by F. spiralis seaweed.

3.1.7 Fucus serratus source of natural products

Fucus serratus (F. serratus) is a brown alga that belongs to the same family as Fucus
vesiculosis and spiralis (Major, 1977). F. serratus is usually found at the Atlantic coast of
European Canary Islands and on the shores of north-east America (Taylor and Rao, 1957,
Ryzhik et al., 2014). Most of the compounds produced by A. nodosum and F. vesiculosis have

also been described in F. serratus (Le Tutour et al., 1998).

3.1.8 Himanthalia elongata source of natural products

Himanthalia elongata (H. elongata), also known as thongweed, seathong or sea spaghetti, is
also a brown algae that belongs to the Order Fucales (Costello et al., 2013). H. elongata
flourishes in the north east Atlantic Ocean and the North sea (Costello et al., 2013). The soluble
lipids produced by H. elongata were found to increase the antioxidant activity of vitamin E by
at least 45% (Le Tutour et al., 1998). H. elongata yielded a-tocopherol and other compounds,
like ethylenecholestrol and cholestrol, as presented in Figure 3.8 (Sanchez-Machado et al.,
2004). These chemical compounds can be used as a precursor for the synthesis of new

secondary metabolites, either by H. elongata or its microbial endophytes.
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Figure 3.8: Chemical structure of some compounds produced by H. elongata.

3.2 Seaweed collection

Seaweeds used in this study as a source of endophytic fungi were collected from Culzean coast,
Ayr, Scotland, United Kingdom. A photograph of each seaweed is presented in Table 3.1.
Collection and identification were done in May 2018 with Kirsty Black, the Product
Development Manager from Marine Biopolymer (MBL) Limited.

Table 3.1: Seaweeds used to isolate endophytes for the study.

Seaweed # Seaweed name Seaweed picture

> aE e

e

1 Ascophyllum nodosum

2 Laminaria hyperborean

Continued Table 3.3: Seaweeds used to isolate endophytes for the study.
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Seaweed # Seaweed name

3 Ulva intestinalis

4 Himanthalia elongata
5 Fucus serratus

6 Fucus vesiculosis

7 Ulva lactuca

8 Fucus spiralis

3.3 Isolation of endophytic fungi.

Forty endophytic fungi were isolated from internal tissues of seaweeds (refer to section 2.2.4

for detailed procedure). In this study, the internal tissues of respective seaweeds were
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inoculated on malt agar to grow and isolate endophytic fungi for further chemical analysis and
antimicrobial work. Malt extract agar was chosen to grow the endophytic fungal isolates due
to the type of the primary metabolites provided by this media (like sugars and peptides) to be
a source of carbon and nitrogen needed in the synthesis of secondary metabolites.
Chloramphenicol was used in the first inoculation step of the seaweeds tissues to prevent the
growth of the endophytic bacteria because in this study only endophytic fungi were targeted.
The seaweeds were rinsed and surface-sterilised with 70% isopropanol to prevent the possible
contamination of epiphytes. The second inoculation of the respective isolated fungi in malt
extract agar media were grown in the absence of chloramphenicol. The presence of
chloramphenicol can mask the identification of low yielding bioactive metabolites when
analysing the chemical profile and the biological activity of the fungal extracts, which could

give misleading results.

Many of the isolated endophytes in this study, showed similar morphological features. Fungal
colonies from the same host seaweed and those exhibiting identical morphological
characteristics were excluded. The reason of excluding these strains is due to the lower
probability of producing unique secondary metabolites between isolates when the main source
of their primary metabolites was deduced from the same seaweed. In this case, further study
was only accomplished on the fungal sample affording the highest biomass and this one
representative strain was selected. On the other hand, fungal isolates with the same
morphological features but derived from different seaweed sources were kept and used for
further screening and profiling. These fungal strains were expected to have a higher probability
to yield different sets of natural products because their primary metabolites that could be
utilised for their biosynthesis were derived from different host seaweeds. After excluding
identical strains isolated from the same seaweed source, 26 endophytic fungi were isolated,
purified by repeated inoculation, and coded according to seaweed source as well as their

morphological features as listed in Table 3.2.

Table 3.2: Fungal endophytes isolated from collected seaweeds.

Seaweed # Seaweed name Fungal morphology Code
1 Fucus serratus Green fast-growing 1/1
2 Laminaria hyperborean Brown powdered 2/
Fluffy white with brown dots 2/2

103 |Page



Brown mass with obvious gland 2/3

Orange mass with white surrounding 2/4

Light brown with white dots 2/5

Fast grown green 2/6

3 Ulva lactuca Green small biomass 3/1
4 Fucus spiralis White huge Mass 41
Green fast-growing 4/2

Green fast-growing large biomass 5/1

Grey small biomass 52

5 Fucus vesiculosis White and orange circles biomass 5/3
Dark red small biomass 5/4

White fluffy biomass 5/5

Green with orange crystals 6/1

6 Ascophyllum nodosum Small green biomass 6/2
White small circle with light background 7/1

White with grey background 712

7 Himanthalia elongata Orange with white hair like shape 7/3
Green fast-growing biomass 714

Small green mass with white dots 7/5

White biomass 8/1

8 Ulva intestinalis - Light brown_ biomass 8/2
White biomass with orange dots 8/3

Grey mass with brown dots 8/4

3.4 Fungal extraction.

Due to the growth rate differences between isolated fungal strains, twenty-six fungi were
classified as fast- and slow-growing fungus depending on their growth rates. Each fungus was
inoculated on nine malt agar plates with a dimension of 100x15mm. Every three plates of MA
media containing fungus was used to prepare a one extract. Average yields of the extracts from

each of the triplicates were recorded and listed in Table 3.3.

Table 3.3: Average yields of respective fungal extracts based on their triplicates.

Endophyte code Weight Endophyte code Weight
1/1 3.7mg 2/1 (D. salina) 7.5mg
212 6.6mg 213 6.2mg
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2/4 8.2mg 2/5 (G. candidum) 4.8mg

2/6 4.2mg 3/1 7.3mg
4/1 5.7mg 4/2 3.1mg
5/1 8.1mg 5/2 6.9mg
5/3 (M. elegance) 16.9mg 5/4 (H. rubiginosum) 22.1mg
5/5 6.7mg 6/1 6.8mg
6/2 7.4mg 7/1 6.1mg
712 5.1mg 7/3 4.7mg
714 6.3mg 7/5 6.1mg
8/1 5.1mg 8/2 7.2mg
8/3 7.1mg 8/4 5.7mg
Blank 5.3mg
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Extract Yield (mg)

(1/1) (2/1) (2/3) (4/1) (4/2) (5/2) (6/1) (7/1) (7/2) (7/3) (8/1) (8/4)
Endophyte Code

Extract yield

(2/2) (2/4) (2/5) (2/6) (3/1) (5/1) (5/3) (5/4) (5/5) (6/2) (7/4) (8/2) (8/3)
Endophyte Code

Figure 3.9: Yield of extacts produced by isolated endophytic fungi. A: Fast- and B: slow-
growing fungi. The red coulmns represent the bioactive extracts against both biofilm-
forming S. aureus and P. aeruginosa.

The slow-growing fungi were incubated for 30 days to ensure enough extract yield could be
subjected for further chemical profiling and microbial assay procedures. Whereas, the fast-
growing fungal isolates were incubated for only 15 days to avoid biomass overgrowth, which
could lead to the consumption of its own secondary metabolites. However, the yields of the
fungal extracts were generally very low with only a maximum yield of 22.1mg for fungal strain
#5/4 from the three 10-cm malt extract agar plates. The endophytes have been grouped

depending on the growth rate.
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To safeguard good practice for metabolomics data analysis, a media blank was also incubated
for both incubation durations to be compared with the extracts afforded by the screened fungal
isolates. In addition, all replicates from both incubation periods were analysed using LC-
HRMS and tested against the biofilm-forming S. aureus and P. aeruginosa.

3.5 Bioassay screening of fungal extracts.

The extracts were tested to screen their biological activity against bacterial growth of biofilm-

forming bacteria S. aureus and P. aeruginosa. Due to the high possibility for the presence of a
biofilm forming bacteria on seaweeds (Steinberg and De Nys, 2002), which is the host
organism in this study, antimicrobial assays were chosen for biological activity screening of
the extracts of the isolated endophytic fungal strains. AlamarBlue® and planktonic assay
methods were used to test the ability of the fungal extracts to inhibit bacterial growth and
biofilm formation, respectively. Screening for antibiofilm activity has been essential to combat
bacterial resistance through biofilm formation.

3.5.1 Alamarblue® Assay of fungal extracts:

After applying 100pg/mL of each of the fungal extracts in 96-well plates inoculated with
biofilm-forming S. aureus and P. aeruginosa, four of the extracts exhibited more than 90%
biological activity. These four bioactive extracts were afforded by endophytic fungi M.
elegance (5/3), D. salina (2/1), G. candidum (2/5), and H. rubiginosum (5/4). The highest
biological activity was obtained from D. salina extracts with a biological activity of 97% and
98% against S. aureus and P. aeruginosa, respectively. On the other hand, extract 8/4 displayed
no antimicrobial activity against S. aureus and P. aeruginosa at -3% and 1% growth inhibition,
respectively. Some fungal extracts were able to produce weak antimicrobial activity between
40 and 60% bacterial growth inhibition, which were however not enough to be chosen for

further isolation and bioprospecting work.
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Table 3.4: AlamarBlue® bacterial viability assay results of 100pg/mL of fungal extracts.
Highlighted rows represent the bioactive extracts.

% of bacterial % of bacterial
viability viability
Liquid media S. aureus & Solid media S. aureus &
extract P. aeruginosa extract P. aeruginosa

1/1 78.82 & 84.12 D. salina (2/1) 279&1.76
212 67.69 & 72.10 213 70.49 & 68.84
2/4 86.75 & 92.68 G. candidum (2/5) 8.69 & 7.61
2/6 57.38 & 60.97 3/1 44.92 & 43.50
4/1 39.60 & 41.77 4/2 55.34 & 53.83
5/1 86.32 & 92.23 5/2 63.57 & 61.99

M. elegance (5/3) 8.58 & 8.27 5/4 95.34 & 93.46
5/5 63.55 & 67.64 H. rubiginosum (5/4) 3.95&2.92
6/2 91.18 & 97.47 6/1 77.60 & 75.88
712 76.78 & 81.92 71 56.93 & 55.41
714 66.21 & 70.50 713 80.71 & 78.97
8/1 55.15 & 58.56 715 58.73 & 57.19
8/3 74.05 & 78.98 8/2 67.86 & 66.24
8/4 103.12 & 98.84
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Figure 3.10: AlamarBlue® Assay results of 100ug/mL of fungal extracts against biofilm-
forming S. aureus and P. aeruginosa.

3.5.2 Planktonic assay of fungal extracts:

Comparable to the AlamarBlue® assay results, an identical set of four endophytic extracts
exhibited superior biological activity in inhibiting biofilm formation by S. aureus and P.
aeruginosa. These extracts were from M. elegance (5/3), D. salina (2/1), G. candidum (2/5),
and H. rubiginosum (5/4). The highest % of anti-biofilm activity was obtained with H.

rubiginosum at 98 and 95% inhibition against S. aureus and P. aeruginosa, respectively.
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Table 3.5: Planktonic biofilm viability assay results for 100ug/mL of fungal extracts.
Highlighted rows represent the bioactive extracts.

% of biofilms viability

% of biofilms viability S. aureus & P.
Fungi code S. aureus & P. aeruginosa Fungi code aeruginosa
1/1 34.27 & 40.15 D. salina (2/1) 5.36 & 8.89
212 40.69 & 46.01 2/3 16.97 & 21.35
2/4 53.14 & 58.97 G. candidum (2/5) 9.75 & 13.84
2/6 53.31 & 59.15 3/1 22.72 & 27.33
4/1 46.92 & 52.49 4/2 40.14 & 45.44
5/1 53.78 & 59.63 5/2 56.00 & 61.93
M. elegance (5/3) 10.16 & 7.27 H. rubiginosum (5/4) 1.43 &5.18
5/5 98.80 & 94.45 6/1 67.01 & 73.39
6/2 35.94 & 41.07 7/1 47.90 & 53.52
712 93.87 & 101.33 7/3 55.25 & 61.16
714 60.95 & 67.09 7/5 47.06 & 52.64
8/1 67.30 & 73.69 8/2 49.68 & 55.37
8/3 58.45 & 64.49 8/4 54.88 & 60.77
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Figure 3.11: Planktonic assay results after applying 100ug/mL of each fungal extracts
against both biofilm-forming S. aureus and P. aeruginosa.
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3.5.3 Minimum inhibitory concentration (MIC) and Minimum biofilm eradication
bacteria (MBEC) assay.

MIC and MBEC were calculated for the four antimicrobial extracts. All MIC were less than
35ug/mL. The lowest MIC values were obtained with M. elegance extract at 18.50 and
23.20ug/mL against S. aureus and P. aeruginosa, respectively. While highest MIC values of
29.78 and 32.61pug/mL, respectively were acquired from H. rubiginosum extract. On the other
hand, the lowest MBEC values of 15.52 and 22.43ug/mL were obtained with G. candidum and
M. elegance against S. aureus and P. aeruginosa, respectively. The highest MBEC values of
28.72 and 31.61pg/mL were attained with D. salina and H. rubiginosum extracts against S.

aureus and P. aeruginosa, respectively.

Table 3.6: MIC of active fungal extracts against S. aureus and P. aeruginosa.

Medial extract MIC pg/mL against S. MIC pg/mL against P.
aureus aeruginosa
D. salina 27.37 2451
M. elegance 18.50 23.20
H. rubiginosum 29.78 32.61
G. candidum 28.72 30.63
MIC of Active Fungal Extract MIC of Active Fungal Extract
., 1004 -e- D. salina 100
= 2
5 80 - M. elegance = g0d - D. salina
g - H. rublgl.nosum 8 -+ M. elegance
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Figure 3.12: MIC results of active fungal extracts against biofilm-forming S. aureus and P.
aeruginosa.

Table 3.7: MBEC of active fungal extracts against biofilm-forming S. aureus and P.
aeruginosa.

Medial extract MBEC pg/ml against S. MBEC pg/ml against P.
aureus aeruginosa
D. salina 28.72 23.66
M. elegance 26.77 22.43
H. rubiginosum 18.91 31.61
G. candidum 15.52 29.49
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Figure 3.13: MBEC results of active fungal extracts against biofilm-forming S. aureus and
P. aeruginosa.

3.6 NMR analysis of fungal extracts

As illustrated in Figure 3.14, there was quite a small change between NMR spectra of the fungal

and blank media extracts. No major changes can be detected due to two reasons:

1- Low vyield of extracts, which was less than 5mg from many of the fungal cultures. In
addition, for extracts with yield less than 5mg, a 3mm NMR tubes were used with 300ul
of DMSQge to improve NMR spectrum resolution.

2- NMR spectroscopy as a method is of lower sensitivity compared to mass spectrometry,

which led to the inability to detect all peaks for low yielding secondary metabolites.

A high ratio of peaks at the aliphatic region between 0.00 and 3.50 ppm was afforded by all
fungal extracts. This could be due to the marine nature of the endophytic fungi, which were
known to produce high yield of fatty acids (Devi et al., 2006). However, according to the
stacked 'H NMR spectra of the fungal extracts with the blank media presented in Figure 3.15,
there was an obvious difference between spectrum of the blank extract and those of the
bioactive extracts especially those produced by D. salina and H. rubiginosum. H. rubiginosum
seems to deplete the medium in comparison with the rest of the other active extracts where
resonances belonging from the media blank could be perceived. However, D. salina afforded
higher intensity resonances in the region between 0.5 and 4.5 ppm when compared to the media

peaks.
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Figure 3.14: Stacked H! NMR data of fungal extracts obtained from isolated endophytic
fungi from some Scottish seaweeds along with MA blank. A: a blank extraction followed by

fungal extracts from 12 endophytes and B: a blank extract and 13 fungal extracts. Sample’s
concentration is 5mg/600ul of DMSO-g¢s (400MHZz).
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Figure 3.15: Stacked H! NMR spectrum of bioactive fungal extracts along with MA blank
in the bottom. Sample concentration was at 5mg/600ul of DMSO-46 (400MHZz). Highlighted
peaks are resonances belonging to the MA medium.

In general, the NMR spectral data of the various fungal extracts displayed resonating peaks at

a wide range of chemical shifts from the aliphatic to aromatic region with a higher ratio of

hydroxylated and aliphatic peaks.

The PCA scatter plot of the NMR spectral data of the fungal extracts indicated a unique

chemical profile for D. salina, which was positioned as an outlier. In addition, M. elegance and

H. rubiginosum produced different chemical profile from most of the other extracts and located

on the right quadrants of the plot. On the other hand, G. candidum, which produced a low yield

of extract was more similar to the inactive extracts and the media blank. PCA scatter plot of
the NMR data is presented on Figure 3.16.
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Figure 3.16: PCA scatter plot of the NMR spectral data of the respective fungal extracts.

When incorporating the antimicrobial assay results to the multivariate analysis data, the active
secondary metabolites were located at the right side of the OPLS-DA scatter plot (Figure 3.20),
while the inactive extracts accumulated at the left side of the plot. The chemical profiles
afforded by the active D. salina and G. candidum extracts were quite similar as indicated by
their close proximity on upper right quadrant of the scatter plot (Figure 3.17) as well as
signified by their relatively very comparable spectra (Figure 3.15). The NMR spectral
similarity of extracts obtained from D. salina and G. candidum could be due to their low yield
being masked by the signals exhibited by the media blank (Figure 3.15).

On the other hand, albeit a non-identical spectra (Figure 3.18) for M. elegance and H.
rubiginosum extracts, their respective chemical profiles were more comparable to each other
as displayed by their position on the lower right quadrant of the scatter plot. The OPLS-DA
scatter plot of the NMR spectral data showed some similarities in the entire range of chemical
shifts (0.00 — 10.00 ppm) exhibited by the extracts provided by M. elegance and H.

rubiginosum.

As presented by the OPLS-DA loadings plot in Figure 3.18, a higher ratio of aromatic signals
at 6.00 to 10.00 pm were produced by G. candidum and D. salina extracts. Alternatively, H.
rubiginosum and M. elegance extracts yielded a higher ratio of aliphatic signals at chemical
shifts between 0.00 and 5.50 ppm.
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Figure 3.17: OPLS-DA scatter plot of the NMR spectral data of the fungal extracts grouped
according to their antimicrobial assay result against both biofilm-forming S. aureus and P.

aeruginosa. R2X =14.9% and R2Xo=12.7%
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Figure 3.18: OPLS-DA loadings plot NMR spectral data of the fungal extracts grouped
according to their antimicrobial assay result against both biofilm-forming S. aureus and P.

aeruginosa.
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3.7 Multivariate analysis of LC-HRMS data

The PCA scatter plot of the LC-HRMS data for the fungal extracts, as shown in Figure 3.19,
displayed H. rubiginosum and D. salina as outliers indicating their unique chemical profiles.
The rest of the fungal extracts overlappingly clustered together that indicated high similarity
and with no huge difference in their chemical profiles. This could have also been affected by
the small yield of the extracts that exhibited the media components at the forefront of the

chromatograms.
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Figure 3.19: PCA scatter plot of the mass spectral data obtained for the respective fungal
extracts.

Integrating the antimicrobial assay results with the LC-HRMS data in Figure 3.20, the active
endophytes were dispersedly distributed at the right side of the OPLS-DA scatter plot. While
the inactive endophytes were overlapping and closely clustered at the left side of the scatter
plot as in the PCA plot in Figure 3.20. Extracts produced by G. candidum and M. elegance
signified a more comparable or identical chemical profile. In parallel, the M. elegance and G.
candidum extracts were not able to exhibit any discriminating features in the OPLS-DA

loadings plot presented in Figure 3.21.

Whereas, the outlying extracts afforded by D. salina and H. rubiginosum indicated the
occurrence of more unique chemical profiles and indicated the high possibility of isolating
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novel compounds in the next stages of bioprospecting. D. salina and H. rubiginosum extracts
were able to categorise their discriminating metabolites in the OPLS-DA loadings plot (Figure
3.21). The outlying D. salina extract was discriminated by metabolites with a wide MW range
between 150 and 2000 Da. Alternatively, H. rubiginosum extract was categorised as an outlier
by metabolites with lower molecular weights between 150 and 698 Da. Discriminating
metabolites encircled in red gave p-values < 0.05, which indicated a strong model with a
confidence interval of more than 95%. Three metabolites with mzMine IDs N_1890, P_9719,
and N_1962 were found at m/z 342.14012, 265.104272, and 271.06112 were dereplicated from
the DNP database as citridone B, oxosorbicillinol , and griseoxanthone C (Broadbent et al.,
1975, Abe et al., 2000, Fukuda et al., 2005), citridone B, oxosorbicillinol , and griseoxanthone
C the three known discriminating features have been isolated Penicillium roseopurpureum,
Penicillium chrysogenum, and Fusarium equiseti from respectively (Broadbent et al., 1975,
Abe et al., 2000, Fukuda et al., 2005). All these three known compounds and their respective
derivatives were earlier described as antimicrobial agents ((Fukuda et al., 2014, V Simoben et
al., 2015). The rest of the encircled discriminating metabolites gave no hits. According to the
variable trend histogram in figure 3.22, oxosorbicillinol was found to be produced by D. salina
while citridone B and griseoxanthone C were produced by H. rubiginosum The encircled

discriminating features are listed in Table 3.8.
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Figure 3.20: OPLS-DA scatter plot of the mass spectral data of the fungal extracts grouped
according to their antimicrobial assay results against both biofilm-forming S. aureus and P.
aeruginosa.
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Figure 3.21: OPLS-DA loadings plot of the mass spectral data of the fungal extracts
grouped according to their antimicrobial assay results against both biofilm-forming S.
aureus and P. aeruginosa. Encircled in red are the discriminating features for the bioactive
extracts found in the respective quadrants of the scatter plot (Figure 3.14).
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Table 3.8: Dereplication of 3 known possible bioactive metabolites with p-values < 0.05.

Molecular Chemical
MZmine Rt weight formula
ID (min)  p-value FDR (Da) (DBE) Compound hits
N_1890 17.80 0.0377 0.0230 343.14117 C19H21NO3(10) citridone B
P 9719 12.22 0.0477 0.0423 264.1000 C14H160s5 (7) oxosorbicillinol
N_1962 19.05 0.0408 0.0307 272.068475 C15H1205 (10) griseoxanthone C
N_2094 21.01 0.0206 0.0115 1702.562 Cu12H160N14 (40) No hit
P_8404 19.70 0.0257 0.0192 1517.0837 Ci04H113N11 (54) No hit
P_13433 19.71 0.0447 0.0346 1085.0400 no prediction No hit
Ce2Ha0N404 (45) :
P_12858 16.42 0.0224 0.0153 904.30354 Ce1HasOg (40) No hit
P_6368 13.67 0.0107 0.0038 855.0792 Ca3H17N7014 (39) No hit
N_1886 19.06 0.0145 0.0076 721.0200 no prediction No hit
P_11293 14.26 0.0468 0.0384 665.39387 Cs4H51NoOs (14) No hit

citridone B .
oxosorbicillinol

O OH
480w
HO (6] (0]

griseoxanthone C

Figure 3.22: Putatively dereplicated compounds afforded by antimicrobial active fungal
extracts

According to the variable trend results provided by SMICA, citridone B was found in D. salina

extract. While both oxosorbicillinol , and griseoxanthone C were found to be in H. rubiginosum

extract as presented in figure 3.23.
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from blank and active extracts. Yellow line represents blank media.
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3.8 ITS gene sequencing

ITS gene sequencing was used to taxonomically identify each of the isolated endophytic fungi.
Twenty-four fungi showed the presence of DNA bands upon visualising the gel electrophoresis
plates under the UV. However, two fungal samples did not exhibit any band under UV. Due
to the sensitivity of ITS gene sequencing to any contaminant, a blank sample was prepared as
described in section 2.2.5 and run alongside the fungi samples for quality control. The blank

sample should show no presence of any contamination as presented in Figure 3.25.

Sample endophyte A Sample endophyte B

Hypperladder Il

water for biology

Figure 3.25: Electrophoresis gel image of the PCR results of two fungal samples with a
blank sample to quality control the DNA amplification procedure.

Depending on the antimicrobial assay results, extracted DNA of four active fungal strains were
submitted for ITS gene sequencing. Results of the BLAST sequence comparison is presented
under the Appendix in Figures 9.2 and 9.3. The ITS gene sequencing results were processed
using FinshTV then the data was compared with NCBI-blast database.
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Table 3.9: Identified active fungal strains.

Sample ID Concentration Source Endophyte
ng/ul
2/1 19.7 Laminaria hyperborea  Dendryphiella salina (D.
salina)
5/3 18.3 Fucus vesiculosis Hypoxylon rubiginosum
(H. rubiginosum)
2/6 12.1 Fucus vesiculosis Galactomyces candidum
(G. candidum)
5/4 8.2 Fucus vesiculosis Mariannaea elegans (M.
elegance)

3.9 Summary of the preliminary screening results

Only four fungal isolates (D. salina, H. rubiginosum, M. elegance and G. candidum) were able
to produce the desired antimicrobial active extracts with high ability to inhibit bacterial growth
and biofilm formation at more than 90%. In choosing the fungal isolate for further scale up and
fractionation, MIC and MBEC were calculated. However, there was no huge difference in the
MIC and MBEC values of the antimicrobial active fungal extracts. All evaluated antimicrobial
extracts afforded an MIC and MBEC of less than 35ug/ml.

For further scale up and fractionation work, vital factors need to be considered. Besides the
antimicrobial activity, this also included the extract yield and uniqueness or novelty of the
chemistry of predicted biologically active target metabolites. G. candidum was excluded due
to the low yield of its extracts. Both D. salina and H. rubiginosum afforded the extracts with
the most unique chemical profiles as indicated by the multivariate analysis of their NMR and
mass spectral datasets. In the antimicrobial assays, particularly considering the MIC and

MBEC values, D. salina and M. elegance were the most potent.

D. salina, H. rubiginosum and M. elegance were chosen for further scale-up optimization work
based on potent biological activity, high extract yield, and uniqueness of chemical profiles of

the respective extracts.
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4 Optimising the production of bioactive fungal extracts

The emergence of drug resistant pathogens has motivated researchers to explore for new
sources of bioactive compounds (Deka and Jha, 2018). Endophytic microorganisms are
considered to be one of the promising sources of potential bioactive metabolites (Krabel et al.,
2013). Since the isolation of penicillin from fungi, by Alexander Fleming in 1928,
microorganisms have been used as a source of novel bioactive compounds which can offer an
easy way to scale up the production of these bioactive compounds by different types of
cultivation or fermentation methods (Fatima et al., 2016). The association between a host
organism and an endophyte can result in a beneficial relationship, which can aid the survival
of both host organism and microorganism (Fatima et al., 2016). Survival of both organisms can
be aided by the production of secondary metabolites from one or both organisms, protecting
each other against the stress provided by their surrounding environment (Strobel, 2003, Owen
and Hundley, 2004). Various factors like temperature, salinity, incubation periods, and nutrient
source are playing important roles in the production of various bioactive metabolites (Thakur
et al., 2009, Bhattacharyya and Jha, 2011).

The aim of this study is to optimize the production yield of bioactive metabolites afforded by
Dendryphiella salina (D. salina), Mariannaea elegans (M. elegance) and, Hypoxylon
rubiginosum (H. rubiginosum). D. salina is a fungi species usually collected from an intertidal
zones of both tropical and subtropical coasts (Kohlmeyer and Kohlmeyer, 1979). D. salina has
been widely studied for its eco-physical and morphological adaptation to salinity in the marine
environment (Clipson and Jennings, 1992, Edwards et al., 1998). M. elegance is a harmless
fungi, which is found mainly on rotting wood and soil environment (Soderstrom and Baath,
1978). Reports regarding the chemical composition of the extracts afforded by Mariannaea
genus are few (Ishiuchi et al., 2020). Three compounds were recently isolated from M. elegance
namely; mariannaeapyrone and mariannamides A and B (Fabian et al., 2001, Ishiuchi et al.,
2020). H. rubiginosum is one of 150 species under the genus Hypoxylon (Xylariaceae)
(Mahlbauer et al., 2002). Many compounds have been isolated from various species related to
the genus Hypoxylon, while three compounds, which are entonaemin A, daldinin C, and
orsellinic acid have been described from methanolic extracts of H. rubiginosum
(HASHIMOTO et al., 1994, Buchanan et al., 1995, Hashimoto and ASAKAWA, 1998,
Jayaprakasha and Rao, 2000).
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Figure 4.1: Chemical structure of compounds earlier isolated from selected fungi for

optimisation.
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4.1 Optimising the production of anti-biofilm bioactive metabolites in
Dendryphiella salina

4.1.1 Extract yields on different media.

Solid media either with or without sea salt were able to afford higher yields than those obtained
from liquid media with and without sea salt. The highest yield of D. salina extract was obtained
from oat media without sea salt while the lowest extract yield was obtained on Wickersham
liquid media, both were incubated for 7 days, as shown in Table 4.1. All cultures were

incubated at 27°C as stand cultures.

Table 4.1: Weights of Extracts Obtained from D. salina Cultures on Different Media.

Liquid Media
Incubation Period
Type of Media 7Days 15Days 30Days Blank Media
Malt Extract without Sea Salt 21.0mg 23.4mg 25.6mg 4.21mg
Malt Extract with Sea Salt 18.7mg 24.5mg 89.8mg 5.34mg
Wickersham Media without Sea Salt 15.7mg 62.1mg 46.4mg 2.78mg
Wickersham Media with Sea Salt 27.9mg 68.1mg 18.4mg 3.51mg
Marine Broth 16.3mg 17.7mg 15.8mg 1.27mg
Solid Media
Incubation Period
Type of Media 7Days 15Days 30 Days Blank
Rice Media without Sea Salt 193mg 206mg 157mg 12.7mg
Rice Media with Sea Salt 230mg 143mg 193mg 13.4mg
Oat Media without Sea Salt 695mg 648mg 593mg 83.7mg
Oat Media with Sea Salt 673mg 623mg 570mg 95.3mg

The histogram below (Figure 4.2) shows the weight of the extracts of D. salina at 7-, 15-, and
30-days of incubation on nine different media. After 30 days of incubation in malt extract (ME)
broth with and without sea salt, D. salina has reached the height of its log growth phase going
into the stationary as shown in Figure 4.1A. On the other hand, the extract yields started to
decline on the 30th day of incubation on Wickersham broth with and without sea salt as well
as in marine broth, which indicated the end of the stationary phase and beginning of the death

phase.
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From the rice media without sea salt, the extract yield decreased after 15 days of incubation
indicating a changeover from the stationary growth to death phase of the fungus (Figure 4.1B).
Alternatively, the extract yield from rice media with sea salt gained optimum yield on the 7%
day of incubation then underwent a fluctuational decrease thereafter as the fungus started to
transition to its death phase on the 15™ day. Similarly, on oat media with and without sea salt,
optimum extract yields were also afforded on the 7" day, which indicated the peak of the log
growth phase as the fungus moved into its stationary phase, while a steady decline of the extract
yields was observed from the 15" day of incubation as the fungal growth went into its death
phase (Figure 4.1B).
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Figure 4.2: Histogram of extract yields obtained from various liquid (A) and solid (B)
media used to incubate D. salina extracts at 7-, 15-, and 30-days.
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4.1.2 NMR spectroscopy for D. salina extracts
4.1.2.1 Liquid media
4.1.2.1.1 Malt extract broth media with and without sea salt:

'H NMR spectra of extracts afforded by D. salina growing on malt extract with and without
sea salt showed a huge difference from the blank media (Figure 4.3). Differences could be
observed at the aliphatic and hydroxylated region while not significantly perceived at the
aromatic region, as shown in Figure 4.3. Differences between chemical profiles of the extracts
and blank media were mainly based on the fatty acid yielded by the fungus. In addition,
resonances for hydroxyl groups and olefinic hydrogens at 3.50 and 5.50 ppm, respectively,
were also observed on the spectra of the fungal extracts. When comparing the extracts in the
presence of sea salt with the extract in the absence of the sea salt, no huge difference was
observed. Only peaks at aromatic region between 6.00 and 10.00ppm were more intense after
15 days of incubation in the presence of sea salt. On the other hand, for media without sea salt,
the intensity of aromatic peaks resonating at >6.00ppm were decreasing with time while the
aliphatic region resonances at <6.00ppm had no obvious changes. In the presence of sea salt,
intensity of aromatic peaks increased at the 15" day and decreased at the 30" day, while there
were no major changes observed in the aliphatic region.
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Figure 4.3: Proton NMR spectra of fungal extracts obtained from ME with salt (A) and
without sea salt (B). Spectrum 1 at the bottom of each of the stack represents the blank
followed by three incubation periods of 7, 15 and 30 days, respectively. Differences are
shown in blue boxes.
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41212 Wickersham media with and without sea salt:

Proton NMR spectra of D. salina extracts obtained from Wickersham media with and
without sea salt following 7, 15, and 30 days of incubation (Figure 4.4) exhibited great
similarity with the blank media, as shown in Figure 4.4. The NMR spectral data afforded
identical resonances between the blank media and fungal extracts in the aliphatic region at
1.00 to 1.50 ppm as well as in the double bond region at 6.00 to 6.50 ppm. However,
differences between the blank media and fungal extracts were perceived at 4 6.5 to 7.5 and
8.5 to 9.5. The extract in the presence or in the absence of sea salt showed no huge
difference either at the aliphatic or aromatic regions. In addition, the incubation time did
not affect the intensity or the incidence of new resonances. This indicated that the
incubation period and the presence or the absence of sea salt have no major effect on D.

salina growing on Wickersham broth.
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Figure 4.4: Proton NMR spectra for fungal extracts obtained from Wickersham liquid with salt (A)

and without sea salt (B). Spectrum 1 at the bottom of each stack represents the blank followed by the
three incubations periods of 7, 15 and 30 days, respectively. Differences are indicated in blue boxes.
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41213 Marine broth media:

'H NMR spectra obtained for the various extracts afforded by D. salina after an incubation
period of 7, 15 and 30 days, respectively (Figure 4.5), displayed perceivable differences from
the blank spectrum especially at the aromatic region. It is noticeable that D. salina was
producing high amounts of both saturated and unsaturated fatty acids, as shown in Figure 4.4.
In addition, a relatively smaller change can be observed between the blank media and extracts
at the aromatic region (6.00 to 9.00 ppm) for extracts obtained on the 7" and 30" day of
incubation. While a more significant variation can be detected at the aromatic region (6.00 to
9.00 ppm) for the extract afforded on the 15" day of incubation. It seems that the major

production of compounds happened at 15 days while it starts to decline after that.
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Figure 4.5: Proton NMR spectra of extracts obtained from marine broth extracts and
blank media; blank followed by the three incubation periods at 7, 15, and 30 days,
respectively. Observed differences are shown in blue boxes.
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4.1.2.2 Solid media
41221 Rice media with and without sea salt:

After growing D. salina on rice media with and without sea salt, respectively, small differences
between blank media and extracts could be observed on the stacked proton NMR spectra as
shown in Figure 4.6. Changes were mainly perceived at the aromatic region particularly
between 8.50 and 10.50 ppm. The extract resulted in the presence of sea salt show fewer
aromatic peaks especially between 8.50 and 10.50 ppm. While the aliphatic region shows no
huge difference from extracts without sea salts. The number of aliphatic peaks between 0.00
and 5.50 ppm are higher in comparison with liquid media. This could be due to the presence of

high concentration of carbohydrate provided by the solid media.
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41222 Oat media with and without sea salt:

Proton NMR spectra obtained from oat blank media and fungal extracts prior to an incubation
period of 7, 15, and 30 days from both media with and without sea salt (Figure 4.7), showed
no perceivable differences except at the aromatic region. Resonances at o 6.00 to 6.50
observed in the spectra of the extracts were most prominent at the 7" and 30" days of incubation
of D. salina on oat media without sea salt as well as at the7™ day on oat media with sea salt. In
addition, a small peak started to appear at 61 9.00 to 9.50 for extracts growing on oat without
sea salt incubated for 30 days. Fungal extracts obtained from oat media afforded high yield of
aliphatic and hydroxylated compounds as indicated by resonances exhibited at 0.50 and 5.50
ppm, respectively, including various saturated and unsaturated fatty acids. The major
difference between extracts in the presence or absence of sea salt is the aromatic region at 9.00-
10.50 ppm. Extracts without sea salt show the presence of a small peaks at that region. While
extracts with sea salt did not show any peaks. The incubation period showed no major effect
on extracts containing sea salt. While in extracts without sea salt the only difference was at the

aromatic region between 6.00 and 10.50 ppm.
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4.1.3 Anti-biofilm biological assay
4.1.3.1 AlamarBlue® Assay of fungal extracts

Amongst the liquid media used, only extracts obtained after growing D. salina for 7, 15, and
30 days on malt extract broth with and without sea salt inhibited the bacterial growth of biofilm-
forming S. aureus and P. aeruginosa by more than 90%. While the second highest inhibition
against both biofilms forming bacteria resulted from marine broth extracts gave only 58.3, 57.5
and 55% against S. aureus after incubation for 7, 15 and 30 days, respectively. And 52.2, 54.3
and 29.9% against P. aeruginosa as shown in figure 4.7-A.

For extracts obtained from solid media, the extract from oat media incubated for 30 days with
and without sea salt inhibited bacterial growth at greater than 90%. However, the most potent
antimicrobial activity was attained in the presence of sea salt. The biological assay results of
Alamarblue® assay, are presented in Table 4.2 and Figures 4.8 and 4.9.
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Table 4.2: AlamarBlue® bacterial viability assay results of 100pug/mL of fungal extracts.

Liquid media

% inhibition
S. aureus, P. aeruginosa

Solid media

% inhibition
S. aureus, P. aeruginosa

Malt extract without sea
salt 7 days incubation

100%, 100%

Rice media without
sea salt 7 days
incubation

58.4%, 37%

Malt extract without sea
salt 15 days incubation

100%, 100%

Rice media without
sea salt 15 days
incubation

65.1%, 63.9%

Malt extract without sea
salt 30 days incubation

100%, 100%

Rice media without
sea salt 30 days

32.9%, 27.1%

incubation
Malt extract with sea Rice media with sea
salt 7 days incubation 99.4%, 100% salt 7 days 68.6%, 66%
incubation
Malt extract with sea Rice media with sea
salt 15 days incubation 100%, 100% salt 15 days 70.7%, 69%
incubation
Malt extract with sea Rice media with sea
salt 30 days incubation 100%, 100% salt 30 days 68.3%, 64.3%
incubation

Wickersham without
sea salt 7 days
incubation

7.5%, 6.0%

Oat media without
sea salt 7 days
incubation

75.4%, 68%

Wickersham without
sea salt 15 days
incubation

15.9%, 25.3%

Oat media without
sea salt 15 days
incubation

88.9%, 85.4%

Wickersham without
sea salt 30 days

50.8%, 31.9%

Oat media without
sea salt 30 days

90.4%, 89%

incubation incubation

Wickersham with sea Oat media with sea

salt 7 days incubation 3.4%, 2.4% salt 7 days 98.5%, 90.2%
incubation

Wickersham with sea Oat media with sea

salt 15 days incubation 11%, 16.7% salt 15 days 98.8%, 93.2%
incubation

Wickersham with sea Oat media with sea

salt 30 days incubation 50.1%, 45.3% salt 30 days 99%, 98.9%
incubation

Marine broth 7 days

58.3%, 52.2%

incubation

Marlr!e broth. 15 days 57.5%, 54.3%
incubation

Marlr!e broth.30 days 55%, 29.9%
incubation
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Figure 4.8: Percentage bacterial inhibition of biofilm-forming S. aureus with 100ug/mL
of D. salina extracts obtained from various A: liquid and B: solid media.
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Figure 4.9: Percentage bacterial inhibition of biofilm-forming P. aeruginosa with
100ug/mL of D. salina extracts obtained from various A: liquid and B: solid media.

4.1.3.2 Planktonic assay of fungal extracts.

Planktonic assay of D. salina extracts after growing on different media confirmed the results
obtained from AlamarBlue® assay. The highest biological activity of more than 97.5% against
both biofilms, forming S. aureus and P. aeruginosa was attained for extracts obtained from
malt extract media at all incubation periods and in the presence or the absence of sea salt. On
the other hand, oat media was able to produce high biological activity of more than 85% for all
incubation periods either with or without sea salt except extract obtained after 7 days of
incubation without sea salt. While bioactivity was lost or decreased when the fungus was grown

on other media. Planktonic assay of D. salina extracts against both biofilm-forming S. aureus
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and P. aeruginosa showed the ability of each extract to inhibit biofilm production by both

bacteria (S. aureus and P. aeruginosa).

Table 4.3: Planktonic assay biofilm viability assay results of 100ug/mL of D. salina extracts
obtained from various media.

Liquid media

% inhibition

S. aureus, P. aeruginosa

Solid media

% inhibition

S. aureus:P. aeruginosa

Malt extract
without sea salt 7
days incubation

99.1%, 97.8%

Rice media without
sea salt 7 days
incubation

43%, 37.5%

Malt extract
without sea salt 15
days incubation

99.2%, 98.1%

Rice media without
sea salt 15 days
incubation

71%, 63.9%

Malt extract
without sea salt 30
days incubation

100%, 99.4%

Rice media without
sea salt 30 days
incubation

30.1%, 27.1%

Malt extract with
sea salt 7 days
incubation

98.8%, 98.2%

Rice media with sea
salt 7 days incubation

63%, 66%

Malt extract with

Rice media with sea

sea salt 15 days 98.7%, 98.5% salt 15 days 71%, 69%
incubation incubation
Malt extract with Rice media with sea
sea salt 30 days 100%, 100% salt 30 days 68%, 64.3%
incubation incubation
Wickersham Oat media without sea

without sea salt 7
days incubation

2.9%, 0%

salt 7 days incubation

72.9%, 68%

Wickersham
without sea salt 15
days incubation

11.4%, 6.1%

Oat media without sea
salt 15 days
incubation

88.6%, 85.4%

Wickersham
without sea salt 30
days incubation

48.9%, 45.9%

Oat media without sea
salt 30 days
incubation

86.1%, 89%

Wickersham with
sea salt 7 days
incubation

5.8%, 1.8%

Oat media with sea
salt 7 days incubation

95.8%, 90.2%

Wickersham with

Oat media with sea

sea salt 15 days 13.9%, 48% salt 15 days 100%, 93.2%
incubation incubation
Wickersham with Oat media with sea
sea salt 30 days 49.5%, 46.9% salt 30 days 97.5%, 98.9%
incubation incubation
Marine broth 7 days 58.3%. 56.1%
incubation

Marine broth 15
days incubation

57.9%, 54.6%

Marine broth 30
days incubation

48.9%, 45.4%
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4.1.3.3 Minimum inhibitory concentration (MIC) and Minimum biofilm eradication

concentration (MBEC) assays.

D. salina extracts with strong biological activity against biofilm-forming S. aureus and P.
aeruginosa in both AlamarBlue® and planktonic assays were subjected to MIC and MBEC
assays. The lowest MIC values against S. aureus and P. aeruginosa were attained at 17.3ug/mL
for fungal extracts obtained from oat and malt extract media, respectively, both incubated for
30 days without sea salt. The rest of the active extracts afforded a biological activity on both
biofilm-forming bacteria, with MIC values less than 30ug/mL, which also indicated a strong
biological activity, as presented in Table 4.5 and Figure 4.16. Extracts yielded by D. salina
grown for 30 days on malt extract broth and oat media, both without sea salt obtained a MBEC
value of 19.7pg/mL against S. aureus, while a higher MBEC value of 36.5pug/mL was exhibited
for the extracts obtained from oat media with sea salt incubated for 30 days. On the other hand,
D. salina growing on malt extract broth with and without sea salt on 30 days incubation yielded
an extract with a lower MBEC value of 16.8ug/mL against P. aeruginosa. While the highest
MBEC value of 30pug/mL was obtained for the extract afforded by growing the fungus on oat
media with sea salt incubated for 30 days. MBEC and MIC results are presented in Tables 4.4
and 4.5 and Figures 4.12, 4.13, 4.14 and 4.15.

Table 4.4: MIC of active D. salina extracts against S. aureus and P. aeruginosa.

Media MIC pg/mL against S. MIC pg/mL against P.
aureus aeruginosa

Malt extract without sea salt 7 days 21.6 20.8
Malt extract without sea salt 15 days 24.8 23.6
Malt extract without sea salt 30 days 18.2 17.3
Malt extract with sea salt 7 days 23.6 24.0
Malt extract with sea salt 15 days 23.9 21.6
Malt extract with sea salt 30 days 20.0 175
Oat media without sea salt 7 days 25.9 24.5
Oat media without sea salt 15 days 21.7 22.9
Oat media without sea salt 30 days 17.3 21.1
Oat media with sea salt 7 days 24.1 22.3
Oat media with sea salt 15 days 24.4 21.7
Oat media with sea salt 30 days 35.0 34.5
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Figure 4.12: MIC results of active D. salina extracts against S. aureus. A: D. salina malt
extract without sea salt, B: D. salina malt extract with sea salt, C: D. salina oat extract
without sea salt, and D: D. salina oat extracts with sea salt. n=3
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Figure 4.13: MIC results of active D. salina extracts against P. aeruginosa. A: D. salina
malt extract without sea salt, B: D. salina malt extract with sea salt, C: D. salina oat extracts
without sea salt, and D: D. salina oat extracts with sea salt. n=3
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Table 4.5: MBEC of active D. salina extracts against both biofilm-forming S. aureus

and P. aeruginosa.

Media MBEC pg/mL MBEC pg/mL against P.
against S. aureus aeruginosa
Malt extract without sea salt 7 days 23.2 21.3
Malt extract without sea salt 15 days 26.2 21.5
Malt extract without sea salt 30 days 19.7 16.8
Malt extract with sea salt 7 days 25.0 24.9
Malt extract with sea salt 15 days 254 24.8
Malt extract with sea salt 30 days 21.8 16.8
Oat media without sea salt 7 days 27.6 29.7
Oat media without sea salt 15 days 23.3 22.4
Oat media without sea salt 30 days 19.7 194
Oat media with sea salt 7 days 25.6 23.0
Oat media with sea salt 15 days 25.9 21.1
Oat media with sea salt 30 days 36.5 30.0
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Figure 4.14: MBEC results of active D. salina extracts against S. aureus. A: D. salina malt

extract without sea salt, B: D. salina malt extracts with sea salt, C: D. salina oat extract

without sea salt, and D: D. salina oat extract with sea salt.
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Figure 4.15: MBEC results of active D. salina extracts against P. aeruginosa. A: D. salina
malt extracts without sea salt, B: D. salina malt extracts with sea salt, C: D. salina oat
extracts without sea salt, and D: D. salina oat extracts with sea salt.

4.1.4 Multivariate analysis of 'H NMR spectral data

PCA scatter plot of the *H NMR spectral data of D. salina extracts indicated unique chemical
profiles for outlying samples obtained from Wickersham media without sea salt incubated for
7 and 30 days (encircled red) as shown in Figure 4.16. The 'H NMR spectral data of malt
extract with and without sea salt, Wickersham broth with and without sea salt and marine broth
showed high intensity peaks at the aromatic region between 6.00-10.00ppm. While extracts
afforded from rice and oat media, both with and without sea salt implied relative similarities in
their chemical profiles as they were more closely clustered together in the lower left quadrant
(encircled blue) and this was also confirmed by their *H NMR spectra, which showed high
intensity peaks at the olefinic and aliphatic region with chemical shifts between 0.50 and 5.50
ppm. On the other hand, except for the outlying extracts, most of the D. salina extracts obtained
from the liquid media on the upper right quadrant acquired from marine broth, malt extract and
Wickersham with and without sea salt (encircled orange) had a more comparable chemical
profile. R?X and QX values were 0.79 and 0.53, respectively, with a difference of less than

0.3, which indicates a relatively good model.
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Figure 4.16: PCA scatter plot of proton NMR spectral of D. salina extracts from various
media incubated at 7, 15, and 30 days. ME-s: malt extract without sea salt, ME+s: malt
extract with sea salt, W-s: Wickersham broth without sea salt, W+s: Wickersham with sea

salt, MB: marine broth, R-s: rice without

sea salt, R+s: rice with sea salt, O-s: oat without

sea salt and O+s: oat with sea salt. Each media extract acronym followed by its incubation

duration.

Incorporating the results of AlamarBlue® and planktonic assay data for multivariate analysis,

the active were positioned on the left and inactive extracts on the right side of the OPLS-DA

scatter plot, as shown in Figure 4.17. According to the OPLS-DA loadings plot, the upper left

active quadrant entailing the malt extract broth with and without sea salt after incubation for 7-

and 15-days were dominated with resonances between 2.00 and 4.00 ppm indicating the

occurrence of acylated and hydroxylated active compounds. While the left lower quadrant

enclosing the extracts obtained from oat media with and without sea salt at 7, 15, and 30 days

incubation and malt extract broth with and without sea salt incubation for after 30 days showed

the occurrence of a wider range of resonances between 0.00 and 5.00 ppm indicating the

presence of lipids and glycosylated active compounds.
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Figure 4.17: OPLS-DA scatter and loadings plots of the NMR spectral data of various fungal
extracts classified according to their AlamarBlue® and planktonic assay results.

4.1.5 Multivariate analysis of LC-HRMS data

LC-HRMS data was processed using MZmine 14.1 followed by dereplication of the data using
an in-house Macro sheet that is coupled to the DNP. Fungal extracts obtained from various
media incubated at 7, 15, and 30 days indicated relatively similar or comparable chemical

profiles except for the extracts afforded by marine broth and oat media incubated for 30 days
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being designated as outliers as shown in Figure 4.18. The summary fit of the model gave a
difference between R2X (0.997) and QX (0.789) of less than 0.3 which means that it is
relatively a good model.
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Figure 4.18: PCA scatter plot of LC-HRMS data of fungal extracts from various media.

The extracts were grouped according to their antibacterial bioactivity against biofilm-forming
S. aureus and P. aeruginosa then subjected to OPLS-DA. The active extracts were positioned
on the right side of the plot, while the inactive samples were on the left side of the plot. Again,
extracts prepared from inoculation of D. salina on oat media with and without sea salt as well
as marine broth after 30 days of incubation were designated as outliers as shown on OPLS-DA
scatter plot presented in (Figure 4.19 A). As indicated by the results shown in the OPLS-DA
loadings plot (Figure 4.19 B), D. salina growing on oat media for 30 days was able to afford
discriminating compounds, with p-values of less than 0.05, as listed in Table 4.6. Four ion
peaks with m/z values of 478.293, 520.34, 1006.67 and 1020.68, did not give any hit from the
DNP database. The molecular formula representing these m/z values looks comparable to NMR
spectra findings, which showed a wide range of resonance between 0.00-5.00 ppm and higher.
On the other hand, two of the discriminating compounds with m/z values of 520.34 and 496.34
isolated from marine source were putatively dereplicated as 8,9-dihydroindanomycin, and
soraphen A (Figure 4.24) earlier described from Streptomyces galbus, and Sorangium
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cellulosum respectively (Gerth et al., 2003, Li et al., 2009a). According to the DBE values of
the discriminating compounds, the compounds contain aliphatic compounds with double bonds
or cyclic system and aromatic peaks which also can seen at the OPLS-DA loading plot of the
NMR data.
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Figure 4.19: OPLS-DA scatter and loading plots of LC-HRMS data of fungal extracts grouped
according to their antibacterial activity against both biofilms forming S. aureus and P.
aeruginosa.

151 |Page



Table 4.6: Dereplication of six target bioactive metabolites found in active extracts,
with P values < 0.05 as obtained from the OPLS-DA S-plot.

Chemical
formula Compound hits
Molecular prediction from DNP and
VarID p-value FDR weight (DBE) biological source
Ca6H3sN70O2 (13) i
P_40 0.013638 0.005 477.286 no hit
- C21H3sNoO4 (9)
8,9-
P_61 0.032873  0.02 495.335 Ca1HisNO4 (10) dihydroindanomycin
Streptomyces galbus
CasHasN3 (16) .
P_19 0.042269 0.025 519.333 no hit
- C31H45N502 (12)
soraphen A
P_3635 0.030293 0.015 520.336 C29H140s (8) Sorangium cellulosum
myxobacteria
Cs6HssN1106 (20) .
N_3742 0.04803 0.03 1007.67 no hit
- CsoHgsN1507 (16)
Cs7Hg7N1106 (20) .
N_3741 0.02339 0.01 1021.69 No hit
- Cs1Hg7N1507 (16) I

8,9-dihydroindanomycin (1)

soraphen A (2)

Figure 4.20: Putative structures of dereplicated target bioactive metabolites found

in the anti-microbial extracts obtained from the oat media.
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Figure 4.21: Total lon Chrorﬁgtbgflérﬁ (TIC) of the ébti-\)e media extracts. The ion
peaks that represent the discriminating features listed in Table 4.6 have been labelled

4.2 Optimising the production of anti-biofilm bioactive metabolites produced by
Marianna elegance.

4.2.1 Extract yields on different media.

M. elegance was unable to show any sign of growth on the 7" day of incubation. Triplicates of
the inoculated endophytic fungus grown for 7 days on each of all the media were excluded.
One flask from each of the media was extracted and compared with the media blank in terms
of their chemical profile. Between all the liquid media used, malt extract without sea salt

incubated for 30 days provided the highest extract yield of 239mg for M. elegance of all liquid
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broth extracts. While the lowest yield was obtained after growing the fungus on marine broth
for 15 days. On the other hand, for solid media, the highest yield of 291mg was afforded on
oat media without sea salt incubated for 15 days. While the lowest yield obtained after
incubation on rice solid media without sea salt after incubation for 15days. The extract yields
afforded by M. elegance increased with time in all media except on rice with sea salt and oat
without sea salt. This indicated that M. elegance was on its log growth phase for 15 days. The

extract yields of M. elegance obtained from various media are presented in Table 4.7 and Figure
4.25.

Table 4.7: Weights of M. elegans extracts obtained by cultivation on various media at
different incubation periods.

Liquid Media
Incubation Period Yield
Type of Media 7Days 15Days 30 Days Blank
Malt Extract without Sea Salt - 55.4mg  239mg 4.72mg
Malt Extract with Sea Salt - 63mg 151mg 11.8mg
Wickersham Media without Sea Salt - 16.5mg  29.4mg 7.41mg
Wickersham Media with Sea Salt - 194mg  38.5mg 12.3mg
Marine Broth - 15.1mg 21.1mg 3.35mg
Solid Media
Incubation Period

Type of Media 7Days 15Days 30 Days Blank
Rice Media without Sea Salt - 127mg 183mg 23.4mg
Rice Media with Sea Salt - 184mg 175mg 22.7mg
Oat Media without Sea Salt - 291mg 183mg 81.1mg
Oat Media with Sea Salt - 203mg 237mg 88.2mg
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Figure 4.22: Diagrams represent the weights of fungal extracts obtained from : (A) liquid

and (B) solid media on 15 and 30 days of incubation periods at 27C°.
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4.2.2 NMR spectroscopy for M. elegance extracts
4.2.2.1 Liquid media
4.2.2.1.1 Malt extract broth with and without sea salt

The stacked proton NMR spectra of M. elegance extracts obtained at 15 and 30 days of
incubation periods on malt extract with and without sea salt along with media blanks are
presented in Figure 4.23. A few low intensity peaks were observed in the aromatic region at
6.00 to 10.00 ppm. Peaks produced by the extract from the blank media either disappeared or
decreased in intensity on 15 and 30 days of incubation, especially those found at the aromatic
region indicating the consumption of the media nutrients. The NMR spectra of the extracts
afforded on incubation for 15 and 30 days either with or without sea salt showed the presence
of high intensity peaks in the aliphatic and hydroxylated regions at 6 1.00 to 5.50 ppm,
respectively. Like D. salina, M. elegance was producing a high ratio of saturated and
unsaturated fatty acids. When comparing the media with and without sea salt, it seems that
media with sea salt had more aromatic peaks between 7.00 and 9.00 ppm. Incubation periods
showed no effect on malt extract with sea salt. While the incubation periods have a direct effect
on malt extract without sea salt extract. The extract from the fungus incubated for 30days
showed the presence of aromatic peaks between 6.00 and 11.00 ppm, while those from 15days,

no peaks were shown.
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Figure 4.23: Stacked 'H NMR spectra of fungal extracts obtained from malt extract
liquid media with (A) and without sea salt (B). Spectrum 1 at the bottom of each of
the stack represents the blank followed by those incubated at 15 and 30 days,
respectively. The differences are highlighted in blue boxes.
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4.2.2.1.2 Wickersham liquid media with and without sea salt

The stacked 'H NMR spectra of the extracts afforded by M. elegance growing on Wickersham
broth with and without sea salt incubated for 15 and 30 days did not show any difference with
that obtained from the blank media. Only a small variation could be perceived between blank
and the prepared fungal extract derived from the Wickersham broth medium with sea salt. The
major difference was observed at chemical shifts between 8.50 and 10.50 ppm. Stacked 'H
NMR spectra of extracts afforded by growing M. elegance on Wickersham broth and blank
media are presented in Figure 4.24. The incubation periods and the presence or the absence of

sea salt did not show any effect on the extract obtained from the fungus grown on Wickersham
broth.
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Figure 4.24: Stacked *H NMR spectra of fungal extracts obtained from Wickersham
liquid media with (A) and without sea salt (B). Spectrum 1 at the bottom of each of the
stack represents the blank followed by those incubated at 15 and 30 days, respectively.

The differences are highlighted in blue boxes.
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4.2.2.1.3 Marine broth media

The stacked 'H NMR spectra of extracts afforded by M. elegance growing on marine broth
along with the blank exhibited a high intensity of aliphatic and hydroxylated resonances. When
comparing the NMR spectrum of the blank media with those of the fungal extracts, many peaks
found in the blank media had disappeared, which also indicated the consumption of primary
nutrients provided by the media. Most of these peaks that disappeared were those from the
aromatic region at 5.50 to 9.50 ppm. Alternatively, resonances at 0.80 to 5.50ppm signifying
the occurrence of aliphatic and hydroxylated compounds, respectively were exhibited after the
endophytic fungus was grown on marine broth media. On the other hand, only a few low
intensity peaks were observed at the aromatic region at 7.00 to 9.00 ppm. The stacked *H NMR
spectra of the extracts and blank is presented in Figure 4.25.The incubation periods have minor
effect on the chemical profile. This minor effect was observed at the aromatic region between
8.50 and 9.00 ppm after incubating for 30days.
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Figure 4.25: Stacked *H NMR spectra of M. elegance extracts obtained from marine broth
media. Spectrum 1 at the bottom of the stack represents the blank followed by those
incubated at 15 and 30 days, respectively. The differences are highlighted in blue boxes.
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4.2.2.2 Solid media
4.2.2.2.1 Rice media with and without sea salt:

Stacked 'H NMR spectra of fungal extracts after growing M. elegance on rice media with and
without sea salt did not exhibit any huge difference to that of the blank media particularly at
the aliphatic region. Spectral differences were more perceivable with the occurrence of low
intensity peaks in the aromatic region at 6.00 t010.50 ppm. Again, the higher intensity of
aliphatic peaks at 0.80 to 5.50 ppm exhibited in M. elegance extracts implied the increasing
incidence of saturated and unsaturated fatty acid with some hydroxyl substituents. The stacked
'H NMR spectra resulted from blank rice media with and without sea salt and extracts afforded
by M. elegance are presented in Figure 4.26. sea salt has no major effect on the chemical profile
of M. elegance extracts. Incubation periods have no effect on rice extracts in the absence of sea
salt. On the other hand, extracts with sea salt have been affected by incubation periods. In the
presence of sea salt, the intensity of aromatic peaks between 6.00 and 10.50 ppm were higher

for samples incubated for 30days than extracts incubated for 15days.
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Figure 4.26: Stacked 'H NMR spectra of fungal extracts obtained from rice media
with (A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days, respectively. The

differences are highlighted in blue boxes.
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4.2.2.2.2 Oat media with and without sea salt:

Stacked *H NMR spectra of extracts afforded by M. elegance and blank oat media were
comparable to those obtained from rice media. No changes in peak resonances were observed
at the aliphatic region between the blank media and fungal extracts while a major variation was
noticeable at the aromatic region. The contrast between the blank media and the fungal extracts
was hard to define due to the complexity at aliphatic and hydroxylated region. The stacked ‘H
NMR spectra of fungal extracts and blank media is presented in Figure 4.27. The presence of
sea salt displayed no major effect on the on chemical profiles of M. elegance extracts growing
on oat media. The only difference was the occurrence of peaks between 6.00 and 11.00 ppm in
the presence of sea salt. Incubation period showed no major effect on extracts without sea salt.
While extract obtained from fungus incubated for 30days with sea salt showed minor
differences between 6.00 and 11.00 ppm from those incubated for 15days.
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Figure 4.27: Stacked 'H NMR spectra of fungal extracts obtained from oat media
with (A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days, respectively. The
differences are highlighted in blue boxes and circles.
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4.2.3 Anti-biofilm biological assay

4.3.3.1 AlamarBlue® Assay of M. elegans extracts.

M. elegance extracts obtained from malt extract broth and oat media both with and without sea
salt incubated at 15 and 30 days afforded potent antimicrobial activity against both biofilm-
forming S. aureus and P. aeruginosa. The extract obtained from the marine broth incubated for
15 days was the only extract found to exert very low antimicrobial activity. The rest of the

other extracts exhibited weak biological activity of more than 50% bacterial viability.

AlamarBlue® assay results are presented in Table 4.8 and Figures 4.28 and 4.29.

Table 4.8: AlamarBlue® bacterial viability assay results of 100pg/mL of M. elegance
extracts obtained from various media incubated at 15 and 30 days.

Liquid media

% inhibition

S. aureus, P. aeruginosa

Solid media

% inhibition

S. aureus:P. aeruginosa

Malt extract
without sea salt 15
days incubation

94.9%, 88.9%

Rice media without
sea salt 15 days
incubation

72.6%, 71.0%

Malt extract
without sea salt 30

99.7%, 100%

Rice media without
sea salt 30 days

88.2%, 85.6%

days incubation incubation
Malt extract with Rice media with sea
sea salt 15 days 88.6%, 89.3% salt 15 days 77.9%, 70.6%
incubation incubation
Malt extract with Rice media with sea
sea salt 30 days 93%, 95.2% salt 30 days 89.3%, 85.9%
incubation incubation
Wickersham Oat media without sea
without sea salt 15 51.1%, 50.2% salt 15 days 95.4%, 92.1%
days incubation incubation
Wickersham Oat media without sea
without sea salt 30 60.3%, 64.2% salt 30 days 96.9%, 95.8%
days incubation incubation
Wickersham with Oat media with sea
sea salt 15 days 52.7%, 55.6% salt 15 days 85.9%, 95.2%
incubation incubation
Wickersham with Oat media with sea
sea salt 30 days 60.5%, 56.4% salt 30 days 97.2%, 99.7%
incubation incubation

Marine broth 15
days incubation

6.2%, 2%

Marine broth 30
days incubation

68.5%, 91.3%
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Figure 4.28: Percentage bacterial inhibition of biofilm-forming S. aureus with100pg/mL of
M. elegance extracts obtained from various A: liquid and B: solid media.
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Figure 4.29: Percentage bacterial viability of biofilm-forming P. aeruginosa with 100ug/mL
of M. elegance extracts obtained from various A: liquid and B: solid media.

4.3.3.2 Planktonic Assay of the M. elegance extracts.

The planktonic assay results are presented in Table 4.9 and Figures 4.30 and 4.31. Extracts
afforded by inoculation of M. elegance on malt extract broth and oat media in the presence or
absence of sea salt displayed the highest inhibition of biofilm formation produced by both S.
aureus and P. aeruginosa. As in the AlamarBlue® assay, parallel results were obtained for the
rest of the M. elegance extracts, inhibiting biofilm production at least~50%, while the extract

obtained from marine broth incubated for 15 days remained inactive.
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Table 4.9: Planktonic biofilm viability assay results of 100ug/mL extracts of M. elegance
inoculated on various media incubated at 15 and 30 days.

Liquid media

% inhibition

S. aureus, P. aeruginosa

Solid media

% inhibition
S. aureus:P. aeruginosa

Malt extract
without sea salt 15

90%, 91%

Rice media without
sea salt 15 days

67.3%, 71.4%

days incubation incubation
Malt extract Rice media without
without sea salt 30 100%, 98.9% sea salt 30 days 83%, 64%
days incubation incubation
Malt extract with Rice media with sea
sea salt 15 days 81.5%, 85.9% salt 15 days 75.3%, 74.5%
incubation incubation
Malt extract with Rice media with sea
sea salt 30 days 87.4%, 88.1% salt 30 days 83.5%, 87.8%
incubation incubation
Wickersham Oat media without sea
without sea salt 15 48.1%, 49.8% salt 15 days 92%, 92%
days incubation incubation
Wickersham Oat media without sea
without sea salt 30 54.1%, 58.5% salt 30 days 94.3%, 95.3%
days incubation incubation
Wickersham with Oat media with sea
sea salt 15 days 47.5%, 52.1% salt 15 days 80.1%, 80.9%
incubation incubation
Wickersham with Oat media with sea
sea salt 30 days 54.9%, 58.6% salt 30 days 93.6%, 95.9%
incubation incubation

Marine broth 15
days incubation

4.1%, 4%

Marine broth 30
days incubation

65.1%, 64.2%
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Figure 4.30: Percentage biofilm inhibition of biofilm-forming S. aureus with100pg/mL of
M. elegance extracts obtained from various A: liquid and B: solid media.
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Figure 4.31: Percentage biofilm inhibition of biofilm-forming P. aeruginosa with100ug/mL
of M. elegance extracts obtained from various A: liquid and B: solid media.

4.3.3.3 Minimum inhibitory concentration (MIC) and Minimum biofilm eradication

concentration (MBEC) assays.

The most bioactive M. elegance extracts obtained from malt extract broth and oat media were
further tested for their MIC and MBEC values against both biofilm-forming S. aureus and P.
aeruginosa. M. elegance growing on malt extract broth for 30 days in the presence of sea salt
yielded an extract with the lowest MIC value of 20.9 ug/mL against biofilm-forming S. aureus.
Alternatively, the highest MIC value of 33.0 ug/mL was exhibited by the extract afforded from

M. elegance grown for 15 days on oat media with sea salt.

Similarly, the extract afforded by M. elegance growing on malt extract broth media with sea
salt incubated for 30days displayed a lowest MIC of 22.3 ug/mL against biofilm-forming P.
aeruginosa, while a highest MIC value of 34.8 ug/mL was shown by the extract obtained from

the oat media with sea salt incubated for 30 days. Most of the extracts obtained from the malt
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extract broth gave MIC values of lower or equal to 30ug/mL against both biofilm-forming
bacteria. While most of the extracts afforded from the oat media presented MIC values higher
than 30ug/mL against both biofilm-forming bacteria. MIC values of the respective active M.
elegance extracts are presented in Table 4.10 and Figures 4.32 and 4.33.

Table 4.10: MIC of antibacterial M. elegance extracts against S. aureus and P. aeruginosa.

Media MIC pg/mL against S. MIC pg/mL against P.
aureus aeruginosa
Malt extract without sea salt 15 days 22.8 30.1
Malt extract without sea salt 30 days 21.9 27.9
Malt extract with sea salt 15 days 24.2 25.9
Malt extract with sea salt 30 days 20.9 223
Oat media without sea salt 15 days 30.3 30.7
Oat media without sea salt 30 days 28.7 33.9
Oat media with sea salt 15 days 33.0 33.6
Oat media with sea salt 30 days 31.0 34.8
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Figure 4.32: MIC results of active M. elegance extracts against S. aureus. A: MIC of M.
elegance growing malt extracts without sea salt, B: MIC of M. elegance growing on malt
extracts with sea salt, C: MIC of M. elegance growing on oat extracts without sea salt, and
D: MIC of M. elegance growing on oat extracts with sea salt.
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Figure 4.33: MIC results of active M. elegance extracts against P. aeruginosa. A: MIC of
M. elegance growing malt extracts without sea salt, B: MIC of M. elegance growing on malt
extracts with sea salt, C: MIC of M. elegance growing on oat extracts without sea salt, and
D: MIC of M. elegance growing on oat extracts with sea salt.

MBEC results are presented in Table 4.11 and Figures 4.34 and 4.35. M. elegance growing on
malt extract broth in the presence of sea salt for 30 days yielded the extract with the lowest
MIC value of 24.6pg/mL against biofilm-forming S. aureus. On the other hand, the highest
MBEC against S. aureus was exhibited by the extract obtained from the fungus grown for 30
days on oat media with sea salt. While against P. aeruginosa, the lowest MBEC of 18.4 pg/mL
was presented by the extract afforded from Malt extract broth media incubated for 30 days
while the highest MBEC of 40.7 pg/mL was displayed by the extract obtained from oat media
with sea salt incubated for 15 days. M. elegance grown for 15 and 30 days on malt extract broth
either with or without sea salt yielded extracts with MBEC values of less than 30ug/mL. While
extracts obtained from the fungus grown on oat media either with or without sea salt gave

MBEC values of more than 30ug/mL.
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Table 4.11: MBEC of antibacterial M. elegance extracts against S. aureus and P.

aeruginosa.
Media MBEC pg/mL against MBEC pg/mL against P.
S. aureus aeruginosa

Malt extract without sea salt 15 days 26.1 28.5
Malt extract without sea salt 30 days 25.8 18.4
Malt extract with sea salt 15 days 29.2 27.3
Malt extract with sea salt 30 days 246 19.4
Oat media without sea salt 15 days 35.0 35.9
Oat media without sea salt 30 days 33.2 33.2
Oat media with sea salt 15 days 345 40.7
Oat media with sea salt 30 days 39.4 35.1
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Figure 4.34: MBEC results of active M. elegance extracts against S. aureus. A: MIC of M.
elegance growing malt extracts without sea salt, B: MIC of M. elegance growing on malt
extracts with sea salt, C: MIC of M. elegance growing on oat extracts without sea salt, and
D: MIC of M. elegance growing on oat extracts with sea salt.
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Figure 4.35: MBEC results of active M. elegance extracts against P. aeruginosa. A: MIC of
M. elegance growing malt extracts without sea salt, B: MIC of M. elegance growing on malt
extracts with sea salt, C: MIC of M. elegance growing on oat extracts without sea salt, and
D: MIC of M. elegance growing on oat extracts with sea salt.

4.2.4 Multivariate analysis of NMR data

Multivariate analysis using SIMCA was done on the processed (see section 2.2.7.5) NMR
spectral data of fungal extracts and blank media. Extracts from M. elegance grown for 15 days
on marine broth was the only outlier. Although there are two observed clusters, one on the
lower right quadrant and one in the upper right quadrant, most fungal extracts were overlapping
except for the extracts obtained from the malt extract with and without sea salt that were
incubated for 30 days. However, as the natural groupings of the extracts were based on the
relative similarity of their chemical profile, neither of the groups dependently clustered
according to the media from where they were obtained nor their incubation periods. R?X of
1.00 and Q%X of 0.99.
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Figure 4.36: PCA scatter plot of NMR spectral data of M. elegans extracts obtained from
various growth media incubated at 15 and 30 days.

For OPLS-DA, the extracts were classified according to their antimicrobial activity against

both biofilm-forming S. aureus and P. aeruginosa. OPLS-DA positioned the antimicrobial-

active extracts on the left side of the scatter plot, while their close collocation implied a

comparable chemical profile between the extracts. The OPLS-DA loadings plot revealed that

the antimicrobial extracts consisted mainly of peaks from the aliphatic region (1-3ppm) of the

spectrum while a smaller numbers of peaks were found at the aromatic region. On the other

hand, the inactive extracts exhibited a higher ratio of aromatic peaks and smaller ratio of

resonances at the aliphatic region. Interestingly, the outlying inactive extract obtained from the

fungus incubated in marine broth (MB) for 15 days yielded highy hydroxylated compounds or

saccharides as indicated by peaks from 3 to 5 ppm (encircled in red in Figure 4.37B). OPLS-

DA scatter and loading plots are presented in Figure 4.37.
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Figure 4.37: OPLS-DA scatter (A) and loading (B) plots of the NMR spectral data of M.
elegans extracts obtained from various growth media incubated at 15 and 30 days. Extracts
were classified according to their antimicrobial activity against both biofilm-forming S.
aureus and P. aeruginosa.
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4.2.5 Multivariate analysis of LC-HRMS data

The LC-HRMS data was processed with Mzmine and dereplicated using an in-house MACRO
to couple the spectral data with the DNP. Fungal extract afforded by the malt extract with sea
salt incubated for 15 and 30 days, as well as those from the marine broth media incubated for
30 days (encircle orange), the extracts were clustered into two main groups (encircled in blue
and red). Comparable to the PCA results of the NMR spectral data, the natural clustering of
the fungal extracts or the similarities of the chemical profiles of the extracts were not based on
media used to inoculate the fungus or the incubation period. PCA scatter plot of mass spectral
data is shown in Figure 4.38. The values of R2X and QX of the PCA-X scatter plot were 0.738

and 0.542 with a difference of 0.196 which indicates a good model relatively even if Q?X value

is not high.
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Figure 4.38: PCA scatter plot obtained from LC-HRMS data of M. elegance extracts
obtained from various media incubated for 15 and 30 days.

The results of the antimicrobial activity against biofilms forming S. aureus and P. aeruginosa
were used to group the extracts for OPLS-DA. In terms of the separation of the extracts between
the two pre-designated groups, the variation was comparable to the PCA scatter plot with R?

of 0.713 and Q? value of 0.537 and a difference of 0.176. The active M. elegance extracts were
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mainly positioned on the upper left quadrant of the OPLS-DA scatter plot, while the inactive
extracts covered the entire right side of the plot. The random distribution and overlapping of
some of the extracts between the active and inactive groups was indicated by the low separation
score. The variation between two groups (R?X) was 12.3%. While the variation within group
(R?X0) was slightly higher at 15.7%. The OPLS-DA loadings plot provided the discriminating
features at m/z 800 to 900 Da afforded by the fungus inoculated on malt extract with sea salt
incubated for 15 and 30 days. Dereplication of the discriminating features did not give any hits
from the DNP database. These discriminating features were found to have a p-value less than
0.05. OPLS-DA scatter and loading plots are presented in Figures 4.39 and 4.40. Table 4.12

list the discrimination ion peaks assigned to the antimicrobial extracts.

When comparing the NMR data of the discriminating features provided by multivariate
analysis, the active extract showed the presence of a wide range of high intensity resonances
between 0.00 and 5.00 ppm but with low intensity resonances between 6.00 and 10.00 ppm.
The peaks between 0.00 and 5.00 ppm indicated the presence of acylated and hydroxylated
peaks. While the peaks between 6.00 and 10.00 ppm indicated the presence of aromatic peaks
as well as exchangeable phenolic OHs or NH peaks of amino acids. These data were
comparable to the predicted DBE values for the discriminating compounds encircled with red
in the OPLS-DA loadings plot in Figure 4.42.
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Figure 4.39: OPLS-DA scatter plot of LC-HRMS data of M. elegans extracts obtained
from various media incubated at 15 and 30 days. Extracts were grouped according to their
antimicrobial activity against both biofilm-forming S. aureus and P. aeruginosa.
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Figure 4.40: OPLS-DA loadings plot of LC-HRMS data of M. elegans extracts obtained
from various media incubated at 15 and 30 days. Group of discriminating features for
antimicrobial active extracts is encircled in red.
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Table 4.12: Dereplication of six target bioactive metabolites found in active extracts, with P
values < 0.05 as obtained from the OPLS-DA S-plot.

Chemical
formula Compound hits from
Molecular prediction DNP and biological
Var ID p-value FDR weight (DBE) source
C44H63N1204 (17) R
P_6367 0.049  0.035294118  828.5468 CosHraNsOs (12) No hit
CagH72Ns0s (16) .
N_1885  0.0091 0.002941176  828.5485 CorHoeNeOw (7) No hit
CasH70N1204 (17) .
P_6366  0.03357 0.029411765  842.5623 CotHrsNsOs (12) No hit
CigH78N2010(11) .
N_558  0.0319 0.011764706  842.5633 CasHeOus (2) No hit
C44H74N8010 (12) .
N_1888  0.0265 0.005882353  874.5536 CoHhoN12Os (17) No hit
C46H72N1205 (17) .
N_1887  0.02767 0.008823529  888.5689 CochheNsOre (12) No hit

Base peak chromatogram, mir: 146,996 . 1990068

Rt: 19.82
MW: 828.5468

MZmine ID: P_6367

Rt: 19.92
MW: 828.5485

MZmine ID: N_1885

MZmine ID: N_1888

MW: 874.5536

Rt: 18.83

MZmine I1D: P_6366
Rt: 21.07
MW: 842.5623

MZmine ID: N_558
Rt: 21.19
MW: 842.5633

MZmine ID: N_1887
Rt: 23.79
MW: 888.5689

Figure 4.41: Total lon Chromatogram(TIC) ofthe actlve -fr';ction. The ion peaks that
represent the discriminating features listed in Table 4.12 have been labelled.
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4.3 Optimising the production of anti-biofilm bioactive metabolites produced by

Hypoxylon rubiginosum.
4.3.1 Extract yields on different media.

H. rubiginosum grown on the different media used in this study showed poor or no growth on
7 days of incubation. Growth was only observed on 15 and 30 days of incubation yielding good
biomass. Again, like the previous endophytic fungus, the average yield of extracts afforded by
the solid media was higher than the yields from fungus grown on liquid media. Amongst the
liquid media, the highest yield of (87.3mg) was achieved by growing the fungus grown on malt
extract broth in the presence of sea salt for incubated for 30 days. Alternatively, the fungus
inoculated on Wickersham broth without sea salt incubated for 30 days gave the lowest yield
of 23.1 mg. On solid media, the highest yield 336 mg of extract was obtained from the fungus
grown for 30 days on rice media in the absence of sea salt. While the lowest yield was attained
from fungus grown on oat media with sea salt incubated for 15 days. Extract yields obtained

from the various media are presented in Table 4.13 and Figure 4.42.

The log growth phase of H. rubiginosum was observed between 15 and 30 days on solid media
with and without sea salt as well as on malt extract without sea salt. The fungus growing on
most of the liquid media seems to reach the stationary phase on the 15" day of the incubation

period as shown in Figure 4.42,

Table 4.13: Extract weights of H. rubiginosum obtained by cultivation on different media.

Liquid Media
Incubation Period Yield
Type of Media 7Days 15Days 30 Days Blank
Malt Extract without Sea Salt - 29.5mg  87.3mg 4.52mg
Malt Extract with Sea Salt - 36.4mg  29.7mg 9.21mg
Wickersham Media without Sea Salt - 42.2mg  37.1mg 8.11mg
Wickersham Media with Sea Salt - 52.2mg  23.1mg 15.2mg
Marine Broth - 46.3mg  46.4mg 4.20mg
Solid Media
Incubation Period

Type of Media 7Days 15Days 30 Days Blank
Rice Media without Sea Salt - 267mg 336mg 23.4mg
Rice Media with Sea Salt - 297mg 295mg 22.7mg
Oat Media without Sea Salt - 61.2mg  67.9mg 33.2mg
Oat Media with Sea Salt - 574mg  73.8mg 29.7mg
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Figure 4.42: Histogram of extract weights of H. rubiginosum obtained from various
(A) liquid and (B) solid media incubated for 15 and 30 days.
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4.3.2 NMR spectroscopy for H. rubiginosum extracts
4.3.2.1 Liquid media
4.3.2.1.1 Malt extract broth with and without sea salt:

The stacked *H NMR spectra (Figure 4.43) of H. rubiginosum extracts obtained from malt
extract with and without sea salt, incubated in both 15 and 30 days indicated the production
of extracts with wide range of resonance. theses resonance peaks are lovated at aliphatic,
hydroxylated, and aromatic regions at 1.50 to 4.50 and 6.00 to 8.50 ppm, respectively). The
presence of sea salt did not show any effect on the chemical profile of malt extract broth as no
difference between the spectra was indicated. Incubation periods did show to have a major
effect on the peaks intensity of the resonances between 4.00 and 8.50 ppm. The intensity of the
peaks for samples incubated for 15days were higher than the peaks of samples from 30 days of

incubation.
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Figure 4.43: Stacked H NMR spectra of H. rubiginosum extracts obtained from
malt extract liquid media with (A) and without sea salt (B). Spectrum 1 at the
bottom of each of the stack represents the blank followed by those incubated at
15 and 30 days, respectively. The differences are highlighted in blue boxes.
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4.3.2.1.2 Wickersham liquid media with and without sea salt

Stacked *H NMR spectra of H. rubiginosum extracts obtained from Wickersham liquid media
with and without sea salt both incubated on 15 and 30 days did not show any huge difference
to that of the spectrum of the blank media. Most of the intense peaks were found at the aliphatic
region designated for saturated and unsaturated fatty acids. In addition, some of the peaks found
on the blank media either dissappeared or decrease in intensity, while some of the peaks from
the extracts were overlapping. Stacked *H NMR spectra of H. ribignousm extracts prepared
from from Wickersham media are presented in Figure 4.44. Upon comparing the incubation
periods and the presence or the absence of sea salt in stacked NMR spectra, it showed that both

sea salt and incubation periods have no major effect on the chemical profiles of the extract.

184 |Page



P

W N
WL WMW b

T T T T T T T T T T T
1.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

-

£
z
~

T T T T T T T T T T
55 50 45 40 35 30 25 20 15 10 05
1 (ppm)

e M

NRERETY PR

A b

=
N E s &

Figure 4.44: Stacked *H NMR spectra of H. rubiginosum extracts obtained from
Wickersham liquid media with (A) and without sea salt (B). Spectrum 1 at the bottom
of each of the stack represents the blank followed by those incubated at 15 and 30

days, respectively. The differences are highlighted in blue boxes.
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4.3.2.1.3 Marine broth media

Stacked *H NMR spectra of H. rubiginosum extracts obtained from marine broth showed some
differences to that of the extract of the blank media as presented in Figure 4.45. These
differences were indicated by peaks resonating at the aliphatic and hydroxylated region
between 1.00 and 4.50 ppm, respectively. In addition, some peaks were related to unsaturated
fatty at resonances between 5.00 and 5.50 ppm that marine endophytic fungus are known to
yield (Certik and Shimizu, 1999). Furthermore, small intensity peaks were observed at the
aromatic region between the 6.00 and 8.00 ppm. Some of the *H NMR peaks between 4.50 and
10.00ppm found in the extract of the media blank were not found in the spectra of the fungal
extracts. The incubation period had no major effect on the chemical profile of the marine broth
extracts. The only difference was observed on the intensity of the peaks resonating between
5.00 and 5.50 ppm which increased after incubation for 30 days.
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Figure 4.45: Stacked *H NMR spectra of H. rubiginosum extracts obtained from
marine broth media. Spectrum 1 at the bottom of the stack represents the blank
followed by those incubated at 15 and 30 days, respectively. The differences are
highlighted in blue boxes.
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4.3.2.2 Solid media
4.3.2.2.1 Rice media with and without sea salt:

Stacked *H NMR spectra of H. rubiginosum extracts obtained from rice media with and without
sea salt are presented in Figure 4.46. No difference was observable between the extracts
afforded after growing H. rubiginosum on rice media with and without sea salt. When
comparing the fungal extracts with the extract of the blank media, major variations were
noticeable at the olefinic and aromatic resonance between 5.50 and 9.50 ppm. The occurrence
of saturated or unsaturated fatty acids were also indicated in the spectra of H. rubiginosum
extracts. In general, the extracts obtained from media incubated for 30 days afforded higher
intensity *H NMR peaks. In parallel, the extract afforded by the media without sea salt yielded
higher intensity peaks particularly those resonating between 5.50 and 9.50 ppm. The intensity
of peaks of extracts from 30days of incubation were higher than the peaks of extracts obtained
from 15days of incubation.
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Figure 4.46: Stacked 'H NMR spectra of H. rubiginosum extracts obtained from rice
media with (A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days, respectively. The
differences are highlighted in blue boxes.
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4.3.2.2.2 Oat media with and without sea salt:

Stacked *H NMR spectra of H. rubiginosum extracts obtained from oat media with and without
sea salt did not show any huge differences from the spectrum of the blank media as presented
in Figure 4.49. However, extracts afforded by H. rubiginosum inoculated on oat media both
with and without sea salt incubated for 30 days indicated a weak intensity of of NMR peaks
resonating between 6.00 and 9.00 ppm. On the other hand, the extracts obtained from the oat
media incubated for 15 days showed intense peaks at the aromatic region between 6.00 and
8.50ppm. 'H NMR peaks were also observed in the aliphatic and hydroxylated region
indicating the occurrence of saturated and unsaturated fatty acids in the fungal extracts. Upon
comparing the presence or the absence of sea salt, sea salt had no effect on the chemical profile
of the extract. On the other hand, incubation period had a major effect on the aromatic region

between 6.00 and 8.50 ppm.
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Figure 4.47: Stacked 'H NMR spectra of H. rubiginosum extracts obtained from oat
media with (A) and without sea salt (B). Spectrum 1 at the bottom of each of the stack
represents the blank followed by those incubated at 15 and 30 days, respectively. The
differences are highlighted in blue boxes.
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4.3.3 Anti-biofilm biological assay
4.3.3.1 AlamarBlue® Assay of H. rubiginosum extracts

AlamarBlue® assay results for H. rubiginosum extracts against both biofilm-forming S. aureus
and P. aeruginosa are presented in Table 4.14 as well as Figures 4.48 and 4.49. All H.
rubiginosum extracts were able to inhibit bacterial growth of at least by 50%. Fungal extracts
obtained from rice and oat media with or without sea salt incubated at both 15 and 30 days
were able to exhibit biological activity higher than 90% inhibition. The highest biological
activity of 100% against S. aureus was obtained for extracts of H. rubiginosum grown for 15
days on rice media both with and without sea salt, as well as those afforded by rice media with
sea salt and oat media with and without sea salt incubated for 30 days. While the lowest
biological activity of 60.4% against S. aureus was exhibited for extracts deduced from growing
on Wickersham liquid media without sea salt incubated for 15 days. On the other hand, the
highest biological activity of 100% against P. aeruginosa was attained for extracts of H.
rubiginosum grown on rice media with and without sea salt incubated for 30 days. While the
lowest biological activity of 69.6% was obtained after growing the fungus for 15 days on

Wickersham broth with sea salt.
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Table 4.14: AlamarBlue® bacterial viability assay results of 100pg/mL of H. rubiginosum
extracts obtained from various media.

Liquid media

% inhibition

S. aureus, P. aeruginosa

Solid media

% inhibition

S. aureus:P. aeruginosa

Malt extract
without sea salt 15
days incubation

83.3%, 83.6%

Rice media without
sea salt 15 days
incubation

100%, 99.7%

Malt extract
without sea salt 30

85.3%, 86.4%

Rice media without
sea salt 30 days

99.9%, 100%

days incubation incubation
Malt extract with Rice media with sea
sea salt 15 days 71.9%, 82.9% salt 15 days 100%, 99.6%
incubation incubation
Malt extract with Rice media with sea
sea salt 30 days 84.6%, 83.5% salt 30 days 100%, 100%
incubation incubation
Wickersham Oat media without sea
without sea salt 15 60.4%, 75.6% salt 15 days 99.7%, 98.8%
days incubation incubation
Wickersham Oat media without sea
without sea salt 30 91.7%, 97.2% salt 30 days 100%, 98.8%
days incubation incubation
Wickersham with Oat media with sea
sea salt 15 days 77.7%, 69.6% salt 15 days 99.9%, 99.2%
incubation incubation
Wickersham with Oat media with sea
sea salt 30 days 80.1%, 96.1% salt 30 days 100%, 99%
incubation incubation

Marine broth 15
days incubation

71.2%, 76.7%

Marine broth 30
days incubation

75.9%, 91.3%
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Media extracts Media extracts

Figure 4.48: Percentage bacterial inhibition of biofilm-forming S. aureus with 100ug/mL
of H. rubiginosum extracts obtained from various A: liquid and B: solid media.
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Figure 4.49: Percentage bacterial inhibition of biofilm-forming P. aeruginosa with
100pg/mL H. rubiginosum extracts obtained from various A: liquid and B: solid media.

4.3.3.2 Planktonic Assay of the H. rubiginosum extracts

The planktonic assay results are presented in Table 4.15 as well as Figures 4.50 and 4.51. Again
all H. rubiginosum extracts were found to inhibit biofilm formation by at least 50%. Fungal
extracts prepared from solid media exhibited higher biological activity with over 95%
inhibition. On the other hand, the biological activity of fungal extracts from the liquid media
inhibited biofilms formation between 56.8-88.1%. The highest biological activity of 96.5%
inhibition against S. aureus was obtained after growing the fungus for 15 days on rice media
with and without sea salt, on rice media with sea salt incubated for 30 days, and on oat media
both with and without sea salt incubated for 30 days. The lowest biological activity of 56.8%
inhibition was observed from extracts obtained from the fungus incubated for 15 days on
Wickersham broth without sea salt. Additionally, the highest biological activity against biofilm

formation by P. aeruginosa was 94.9%, that was demonstrated by the fungal extract prepared
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from rice media with sea salt incubated for 30 days. The lowest biological activity of 65.6%

against biofilms formation was shown by the fungal extract obtained after growing H.

rubiginosum on Wickersham liquid media with sea salt incubated for 15 days.

Table 4.15: Planktonic biofilm viability assay results of 100pg/mL of H. rubiginosum
extracts obtained from various media.

Liquid media

% inhibition

S. aureus, P. aeruginosa

Solid media

% inhibition

S. aureus:P. aeruginosa

Malt extract
without sea salt 15
days incubation

80.3%, 79.1%

Rice media without
sea salt 15 days
incubation

96.5%, 94.5%

Malt extract
without sea salt 30

81.7%, 81.8%

Rice media without
sea salt 30 days

96.3%, 94.8%

days incubation incubation
Malt extract with Rice media with sea
sea salt 15 days 68.3%, 78.5% salt 15 days 96.5%, 94.5%
incubation incubation
Malt extract with Rice media with sea
sea salt 30 days 81%, 79% salt 30 days 96.5%, 94.9%
incubation incubation
Wickersham Oat media without sea
without sea salt 15 56.8%, 71.4% salt 15 days 96.2%, 93.7%
days incubation incubation
Wickersham Oat media without sea
without sea salt 30 88.1%, 92.2% salt 30 days 96.5%, 93.7%
days incubation incubation
Wickersham with Oat media with sea
sea salt 15 days 74.2%, 65.6% salt 15 days 96.4%, 94.1%
incubation incubation
Wickersham with Oat media with sea
sea salt 30 days 76.6%, 91% salt 30 days 96.5%, 93.9%
incubation incubation

Marine broth 15
days incubation

67.7%, 72.4%

Marine broth 30
days incubation

72.3%, 86.5%
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Figure 4.50: Percentage biofilm inhibition of biofilm-forming S. aureus with 100ug/mL of
H. rubiginosum extracts obtained from various A: liquid and B: solid media.
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Figure 4.51: Percentage bacterial inhibition of biofilm-forming P. aeruginosa with
100pg/mL H. rubiginosum extracts obtained from various A: liquid and B: solid media.
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4.3.3.3 Minimum inhibitory concentration (MIC) and Minimum biofilm eradication

concentration (MBEC) assays.

Biologically active H. rubiginosum extracts prepared from rice and oat media were further
assayed to determine their MIC and MBEC values. It was found that the lowest MIC values of
19.4 and 18.5pug/mL against both biofilm-forming S. aureus and P. aeruginosa, respectively,
were obtained from H. rubiginosum grown for 30 days on rice media without sea salt. MIC
results are shown in Table 4.16 and Figure 4.52 and 4.53. The highest MIC values of 31.3 and
32.6 pg/mL against biofilm-forming S. aureus and P. aeruginosa, respectively, were exhibited
by extracts deduced from the fungus grown for 15 days on oat media, both with and without

sea salt.

Table 4.16: MIC values of antibacterial H. rubiginosum extracts against S. aureus and P.

aeruginosa.
Media MIC pg/mL against S. MIC pg/mL against P.
aureus aeruginosa
Rice without sea salt 15 days 22.3 27.4
Rice without sea salt 30 days 194 185
Rice with sea salt 15 days 25.5 29.8
Rice with sea salt 30 days 27.0 21.7
Oat media without sea salt 15 days 27.5 32.6
Oat media without sea salt 30 days 19.8 30.6
Oat media with sea salt 15 days 31.3 24.5
Oat media with sea salt 30 days 21.2 23.2
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Figure 4.52: MIC results of antibacterial H. rubiginosum extracts against S. aureus. A: MIC
of H. rubiginosum growing rice media without sea salt, B: MIC of H. rubiginosum growing
on rice media with sea salt, C: MIC of H. rubiginosum growing on oat extracts without sea
salt, and D: MIC of H. rubiginosum growing on oat extracts with sea salt.

197 |Page



MIC of H. rubiginosum medial MIC of H. rubiginosum medial

extract B extract
100

. =
-, 1007 -e- Rice -no salt- 15 days = o = Rice -salt- 15 days
= - Rice -no salt- 30 days _§ —*— Rice -salt- 30 days
‘5 80 = s0
.8 =
> 5}
= 60+ g 40
5 = 20
5 40 5
3 =3
= o
..6 20_ r T T T T T "

-0.5 0.0 0.5 1.0 15 2.0 25

ES 04 Concentration (log(pg/ml))

-0.5 0.0 0.5 1.0 1.5 2.0 25
Concentration (log(pg/ml))

MIC of H. rubiginosum medial MIC of H. rubiginosum medial
extract D extract

> lOg; > 1004

= 804 - QOat -no salt- 30 days Z sod -# Oat -salt- 30 days
.g -+ QOat -no salt- 30 days .‘g -4 Oat -salt- 30 days
s 60+ B 604

T o}

404 S 404

3 8

o o

5 204 %5 204

SN S o]

T T T T T ! T T T T T !
-0.5 0.0 0.5 1.0 15 2.0 25 -0.5 0.0 0.5 1.0 1.5 2.0 25

Concentration (log(pg/ml)) Concentration (log(pg/ml))

Figure 4.53: MIC results of antibacterial H. rubiginosum extracts against P. aeruginosa. A:
MIC of H. rubiginosum growing rice media without sea salt, B: MIC of H. rubiginosum
growing on rice media with sea salt, C: MIC of H. rubiginosum growing on oat extracts
without sea salt, and D: MIC of H. rubiginosum growing on oat extracts with sea salt.

The MBEC results are presented in Table 4.17 and Figures 4.54 and 4.55. H. rubiginosum
extracts prepared from rice media without sea salt incubated for 30 days exhibited the lowest
MBEC value of 23.3ug/mL against biofilm-forming S. aureus. The lowest MBEC value of
26.1ug/mL against P. aeruginosa was shown by the extract obtained from the oat media with
sea salt incubated for 30 days. On the other hand, the highest MBEC values of 34.5 and
34.4pg/mL against biofilm-forming S. aureus and P. aeruginosa, were demonstrated by
extracts obtained from H. rubiginosum grown on oat media with sea salt for 30 days and on oat

media without sea salt 15 days, respectively.
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Table

4.17: MBEC of antibacterial H.

rubiginosum extracts against S. aureus and P.

aeruginosa.
Media MBEC pg/mL against MBEC pg/mL against P.
S. aureus aeruginosa
Rice without sea salt 15 days 28.0 28.6
Rice without sea salt 30 days 23.3 26.8
Rice with sea salt 15 days 28.7 311
Rice with sea salt 30 days 24.8 314
Oat media without sea salt 15 days 29.1 34.4
Oat media without sea salt 30 days 23.9 29.0
Oat media with sea salt 15 days 26.7 29.0
Oat media with sea salt 30 days 34.5 26.1
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Figure 4.54. MBEC results obtained from antibacterial H. rubiginosum extracts against S.
aureus by planktonic assay. A: MIC of H. rubiginosum growing rice media without sea salt,
B: MIC of H. rubiginosum growing on rice media with sea salt, C: MIC of H. rubiginosum
growing on oat extracts without sea salt, and D: MIC of H. rubiginosum growing on oat

extract

s with sea salt.
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Figure 4.55: MBEC results obtained from antibacterial H. rubiginosum extracts against P.
aeruginosa. A: MIC of H. rubiginosum growing rice media without sea salt, B: MIC of H.
rubiginosum growing on rice media with sea salt, C: MIC of H. rubiginosum growing on oat
extracts without sea salt, and D: MIC of H. rubiginosum growing on oat extracts with sea
salt.

4.3.4 Multivariate analysis of NMR data

The PCA scatter plot of the proton NMR spectral data of H. rubiginosum extracts is presented
in Figure 4.56. Extracts obtained from the solid media (encircled blue) were mainly positioned
on upper left quadrant of the scatter plot. The nearness in collocation of the sample extracts to
each other could imply a relatively more comparable chemical profile. On the other hand,
extracts obtained from the liquid media were more widely distributed on both the upper and
lower right quadrants along with the extracts obtained from Wickersham, malt extract and
marine broth media incubated for 15days at the lower left quadrant. While liquid broth media
incubated for 30 days distributed widely at the upper right quadrant. The more dispersed
distribution of the extracts from the various liquid media indicated quite a variation in their
chemical profiles. However, extracts obtained from the 15-day incubation period (encircled
red) at the lower right quadrant were separated to those incubated for a 30-day period

(encircled orange) found at the upper right quadrant. The separation of these two groups
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according to their incubation periods indicate a comparable change in chemical profile of the
extracts from various media between the growth phases, particularly from the end of the
logarithmic phase to the stationary phase. The model gave R?X and QX values of 1.00 and

0.99, respectively, which indicated a strong model.
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Figure 4.56: PCA scatter plot of proton NMR spectral data of H. rubiginosum extracts
obtained from various media incubated for 15 and 30 days.

The OPLS-DA scatter plot of the proton NMR spectral data of H. rubiginosum extracts were
classified according to their antimicrobial activity and is presented in Figure 4.59A. The
antimicrobial active extracts were positioned on the left side of the plot, while the inactive
extracts were placed on the right side of the plot. Extracts afforded by oat media without sea
salt, Wickersham without sea salt and marine broth, which were all incubated for 30 days,
implied to have a relatively different chemical profiles from the other active extracts (Figure
4.57A). The OPLS-DA loadings plot (Figure 4.57B), parallelly indicated the unique occurrence
of peaks for acylated (2 to 3 ppm) compounds, while there was also the presence of peaks for

hydroxylated compounds (3 to 5 ppm)
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Figure 4.57: OPLS-DA scatter (A) and loadings (B) plots of the *H NMR spectral data of
H. rubiginosum extracts obtained from various media incubated at 15 and 30 days. Extracts
were grouped according to their antimicrobial activity against both biofilm-forming S.
aureus and P. aeruginosa .

4.3.5 Multivariate analysis of LC-HRMS data

The PCA scatter plot of the LC-HRMS data of H. rubiginosum extracts are presented in Figure
4.60. Extracts accumulated near the centre of the plot while most of the extracts were
overlapping on the upper left quadrant indicating a very close similarity of their chemical

profiles. Extracts from H. rubiginosum grown on rice in general were separated from the cluster
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along with extracts obtained from oat media with and without salt, both incubated for 30 days
and Wickersham media with salt incubated for 15 days. The extracts obtained from rice media
without salt and oat with salt, both incubated for 30 days were indicated as outliers. Dispersion
of these latter extracts from the closely accrued cluster signified variations in their chemical

profiles. The values of RZX and Q?X were 1.00 and 0.99, which indicated a strong model.
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Figure 4.58: (A) PCA scatter and (B) loading plots of the LC-HRMS data of H.
rubiginosum extracts obtained from various media incubated for 15 and 30 days.
For OPLS-DA, the extracts were classified into two groups according to their antimicrobial

activity. The OPLS-DA scatter plot is presented in Figure 4.59 . The active fungal extract
prepared from the rice media without sea salt incubated for 30 days was established as a
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strong outlier indicating the occurrence of possible unique bioactive metabolites not found in

the other extracts.

\ W Active

Inactive

60000 - @ Rice-30 days without salt

40000 -

20000
@ Rice-30 days with salt

[ J
0 .—Mﬁt_‘;%ﬁeﬂ‘—@ @ @ Malt- 15 days with salt

b @ Wickerham-30 dQs without salt

-20000

-40000

-60000 T T T T >
-30000 -20000 -10000 0 10000 20(7)0(‘)'7 o

5 (UTC+1

Figure 4.59: OPLS-DA scatter plot of LC-HRMS data of H. rubiginosum extracts obtained
from various media incubated at 15 and 30 days. Extracts were grouped according to their
antimicrobial activity against both biofilm-forming S. aureus and P. aeruginosa.

In parallel, the OPLS-DA loadings plot (Figure 4.60) revealed the possible types discriminating
bioactive metabolites with ion peaks ranging between m/z 100 and 500 Da (encircled in red)
afforded by H. rubiginosum extracts obtained from the rice media incubated for 30 days. Other
active extracts also yielded higher molecular weight compounds with ion peaks at m/z 500 to
800 Da (encircled in blue). The encircled features or ion peaks were dereplicated using the
DNP database. While eleven of the ion peaks remained unidentified, the putatively identified
compound hits are listed in Table 4.18 and the structures are shown in Figure 4.61.
discriminating features with molecular weight higher than 380 Da show DBE values indicated
the presence of aromatic systems resonating between 6.00-9.00ppm with few olefinic signals
between 5.00-5.50ppm this was confirmed by the distribution of chemical shift on the OPLS-
DS loading plot of the NMR data in figure 4.57 B. While discriminating features with
molecular weight of less than 380 Da showed lower DBE values. This is due to the presence
of low aromatic systems and high olefinic systems. The OPLS-DA loading plot confirmed this
by the presence of high number of olefinic signals resonating between 5.00-5.50ppm especially

for those features found in rice extract. This can be also confirmed by the OPLS-DA loadings
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plot of the NMR data presented in figure 4.57. which have many peaks between 4.50 and 9.00
ppm.

When comparing loading plots produced from PCA-X and OPLS-DA of the HRMS data of
media extracts, the discriminating features were comparable as shown in Figures 4.57 and 4.59.
the FDR values of all discriminating features were less than 0.05 except for compound with

Var ID of P-51. This indicated a high true possibility of these compounds.
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Figure 4.60: OPLS-DA loadings plot of LC-HRMS data of H. rubiginosum extracts
obtained from various media incubated at 15 and 30 days. Extracts were grouped
according to their antimicrobial activity against both biofilms forming S. aureus and
P.aeruginosa.
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Table 4.18: Dereplication of six target bioactive metabolites found in active extracts,
with P values < 0.05 as obtained from the OPLS-DA S-plot.

Chemical
formula Compound hits
Molecular prediction from DNP and
VarID  p-value FDR weight (DBE) biological source
P-50  0.0380602 0.030  216.1351 C12H12N202 (8) No hit
P-51  0.0481968 0.0525 233.1615 CoH1sN304 (2) No hit
2,4,6-trimethyl-1-
N-19 0.0412259 0.0425  266.1557 C14H22N203(5) nonanol; O-sulfate
Cucumaria frondosa
N-29  0.0208731  0.02  310.1819 C7H22N1004 (2) No hit
P-246  0.0451656 0.0475 330.2174 C17H2sNgO (8) No hit
P-36 0.0226657 0.0275  342.2864 C15H34NgO (3) No hit

1-(6-hydroxy-4-oxo-
4H-1-pyran-2-yl)-
4,5,7-trihydroxy-2-
methylanthraquinone
N-785  0.0146765 0.0125 380.0542 Ca0H1208 (15) from Streptomyces
coelicolor and
tetracenomycin D3
from Streptomyces
olivaceus

sarcotride C

N-34 0.0472485 0.045  448.3412 C25H14N40s (6) Sarcotragus sp

P-60  0.0385393 0.0375 455.2496 - No hit
CssHssNsO4(14) .

P-1136 0.00754829 0.0025 660.4349 No hit
C37HsoN20s (9)

N-73 00200009 00225 7384215 ~ CHseNeOs (19) No hit

CasHssN2O7 (18)
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Figure 4.61: Putative structures of dereplicated target bioactive metabolites found in the

anti-microbial extracts of H. rubiginosum.
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Figure 4.62: Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 4.18 have been labelled

4.4 Summary of the media optimisation results for selected fungi

Media optimisation was performed on three anti-microbial endophytic fungi which afforded
active fungal extracts against biofilm-forming S. aureus and P. aeruginosa. Various solid and
liquid media were utilised to improve the biomass yield and the potency of the respective fungal
extracts. Sea salt was added to the media to mimic the marine environment from where the host
organisms were primarily collected. However, optimisation was also accomplished with the
absence of sea salt for future scale-up that would prevent corrosion on bioreactors. It was then

essential to evaluate the effect of the presence or absence of sea salt in the production of the
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antimicrobial metabolites. Finally, the active extracts were further bioassayed for their MIC
and MBEC values to predict the potency of the extracts. The media used in this study were
chosen according to their available nutrients, carbon and/or nitrogen source that could be made
accessible to the fungus to survive and biosynthesise a wider range of secondary metabolites.

4.4.1 Dendryphiella salina optimisation

A literature review on D. salina offered no available information on its chemical profile or
biological activity against any specific disease. The only study found on D. salina was on
carbon consumption of the fungus when grown on malt extract agar media, starch agar, tween
agar and urea agar (Clipson and Jennings, 1992). In optimisation of D. salina on solid media

afforded higher yields of extracts than those inoculated on liquid media.

The limitation associated with analysing the NMR spectral data is its limit of detection and the
inability to delete media effects making it difficult to differentiate the spectra of the fungal
extract against those of the media blank as reflected by the PCA model. However, OPLS-DA
of the LC-HRMS data of D. salina extracts revealed the discriminating ion peaks to target the
antimicrobial metabolites. Four of these ion peaks at m/z 478.293, 520.34, 1006.67, and
1020.68, did not get any compound hits from the DNP database. two ion peaks of compounds
isolated from marine source at m/z 520.34 and 496.34 were putatively identified as 8,9-
dihydroindanomycin, and soraphen A respectively. These two known compounds were earlier
described to exhibit antibacterial activity (Naini et al., 2019, Patil et al., 2019). 8,9-
dihydroindanomycin is an indonomycin antibiotic related compound with a moderate
biological activity against multi-drug resistance S. aureus (Lian and Zhang, 2013). While
soraphen A has been to exert antifungal activity especially against broad spectrum of yeasts
and hyphomycets strains (Gerth et al., 1994). Inhibition of acetyl CoA carboxylase activity was
another biological activity reported for soraphen A (Jump et al., 2011). In addition, soraphen
A was described as a broad-spectrum antiviral and potent against hepatitis C virus in nanomolar
concentrations(Koutsoudakis et al., 2015).

The oat media without sea salt was chosen to grow D. salina for 30 days as it provided a good
yield, outlying chemical profile as shown in OPLS-DA scatter plot and antimicrobial activity
against biofilm-forming bacteria. The lower MIC of 17.3 and 21.1 pg/ml and the lower MBEC
of 19.7 and 19.4 pg/ml against both S. aureus and P. aeruginosa respectively provided by oat
media extract without seas salt incubated for 30days was the main reason of choosing this oat

media extract. For the scale-up, the malt extract broth with sea salt was also chosen to grow D.
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salina for 30 days as it provided the most potent antimicrobial activity and afforded a different

chemical profile to that of D. salina grown on oat media.

4.4.2 Marianna elegance optimisation

M. elegance has been studied before in 6 previous research articles and several compounds
have been isolated from M. elegance and their biological activity have been studied (Fabian et
al., 2001, Fukuda et al., 2011, Tang et al., 2012, Tani et al., 2013, Hu et al., 2017, Ishiuchi et
al., 2020). The chemical compounds recorded to be isolated from M. elegance was found to
inhibit Thromboxane A2 with the compound mariannaeapyrone (Fabian et al., 2001). While
only mariannamides A was found to exert antimicrobial activity (Ishiuchi et al., 2020). M.
elegance is a slow-growing fungus that no growth was observed on the 7" day of incubation
and required at least 15 days to reach its logarithmic phase. Again, like D. salina, the average
yield afforded by the solid media is higher than growing the fungus on a liquid media except
for those extracts afforded by malt extract broth, which gave a relatively similar yield as those

from the solid media.

Albeit, not providing the highest yield but closer to attaining the required yield, the
recommended media for a scale up would be malt extract without sea salt for a 30 days
incubation period. The NMR spectral data of the extract obtained from the malt extract broth
afforded a high density of distinct peaks not found in the blank as well as the occurrence of a
lower ratio of fatty acid peaks. The unique spectral data for the extract deduced for the malt
extract media was also indicated by the PCA plots. Although, the fungal extract obtained from
marine broth incubated for 30 days was a strong outlier, which would indicate a unique
chemical profile, extracts afforded by malt extract media with or without sea salt incubated for
30 days, also did show chemical profiles different from most of the other fungal extracts as

they were positioned farther out from the two main clusters in the PCA scatter plot.

The most potent antimicrobial activity of 85 to 100% inhibition was exhibited by the extracts
afforded by M. elegance grown on malt extract broth and oat media with or without sea salt.
Due to the higher yield and highly potent antimicrobial activity of the afforded fungal extract,
malt extract broth media with sea salt has been chosen to grow M. elegance for 30 days mainly
because of the simplicity of the provided chemical profile along with the presence of interesting

possibly novel bioactive metabolites.
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4.4.3 Hypoxylon rubiginosum optimisation

Like M. elegance, H. rubiginosum was also a slow growing fungus that significant growth
could be first observed on the 15" day of incubation. Again, like the previous endophytes, the
average yield of extracts afforded by the solid media was higher than those grown on liquid
media. The highest yield was obtained from the rice media without sea salt and would be

recommended to grow H. rubiginosum for 30 days.

Multivariate analysis of the NMR spectral data of H. rubiginosum extracts did not designate
any outlier but did show a clear trend on the change of profile between the incubation periods
when the fungus is inoculated on a liquid media. The OPLS-DA loadings plot of the mass
spectral data of the extracts indicated 14 discriminating ion peaks Eleven of these compounds
did not give any hit from the DNP database, while three of the ion peaks at m/z 265.14844,
379.04693, and 447.33395 were putatively identified as 2,4,6-trimethyl-1-nonanol; O-sulfate,
1-(6-hydroxy-4-oxo-4H-1-pyran-2-yl)-4,5,7-trinydroxy-2-methylanthraquinone, or
tetracenomycin D3 and sarcotride C, respectively.

Extracts afforded by H. rubiginosum after growing on different media were able to inhibit
bacterial growth and biofilm formation of more than 60% and 50%, respectively. Providing an
extract with high yield, unique chemical profile, and achieving the most potent antimicrobial
activity, rice media without sea salt is the best media to grow H. rubiginosum for 30 days.
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5 Dendryphiella salina scale up and isolation of antimicrobial
compounds.

D. salina was chosen for further isolation work, as its extracts afforded the highest yield, which
was easiest to work with in terms of chromatographic isolation work and offered the most
novelty as to date there no available published literature on its chemical profile or biological

activity against any specific disease.

5.1.  Literature background on the endophytic fungi D.salina

There are twelve species that have been currently listed under the genus Dendryphiella, two of
them were isolated from marine sources, namely D. arenaria and salina. Both species have
exhibited similar growth response under the abiotic and biotic conditions (dela Cruz et al.,
2006). Furthermore, there were no significant differences in the synthesis of degradative
enzymes, metabolites (alanine and glutamate, the polyol myo-inositol and the organic acid
fumarate as shown under Figure 5.1) or biological activity between the two culture extracts
(dela Cruz et al., 2006).

0] 0] e) 0]
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YJ\OH _Owo_ NO_
NH, NH, O
alanine glutamate fumarate

OH

HO\G,OH
HO" ™ “OH

OH
n
polyol myo-inositol

Figure 5.1: Chemical structure of metabolites produced by degradative enzymes in D.
salina grown on various media.

5.2. Dendryphiella salina on Malt Extract Broth Media with Sea Salt

5.2.1 Crude extracts and extract yields

It is well known that marine endophytes produce high concentrations of fatty acids and lipids,
which can lead to give a false positive biological activity result due to the nature of those fatty

acids (Devi et al., 2006). Indeed, the yield of the crude extract found in n-hexane was 2.6g,
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which was 55% of the 4.7g total crude extract. The n-hexane extract was tested against the
biofilm-forming S. aureus and P. aeruginosa and was found to be inactive. The obtained yield
for 10% aqueous MeOH extract was 37mg that was 0.74% of the total crude extract and was
found to be inactive against the biofilm-forming bacteria. On the other hand, EtOAc extract
yield was 2.1g which was 44.7% of the total crude extract. When the EtOAc extract was tested
against the biofilm-forming bacteria, it was found to be active and able to inhibit bacterial
growth at 86.60 and 95.53 % and biofilm formation at 93.16 and 95.15 % against both biofilm-
forming S. aureus and P. aeruginosa (Table 5.1 and Figure 5.2). EtOAc extract was chosen for
further fractionation work to isolate the target bioactive metabolites.

Table 5.1: Antimicrobial assay of liquid-liquid partitioning extracts obtained from D. salina
grown on malt extract broth media.

Type of extract % of S. aureus inhibition % of P. aeruginosa inhibition
AlamarBlue® assay
n-hexane 3.023 6.27
10% aq MeOH 13.31 15.69
EtOAC 86.60 95.53
Planktonic assay

n-hexane 3.91 6.18
10% aq MeOH 13.30 12.91
EtOAC 93.16 95.15
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Figure 5.2: Antimicrobial assay of crude fractions from liquid-liquid partitioning of total
crude extract of D. salina grown on malt extract broth using AlamarBlue® assay and
planktonic assay as indicated by the % bacterial growth after treatment with respective
extracts shown.

5.2.2 Fractionation of the Extract and Multivariate analysis

The MPLC fractions were collected in Erlenmeyer flasks at volumes 100mL per fraction
(Figure 5.3). For monitoring purposes, each fraction was spotted on a TLC plate along with the
EtOAc extract sample as reference. As shown in Figure 5.4, the dried sample-loaded TLC plate
was developed using a solvent system of 90:10% DCM:MeOH and visualised by spraying with
anisaldehyde-H>SO4 reagent. Similar fractions in terms of their chromatographic profiles were
pooled together resulting to 15 fractions including the washings. The respective fractions were
concentrated and dried under vacuo then weighed as listed under Table 5.2. The total

percentage yield of the collected fractions was 70.1% of the loaded extract weight.
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Figure 5.3: MPLC system and flasks used to collect fractions. -

Figure 5.4: Summary TLC plates for the pooled fractions after spraying with
anisaldehyde reagent

Table 5.2: Weights of extracts after pooling similar fractions.
Extract No Weight of extract Extract No Weight of extract

(mg) (mg)
1 9.6 9 18.2
2 42.2 10 66.6
3 38.2 11 109.1
4 69.1 12 31.6
5 28.0 13 116.9
6 65.6 14 6.4
7 88.8 15 756.2
8 24.8 Total amount 1471.3

215|Page



5.2.3 Biological assay results of fractions

Fractions 1-7 inhibited bacterial growth and biofilm formation of both S. aureus and P.
aeruginosa at more than 90%. While the rest of the fractions 8-14 showed intermediate or no
antimicrobial activity (Table 5.3 and Figure 5.5). For the bioassay, fractions 14 was also pooled
together with fraction 15 (washings) due to its low yield and their similar chemical profile on
the TLC plate. MIC and MBEC values were not determined for the active fractions to avoid

weight loss to have a more manageable quantity for further purification steps.

Table 5.3: AlamarBlue® and planktonic assay results of D. salina fractions against
biofilm-forming S. aureus and P. aeruginosa. Highlighted rows represent the bioactive
fractions.

S. aureus biological assay results

Fraction # % of % of Fraction # % of bacterial % of Biofilms
bacterial Biofilms Viability viability
viability viability

1 0.00 0.17 8 46.2 60.7
2 0.88 0.03 9 23.4 26.6
3 0.43 0.75 10 65.5 74.1
4 2.1 0.55 11 86.1 87.1
5 2.0 1.90 12 96.6 101.1
6 0.59 1.88 13 102.2 105.4
7 7.5 4.89 14 954 98.1
P. aeruginosa biological assay results

Fraction # % of % of Fraction # % of bacterial % of Biofilms
bacterial Biofilms Viability viability
viability viability

1 1.02 3.6 8 58.8 75.1
2 0.64 1.5 9 69.0 66.2
3 4.60 10.4 10 68.0 73.3
4 2.2 2.7 11 95.2 100.7
5 4.2 13.1 12 103.8 115.2
6 1.2 1.8 13 106.4 111.1
7 13.8 18.2 14 107.3 102.7
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Figure 5.5: AlamarBlue® and planktonic assays of D. salina fractions

5.2.4 NMR spectroscopy of D. salina fractions

The respective pooled MPLC fractions were subjected to proton NMR measurements to have
an overview of the chemical profile and type of compounds expected to be found in each
fraction. The *H NMR spectra of the fractions were stacked and presented in Figure 5.6.

A high intensity of aliphatic peaks could be observed in the recorded *H NMR spectra of the
MPLC fractions. Peaks between 6.0 and 9.0 ppm indicated the presence of aromatic
compounds. The PCA scatter plot of the spectral NMR data of the MPLC fractions in Figure
5.7 signposted the outlying fraction 2 to have a unique chemical profile. However, when the
fractions were tested to see if fraction 2 was a true outlier using DModX fraction 2 gave results
of less than 0.05 which indicated that fraction 2 was not a true outlier. As shown by the DModX
plot in Figure 5.8, variables above the red line are the true outliers that included Fractions 1, 6,
and 13. The proximity of fractions 3 to 12 to each other predicted comparable chemical profiles
between fractions. The unique chemical shift provided by fraction 2 is between 1.00-3.00 and

5.00-6.00ppm at aliphatic and olefinic region respectively.
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Figure 5.6: Stacked *H NMR spectra of 15 MPLC fractions. Highlighted spectra represent
the bioactive fractions

However, the OPLS-DA scatter plot presented in Figure 5.9A indicated that the active fractions
were more like to each other in terms of their chemical profile as also exhibited by their
overlapping features on the corresponding loadings plot in Figure 5.9B. The only fraction that
showed some difference was fraction 1, which was positioned slightly farther from the cluster.
The OPLS-DA loadings plot displayed a higher ratio of aliphatic peaks (0 to 3 ppm) but a lower
ratio of hydroxylated resonances (3 to 6 ppm) in the antimicrobial fractions than in the inactive
ones. Aromatic peaks from 6 to 9 ppm seem to similarly occur in both active and inactive

fractions
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Figure 5.7: (A) PCA scatter and (B) loading plots of the NMR spectral data bf thé MﬁLC
fractions. The R?X and Q2X values were 1.00 and 0.99, respectively.

Figure 5.8: DMod X results to test the occurrence of true outliers. Variables above the
red line are the true outliers that includes Fractions 1, 6, and 13.
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Figure 5.9: OPLS-DA scatter (A) and loadings (B) plots of the NMR spectral data of
the MPLC fractions grouped according to their antimicrobial activity against biofilm-
forming S. aureus and P. aeruginosa. R>X and QX values were 0.999 and 0.802,
respectively. While The difference within group R?Xo is equal to 23% and the
difference between groups (R2X[1]) is equal to 13%.

5.2.5 LC-HRMS analysis of D. salina MPLC fractions

The PCA scatter plot of the LC-HRMS data of the MPLC fractions in Figure 5.10 showed
fractions 11 to 15 overlappingly clustered together that indicated their similar chemical profile.
While the rest of the fractions were dispersedly distributed on the scatter plot that exhibited
greater diversity between the fractions. In addition, fractions 7-10 show huge similarities with
some differences. The fractions could be sub-grouped into three: Fractions 1 to 4 (blue),
Fractions 5 and 6 (green), Fractions 7 to 10 (yellow), and Fractions 11 to 15 (red). The R?X

and Q?X values were quite low at 0.374 and -0.155, respectively, which indicated poor
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reproducibility and predictivity. However, the natural groupings of the samples were quite
logical as consecutive fractions were classified together albeit the dispersion of the fractions

on the scatter plot.
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Figure 5.10A: PCA scatter plot of the mass spectral data of the MPLC fractions.

Fraction 6 was displayed as an outlier, which indicated a high possibility of a more unique
profile in comparison to the rest of the other fractions. The discriminatory features for
Fraction 6 as exhibited by the loadings plot were found at m/z [H+] 211.144, 265.107, and
245.128, which were either small peptides or hydroxylated aromatic compounds originating
from a polyketide pathway earlier described from various marine-derived microorganisms

as shown in Figure 5.10B.
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Figure 5.10B: OPLS-DA loadings plot of the mass spectral data of the MPLC fractions. R?X,
R2Y and Q2X values are equal to 0.743, 1.00 and 0.759 respectively. Encircled in red are the
discriminatory features for the outlying variable Fraction 6, which are listed in the Table below.
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Table 5.4: Discriminatory features for the outlying variable Fraction 6.

Mzmine RT

ID m/z (min) MW MF Compound hits and sources
P_15251 211.144 7.9  210.137  CiHisN,0; cyclo(isoleucylprolyl)

from various marine-derived fungi
P_2201 265.107 134 264.099 Ci4H160s5 99 hits, 6 marine-derived*
P_9403 245.128 9.0 244121 cyclo(phenylalanylprolyl)
CaaH1aN20, from marine-derived bacteria

*The 6 marine-derived compounds included: pestalasin A from a mangrove-derived
Pestalotiopsis sp. JCM2A4 and Penicillium purpurogenum MHZ 11; infectopyrone and
oxosorbicillinol from various fungi; scytalol D from Scytalidium sp. 36-93 and Biatriospora
sp. 8331; epoxysorbicillinol from sponge-derived Trichoderma longibrachiatum; and
xestodecalactone A from Penicillium cf. montanense.
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The different outliers indicated by the *H NMR and mass spectral data could be due to the
sensitivity of the instruments to detect the various metabolites in the fractions. MS would be
sensitive to detect highly ionisable compounds independent of their concentration in the
samples. The capability of a compound to ionise do not play a role on the sensitivity of the

NMR but rather on the respective concentrations of the compounds in a fraction.

The OPLS-DA scatter and loadings plot of the LC-HRMS data of the MPLC fractions were
grouped according to their antimicrobial activity against both biofilm-forming S. aureus and
P. aeruginosa (Figures 5.11A and B). The R2X and QX values were at 0.743 and 0.758,
respectively, which indicated relatively good reproducibility and predictivity of the model. The
active fractions 1 to 7 on the right quadrants appeared more dispersed while the inactive
fractions on the left were overlappingly clustered indicating their similarity. The dispersal of
the active variables gave a variation score within the group of 19.9%, which is higher than the
variation score between the groups at 12.9%. The diversity in chemical profile of the active
fractions were also exhibited by their TLC as shown in Figure 5.12, which indicated that
various type of compounds could be responsible for the antimicrobial activity of the extracts.
As in the PCA scatter plot, Fraction 6 was an outlier, which indicated the presence of possible

novel bioactive compounds that made it an interesting fraction for further purification work.
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Figure 5.11A: OPLS-DA scatter plot of the mass spectral data of the MPLC fractions.
Fractions are grouped according to their antimicrobial activity against both biofilms
forming S. aureus and P. aeruginosa.
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Figure 5.11B: OPLS-DA loadings plot of LC-HRMS data. Discriminatory features for
antimicrobial active fractions are encircled and labelled with their MW. Their relative
abundance in the respective fractions are shown in the bar graph.

The discriminatory features for the active fractions indicated by the OPLS-DA loadings plot of
the LC-HRMS data predicted low molecular weight compounds between 140 and 300 Da, at
the most with 264.09 Da. The putatively dereplicated compounds from the DNP are listed in
Table 5.5 and shown in Figure 5.12. Similarly, the structures of the putatively dereplicated
compounds were small peptides, saccharides and aromatics originating from the polyketide
pathway, which are sources of new potential antimicrobials (Magana et al., 2020, Wu et al.,
2020). OPLS-DA indicated the top 10 VIP (Variable Importance in Projection) metabolites to
predict the discriminating features of the active fractions for antimicrobial activity, which will
be targeted for isolation work, However, from this list of compounds, only three features
(P_21849, P_2626, and N_842) afforded a p-value <0.05. N_842 was not identified from the
DNP database. N_13086 with a MW 168.042 for a molecular formula of CgHgOs eluting at
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9.74 min was dereplicated with 92 hits, 27 of which are microbial metabolites. One of the

compound hits was 2,6-dimethoxy-1,4-benzoquinone isolated from Dendryhiella.salina.

Table 5.5: Top 10 VIP (Variable Importance in Projection) dereplicated metabolites that define the

discriminating features of antimicrobial active fractions. The compounds are arranged according to

their p-values. Similar features with identical MW and a RT difference of less 0.25 minutes were

excluded, including only the one with the highest peak area and p-value. TIC is shown in Figure 5.13.

Mzmine Rt - .
ID (min) MW MF (DBE) value FDR Compound hits (sources)

P 21849 16.28 194.115 CgH1505 (1) 0.001 0.007 xylitol (various algal sources)

51 hits, 3 from marine-derived fungi

asperlactone and aspyrone from
Aspergillus and Exophiala sp.
P_2626 5.91 184.073 CoH1204(4) 0.04 0.014 decumbic acid from Lasiodiplodia
theobromae and Penicillium
decumbens

N_842 16.16 348.068 C13H16011(6) 0.04 0.021 no hits

92 hits, 27 are microbial metabolites
N_13086 9.74 168.042 CsHs04 (5) 0.05 0.029 2,6-dimethoxy-1,4-benzoquinone

from Dendryhiella.salina
P 2201  13.45 264.099 C14H160s (7) 0.11 0.036 see Figure 5.12B
cyclo(isoleucylprolyl)

P 15251 7.94  210.137 C11H1sN202 (4) 0.12 0.043 from various marine-derived fungi

135 hits, 23 are from marine-derived
P_1491 19.45  234.125 C14H1503 (6) 0.22  0.050 microorganisms

0 HO
HO\(\?\(L\ o)
v (O NG 0™g
asperlactone aspyrone

Aspergillus melleus, Aspergillus ochraceus

marine-derived Exophiala sp

decumbic acid
Lasiodiplodia theobromae
Penicillium decumbens

Figure 5.12A: Compound hits for discriminatory feature P_2626 with a RT of 5.9 min, a
molecular weight of 184.073 Da, and a molecular formula of CoH120a.
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Figure 5.12B: Compound hits for discriminatory feature P_1491 with a RT of 19.4
min, a molecular weight of 234.125 Da, and a molecular formula of C14H1g0s.
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Figure 5.13: Total lon Chromatogram (TIC) of the active fraction. The ion peaks that

represent the discriminating features listed in Table 5.5 have been labelled.
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5.2.6 Pure compounds isolation

Fractions 1 to 7 had the potential for further fractionation and purification work. A TLC plate,
as shown in Figure 5.14, was ran and solvent system was optimised to choose the fractions that
will be subjected for extended isolation work using preparative TLC and flash chromatography.
The fractions were prioritised for further isolation work depending on the non-complexity but
novelty of their chemical profile, fraction yield, and potency of their antimicrobial activity.
Using these criteria, Fractions 2 and 4 were chosen for further fractionation with potencies of
almost 99% bacterial growth inhibition. Both fractions were subjected to preparative TLC due
to their low yields of 42.2 and 69.1mg, respectively. Fraction 2 was the outlier in the
multivariate analysis of the NMR spectral data set. Albeit, Fraction 6, with a yield of 65.6 mg,
was the outlying variable in the analysis of the mass spectral data, but due to the complexity of
its chemical profile with approximately more than two major compounds and more than 5

minor components in the mixture; Fraction 6 was not chosen for further work.

Figure 5.14: TLC of bioactive fractions of D. salina grown on malt extract.
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5.2.6.1 Fraction 2 purification:

Fraction 2 was solubilized by dissolving each 10mg of extract in 150uL of ethyl acetate and
loaded on a 20x20cm TLC Si plates. The TLC plates were developed two times with 95:5
DCM:MeOH. Three major bands were observed under UV light (Figure 5.15), and the bands
were cut out then extracted from the TLC plates with 50mL acetone. The total percentage yield

obtained after fractionation using preparative TLC was 79.46% as shown in Table 5.6.

Figure 5.15: Preparative TLC of MPLC fraction 2 from crude extract of D. salina grown
on malt extract media with sea salts.

Three major bands were observed under UV light (254nm) and were extracted from the TLC
plates using 50mL acetone for each. The total % recovery yield after fractionation using
preparative TLC was 79.46% as shown in Table 5.6.

Table 5.6: weights of the three major band from fraction 2.

Fraction # Weight (mg)
F2-1 23
F2-2 7.5
F2-3 2
Total 325

% recovery 79.46

The stacked H! NMR spectrum of the collected major bands is shown in Figure 5.16, the

highest band with a Rf of 0.82 was an unsaturated fatty acid. While band 2 still contained a
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mixture of low yielding compounds, it was possible that the target bioactive metabolite P_1491
with a MW of 234.125 Da (C14H1803) could be found in this subfraction. However, due to the
low yield of F2-2 at 7.5 and yet still a mixture of compounds, it was not feasible to further
isolate P_1491. P_1491 afforded compound hits earlier described from marine-derived fungi
and these putatively dereplicated compounds have been reported to exhibit potent antimicrobial
activities. The structures of these compound hits for P_1491 (Figure 5.13B) consisted mostly
of phenyl or lactone ring systems as also could be observed from the *H spectrum of F2-2 with
resonances between 6 and 10 ppm. Band three contained a mixture of low molecular weight
fatty acids. According to the proton NMR spectra of fraction F2-1, the integration of the
olefinic signals indicated the presence of unsaturated fatty acid with two double bonds (di-
unsaturated) due to the presence of 4 hydrogens. While the number of methylene groups
according to the integration of F2-1 was approximately to be between 12-14 CH». The number
of CH: between the two double bond is one with a proton chemical shift of 2.73ppm. According

to the integration data the expected molecular weight is between 280.44-308.50 Da.

A
Fraction 2-3
Fraction 2-2
ol
Fraction 2-1
_N

T T T T T T T T T T T T T T T T T T T T T T T T T
12.0 11.5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
f1 (ppm)
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Figure 5.16: (A) Stacked proton NMR spectra of fraction 2 subfractions and (B) fraction
F2-1 proton NMR spectra with integration and chemical shifts
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Compound 2-1

Linoleic acid
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(9Z,122)-octadeca-9,12-dienoic acid
Chemical Formula: C4gH35,0,
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Figure 5.17: High-resolution mass spectral data for linoleic acid.

Compound F2-1 was isolated from fraction 2 as a yellow oily compound. The MW of
Compound 2-1 can be deduced from the integration of the peaks representing 32 protons as
observed from its *H NMR spectrum in Figure 5.18. Starting at the utmost downfield region
was the exchangeable COOH proton resonance at 11.20 ppm for 1H. At 5.33 ppm, an
integration of 4H for two double bonds indicated the occurrence of cis olefinic bonds typical
for an unconjugated polyunsaturated fatty acid. This was followed by a triplet signal at 2.74

ppm for 2H representing the methylene group between the two olefinic bonds, then another 2H
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triplet was observed at 2.18 ppm for the methylene unit adjacent to the COOH unit. At 2.02
ppm was a quartet integrating for 4H in lieu of the two methylene units adjacent to the olefinic
double bonds that would further couple with the rest of the alkyl chain units. The 2H multiplet
at 1.48 ppm signified the methylene unit next to the CH,COOH terminal. At 1.27 ppm, a broad
high intensity multiplet peak integrated for 18H for nine methylene units. And finally, the 3H
triplet at 0.87 ppm indicated the terminal methyl moiety. The described resonances would
afford one quaternary carbon, four olefinic methine units, fourteen methylene moieties and one
methyl group that would sum up to a molecular formula of CxHzsO2 for an icosanoic or
eicosanoic acid diene congener with a MW of 308 Da. However, high resolution mass spectral
data (Figure 5.17) gave a mass ion peak at m/z [M+H] 281.24752 for C1gH320. with 3.0 DBE,
which was for linoleic acid or octadeca-9,12-dienoic acid with a MW of 280 Da.
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Figure 5.18: *H NMR spectrum of Compound 2-1 structurally elucidated as linoleic acid.

The linoleic acid structure of Compound 2-1 was further confirmed by the COSY spectrum in
Figure 5.19. To follow the coupling resonances, corresponding peaks were labelled with
consecutive letters in lower case. The first system was the terminal methyl unit to the alkyl
system CHs(CH2)n- designated as protons a to b. This was followed by the olefinic system —
CH2CH=CHCH>CH=CHCH>— assigned as —b—e-f-g-f-e—b—, respectively. Then for the
terminal carboxylic unit — CH, CH2COOH, this was specified by —b—c—d-. Yet there were
more than one possible positions of diene unit, which includes (82,112); (11Z,14Z); and
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(92,12Z). The isolated Compound 2-1 was structurally elucidated as (9Z,12Z)-octadeca-9,12-
dienoic acid, which was compatible with NMR spectral data of a linoleic acid standard.
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Figure 5.19: COSY NMR spectrum of Compound 2-1 structurally elucidated as
linoleic acid

Table 5.7: NMR spectral data for linoleic acid (F2-1) measured in DMSO-ds. with COSY
correlations as indicated by the atom numbers in Figure 5.21.

Atomno Hppm multiplicity JinHz) COSY (H to H)

1
1-OH 11.99 brs
2 2.56 t(7.36) H-3
3 1.48 brp (7.10) H-2, H-4
4 127 brm H-3, H-5
5 127 brm H-4, H-6
6 127 brm H-5, H-7
7 127 brm H-6, H-8
8 2.02 q(6.83) H-7, H9
9 533 m H-8, H-10
10 533 m H-9, H-11
11 2.74 1(6.29) H-10, H-12
12 533 m H-11, H-13
13 533 m H-12, H-14
14 2.02 q(6.83) H-13, H-15
15 127 brm H-14, H-16
16 127 brm H-15, H-17
17 127 brm H-16, H-18
18 0.87 t(6.73) H-17
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5.2.6.2 Fraction 4 purification:

Like Fraction 2, a solvent system of 95:5 DCM:MeOH was used to purify the major bioactive
component(s) in Fraction 4 on preparative TLC Silica plates (Figure 5.20) and was developed
two times. Six major bands were detected and consequently extracted with acetone. The yield
of each band was weighed and presented in Table 5.8.

Table 5.8: Subfraction yield for major bands of fraction 4 of D. salina grown on
malt extract media crude extract.

Fraction Amount Fraction Amount
number (mg) number (mg)
F4-1 11.2 F4-7 1.6
F4-2 5.2 F4-8 0.5
F4-3 2.5 F4-9 1.1
F4-4 1.2 F4-10 2.8
F4-5 1.4 F4-11 3.4
F4-6 5.3 Total 36.2
% recovery 58.77

— > F4-10

— > F49

F4-8
F4-7
%
F4-3 F4.-9
F4-1
F4-11

a4

Figure 5.20: TLC of fraction 4 developed in 95:5 DCM and MeOH.

The stacked proton NMR spectrum of the selected fractions are presented in Figure 5.21. Based
on the purity of the respective *H NMR spectra and yields of the fractions particularly those
with higher than 1mg, three fractions (F4-1, F4-2, and F4-6) were selected for structure
elucidation work. Fraction 4-6 afforded the highest purity with minor contaminant from another

compound. Fraction 4-1 gave the highest yield of 11.2 mg.
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Figure 5.21: Stacked H! NMR spectrum of the preparative TLC bands targeted for further
analysis and structure elucidation.
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5.2.6.2.1 Compound 4-1A and B:

HO OH HO OH
OH
(0]
orsellinic acid orcinol
Chemical Formula: CgHgO4 Chemical Formula: C;HgO,
Exact Mass: 168.0423 Exact Mass: 124.0524

REE/SAIF/f4-1

2.39

10,71~ 9.03
617
0.965———6.12
11.314 7 6.01
=
|
141
F

v . . ' . v - - T . . . T '
10.0 9.5 9. 85 8.0 7.5 7.0 6.5 6.0 &5 5.0 4.5 4.0 3.5 3.0 2.

-}

Figure 5.22: *H NMR of Fraction 4-1.

Compound F4-1 was isolated from fraction 4 as a white amorphous powder. Fraction 4-1
consisted of two major compounds that were orsellinic acid and orcinol at a ratio of 3:1 as
indicated by the integration deduced from the methyl signals at 2.39 and 2.10 ppm of the H
NMR spectrum in Figure 5.22. Orsellinic acid has the molecular formula CsHgOa, which was
deduced from the high-resolution ion peak at m/z [M+H]* 169.04943 (calc. 169.04954, A 0.63
ppm) eluting at 9.38 min (Figure 5.23). However, orcinol was not detected due to the lower cut
off mass range of 140 Da used. Orcinol has an expected MW of 124 Da for a molecular formula
of C7HgOx.
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Figure 5.23: High-resolution mass spectral data for orsellinic acid.

'H and *C NMR spectra of orsellinic acid is presented in Figure 5.24. NMR spectral data is
shown in Table 5.9 and is compatible to those found in the literature (Sanchez et al., 2010).
Orsellinic acid was distinguished from orcinol by its 2D HMBC NMR (Figure 5.25 and Table
5.9). Typical for orsellinic acid was the presence of the meta doublet pair with coupling
constants of 2.4 Hz at 6.12 (H-3) and 6.18 (H-5) ppm, while 3J cross peaks were observed with
their respective carbons at 101.03 (C-3) and 111.52 (C-5) ppm. CH-3 gave 2J correlations with
two hydroxyl bearing carbons at 165.01 (C-2) and 162.50 (C-4) ppm. A 3J correlation was also
observed with C-1 at 105.04 ppm. In addition, CH-5 correlated further with the methyl carbon
unit at 24.0 ppm. The methyl proton at 2.40 ppm showed cross peaks with C-6 for a 2J as well
as 3J correlations with C-1 and C-5. The CH direct resonances were observed by the cross-peak

pairs as illustrated with blue connecting lines on the HMBC spectrum.
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Figure 5.24: *H and ¥C NMR spectra of orsellinic acid in DMSO-dg at 400 and 100 MHz,
respectively.

Table 5.9: NMR spectral data for orsellinic acid (F4-1A) measured in DMSO-de with HMBC

correlations as indicated by the arrows in the figure below.
6.1

Atomno  BC ppm, multiplicity Hppm multiplicity (JinHz) HMBC (H to C)

1 10540 C
2 165.01 C
2-OH 10.13 brs
3 101.03 CH 6.12 d(2.4) C-1,C-2,C-4,C5
4 16250 C
4-OH 9.03 brs
5 111.52 CH 6.18 d(2.4) C-1,C-3,C-4,C-8
6 14345 C
7 17383 C
8 24.03 CHs; 240 s C-1,C-5,C-6

Legend: br s = broad singlet, s = singlet, d = doublet,
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Orcinol is a smaller molecule with overlapping meta-coupling proton peaks at 6.00 ppm due to
its symmetry in addition to one methyl singlet at 2.10 ppm observed in *H NMR spectrum of
F4-1 (Figure 5.26). Using the remaining unassigned peaks, the carbon resonances on the *C
NMR spectrum (Figure 5.26) for orcinol were designated with the aid of the CH direct signals
from the HMBC as well as the HMQC spectrum (Figure 5.27). The three overlapping meta
doublet protons exhibited two carbon resonances at 100.26 ppm for C-2 along with 107.59 ppm
for C-4 and C-6, which were equivalent. The hydroxyl-bearing carbons at 158.77 for C-1 and
C-3 were also equivalent. The methyl carbon unit was assigned at 21.78 ppm as evidenced by
the CH direct signals. C-5 at 143.45 ppm was the methyl-bearing carbon, which was perceived
through its 2J HMBC correlation with the methyl signal at 2.10 ppm. The methyl proton further
exhibited 2J correlations with the methine protons at 6.00 ppm, which gave cross-peaks with
the hydroxyl-bearing carbons as well as with C-2. No HMBC correlations was observed from
H-2 due to its weaker signal intensity. Full proton and carbon assignments are presented in
Table 5.10.

REE/SAIF/f4-1 HO 2 OH 7
~ 7 X
4,6 (s) T 33
4,6 (s) 6.01 H ‘
6.01
6. 4
6,4 A SN
i <
| |
2 AN
| oy |
- —ry = = I‘ ‘
6.00 5.95 . | |
ree/saif/Fd-1 I \| I f1 (ppm) VAN W |
UL L ) . — — _ JUL
&
@ S
T of T =
6.2 6.0 8 6 4 2 0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 4 2.2 2.0
f1 (ppm)
6 (s)
107.59
3(s) 5(s) 2(s) 7 (s)
158.77 143.45 100.26 21.78
6
1 4
3 i
1 5 ‘
7
2
| I
]
]
| l | l | ‘ ‘ J J h n L
"
80 170 160 150 140 130 120 110 100 % 80 70 60 s0 40 30 20

f1 (ppm)

Figure 5.26: H and *C NMR spectra of orcinol in DMSO-ds at 400 and 100 MHz,
respectively.
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Figure 5.27. HMQC (above) and HMBC (below) spectrum of orcinol in DMSO-de.

242 |Page



Table 5.10: NMR data for orcinol (F4-1B) of Fraction 4-1 measured in DMSO-de
Atomno C ppm, multiplicity Hppm multiplicity HMBC (H to C)

1 158.77 C

2 100.26 CH 6.00 brs

3 158.77 C

4 107.59 CH 6.01 brs C-3,C-2,C-6,C-7
5 14345 C

6 107.59 CH 6.01 brs C-1,C-2,C-4,C-7
7 21.78 CHs 2.10 s C-4,C-5,C-6

Legend: br s = broad singlet, s = singlet

Orsellinic acid has been widely distributed in lichens. But it has also been isolated from cultures
of Penicillium spp., Hypoxylon spp. and other microorganisms such as the marine-derived
Chaetomium sp. G6 100/9, Aspergillus versicolor SCSIO 41502 and an ascomycete culture
LL-W1278 (Bashyal et al., 2005, Hellwig et al., 2005, Sanchez et al., 2010, Abdelmohsen et
al., 2015). Interestingly, the ion peak found at m/z 169.04943 was amongst the top 10 VIP
metabolites predicted for antimicrobial metabolite. Amongst the dereplicated hits was 2,6-
dimethoxy-1,4-benzoquinone (Figure 5.28) isolated from Dendryhiella.salina (Bramhachari et

al., 2019). However, the D. salina used in this study did not afford a similar compound.

2,6-dimethoxy-1,4-benzoquinone

Figure 5.28: 2,6-dimethoxy-1,4-benzoquinone chemical previously reported from D.
salina (Bramhachari et al., 2019)
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5.2.6.2 Compound 4-6:

2,5-dihydroxy-3-(hydroxymethyl)benzoic acid
Chemical Formula: CgHgOs5
Exact Mass: 184.0372

Calculated Target Double Bond Absolute
Mass Mass  Equivalence Error (ppm)

1 C8 H8 O5 185.04445 185.04469 5.0 1.32 0.24 0.977

Formula Error (mDa) Fitness
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Figure 5.29. High-resolution mass spectral data for F4-6. Inset shows the relative abundance
of F4-6 in the different fractions that is highest in Fraction 6.
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Compound F4-6 was isolated from fraction 4 as a white amorphous powder. Fraction 4-6
afforded a very low yield at 5.6 mg. The MW data of 184.0372 Da with an expected molecular
formula CgHgOs was deduced from the NMR data, which was not found in the mass spectral
dataset of the afforded fractions. As high-resolution data was used to predict the target
metabolite, the elucidated compound was indeed different from the target bioactive metabolite
P_2626 found at m/z [M+H]+ 185.080 Da (MW = 184.0736) for CoH1204 eluting at 5.91 min,
which is one methyl group more while the isolated compound 4-6 (F4-6) had an additional
oxygen atom. The expected MW of 184.0372 Da for the isolated compounds was not detected
in the loaded MPLC Fractions 4. However, relative abundance of F4-6 was highest in the
antimicrobial active Fraction-6 although its concentration was also down to the instrument’s
limit of detection. It could have been possible that the targeted metabolite underwent oxidation
during the isolation work (Figure 5.30).

OH OH
OH [O] OH
pr—
OH
HO HO OH
]
Chemical Formula: CgH1,04 Chemical Formula: CgHgOs5
Exact Mass: 184.0736 Exact Mass: 184.0372

Figure 5.30: Hypothetical oxidation of compound F4-6 during isolation work.

The *H NMR spectrum of F4-6 (Figure 5.31A) displayed two coupling pairs of resonances and
a downfield singlet at 9.56 ppm. The coupling proton signals included two meta-doublets (J =
3.5 Hz) at 6.61 and 7.50 ppm that indicated the protons were adjacent to electron-donating and
-withdrawing groups, respectively. The second coupling pair was more upfield and consisted
of a 1H triplet and a 2H doublet at 5.56 and 4.51 ppm, respectively with coupling constant of
6.0 Hz. The chemical shifts of the triplet-doublet pair signified their occurrence in a benzylic
and/or heteroatom environment. The coupling protons were confirmed by COSY as shown in
Figure 5.31B.
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Figure 5.31A: *H NMR spectrum of F4-6 in DMSO-ds at 500 MHz.
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Figure 5.31B: *H-'H COSY NMR spectrum of F4-6 in DMSO-ds at 400 MHz.
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The 3C NMR spectrum in Figure 5.32 revealed the presence of three oxygen bearing-carbons
at 152.32, 162.77, and 178.57 ppm, two of which were hydroxyl units and a carboxylic acid
moiety. These resonances were comparable but not identical to those found in orsellinic acid.
Quite a difference to the spectral data of orsellinic acid was the heteroatom-bearing carbon in
the aliphatic region at 56.51 ppm. Complimentary to the *H NMR spectrum of F4-6, four
aromatic carbons were observed at 110.27, 115.11, which were shielded due to adjacent
electron donating substituents like a hydroxy!l unit as well as more deshielded carbons at 125.0
and 132.4 ppm.

4 (s)
110.27

11 (s) 2(s) 5(s) 3 (s) 1(s) OH 7 (s)
178.57 162.77 152.32 132.40 115.11 7 8 56.51

s ‘*x - OH

1 Y |

| -

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
f1 (ppm)

Figure 5.32: 13C NMR spectrum of F4-6 in DMSO-dg at 500 MHz.

Assignments for the non-quaternary carbons were accomplished by HMQC (Figure 5.33).
However, there were only three cross-peaks observed instead of the expected four for the two
pairs of coupling protons observed in the COSY spectrum. The two meta-doublets at 6.61 and
7.50 ppm directly correlated with carbons at 110.27 and 125.0 ppm, respectively. The
methylene doublet at 4.51 gave a cross peak with the carbon at 56.51 ppm while the triplet 1H
proton did not correlate with any carbons, which indicated that it was indeed an exchangeable
proton either an OH or NH. The signal at 9.56 ppm was also considered an exchangeable proton

and did not exhibit any CH direct correlation.
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Figure 5.33: HMQC spectrum of F4-6 in DMSO-ds at 500 MHz.

Full assignment and the connectivity of the quaternary carbons with the rest of the units were
achieved by HMBC in Figure 5.34. Commencing with the methylene doublet proton at 4.51
ppm, 3J-correlations were observed with the hydroxyl-bearing carbon at 162.77 ppm (C-2) and
a shielded methine carbon at 110.27 ppm (C-4) indicating the position of the hydroxymethylene
unit on C-3. At this stage, the hydroxyl moiety was preferred over an amine group as a terminal
unit. An amine (NH2) would afford a methylene triplet while a hydroxyl group would give a
methylene doublet as observed in the *H spectrum of F4-6. The hydroxyl triplet proton at 5.56
ppm gave a 2J-cross peak with the methylene carbon at 56.51 ppm (C-7) as well as a *J-
correlation with C-2. Further, the methine doublet proton at 6.61 ppm on C-4 also correlated
with C-2 and to 125.0 ppm (C-6) bearing its meta-coupling proton partner at 7.50 ppm.
Continuing with H-6, it showed 3J-cross peaks with C-2 and C-4 along with the second
hydroxyl-bearing carbon at 152.32 ppm for C-5. The culminating correlation was observed
between the hydroxyl proton singlet at 9.56 ppm with C-5. However, no HMBC cross peaks
were detected to quaternary carbon signals at 132.40 (C-3), 115.11 (C-1), and 178.57 (COOH).
Their assignments were completed by comparison with the spectral data afforded by orsellinic
acid. Full *H and 3C assignments for F4-6 is presented in Table 5.11.
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Figure 5.34: HMBC spectrum of F4-6 in DMSO-de at 500 MHz.
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Table 5.11: NMR spectral data for compound F4-6 measured in DMSO-dewith HMBC

correlations as indicated by the arrows in the figure below.

Atom no 13C ppm, multiplicity ‘H ppm multiplicity (J in Hz) HMBC (Hto C)
1 11511 C
2 162.77 C
3 13240 C
4 110.27 CH 6.61 d(3.5) C-2,C-6
5 15232 C

5-OH 9.56 s C-5
6 1250 CH 750 d(3.5) C-2,C-4,C-5
7 56.51 CH; 451 d(6.0) C-2,C4
7-OH 556 t(6.0) C-2,C-7

11 (COOH) 17857 C

Legend: br s = broad singlet, s = singlet, d = doublet, t = triplet
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Figure 5.35: Chemical structure of 2,5-dihydroxy-3-(hydroxymethyl) benzoic acid
(F4-6) and orsellinic acid.

The structure of compound F4-6 was elucidated as 2,5-dihydroxy-3-(hydroxymethyl)benzoic
acid and was comparable to orsellinic acid (Figure 5.35). Using the systematic chemical
nomenclature of naming compounds, orsellinic acid is known as 2,4-dihydroxy-6-
methylbenzoic acid. In both structures, the carboxylic acid moiety is ortho to one of the
hydroxy units. In orsellinic acid acid, the hydroxyl and alkyl substituents are all meta to each
other. In F4-6, the hydroxyl groups are para oriented while the alkyl substituent also ortho to

one of the hydroxyl moiety.

A similarity search was done for the elucidated structure of F4-6 on SciFinder© library
database. With no exact match found, a compound with 86% similarity was retrieved, which
was used as a precursor in the synthesis of antimicrobial oenostacin active against S. aureus
and epidermis (Monde et al., 1998, Srivastava et al., 2007). The synthetic precursor analogue

(Figure 5.36) was 5x less active than oenastacin.

(0] OH OH
o = OH
OH
HO HO OH
@ o)
oenastacin oenastacin precursor analogue

Figure 5.36: Structures of oenostacin and a synthetic precursor analogue (Srivastava
et al., 2007).
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5.3 Dendryphiella salina on Oat Solid Media without sea salt.

5.3.1 Crude extracts and extract yields.

Oat solid media without sea salt was also chosen as a media for scaling up the production of
antimicrobial secondary metabolites produced by D. salina. The scale-up was achieved by
inoculating D. salina in twelve 2L flasks of oat solid media and incubated for 30 days at 27C°.
The total yield of the attained crude EtOAcC extract was 19.299g. After solvent partitioning, the
n-hexane extract yield was 14.599g with a 75.6% vyield, which indicated a high production of
lipids and fatty acids. In parallel, only 0.3g of agueous methanolic and 4.4g of EtOAc extract
were obtained at 1.55 and 22.8%. yield.

The EtOACc extract exhibited the highest biological antimicrobial activity with 90% of bacterial
growth inhibition followed by n-hexane extract at 50-60% inhibition at concentrations of
100pg/mL while the agqueous methanolic extract did not show any activity. The bioassay result
is presented in Table 5.12 and Figure 5.37.

Table 5.12: Antimicrobial assay of liquid-liquid partitioning extracts obtained from D. salina
grown on oat solid media.

Type of extract % of S. aureus inhibition % of P. aeruginosa inhibition
AlamarBlue® assay

n-hexane 48.47 42.49

10% Aq MeOH -4.14 1.07
EtOAC 99.10 98.13

Planktonic assay

n-hexane 3.46 8.638

10% Agq MeOH 48.31 42.38
EtOAC 98.79 97.82
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Figure 5.37: AlamarBlue® and planktonic assays of liquid-liquid partitioning extracts against
biofilm-forming S. aureus and P. aeruginosa.
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5.3.2 Fractionation of the Extract

The EtOAc extract was subjected to MPLC fractionation and similar fractions were pooled
together (Figure 5.38). The yield of pooled fractions afforded 66.6% recovery as shown in
Table 5.13.

e R I S L Y =

Figure 5.38: Summary TLC plate of MPLC fractions of fungal extract obtained from
the oat media. TLC was developed in MeOH:DCM 2:98.

Table 5.13: Fraction weights obtained after fractionation of crude extracts produced from
D. salina grown on oat solid media.

Fraction # Fraction Weight  Fraction # Fraction Weight
F1 290 F8 355
F2 77.8 F9 68.5
F3 70.7 F10 490
F4 2.3 F11 18.8
F5 93.6 F12 1404.8
F6 38.7 Fraction wash 310.2
F7 28 Total yield 2928.9
% recovery 66.6%

253 |Page



5.3.3 Antimicrobial assay results

In the antimicrobial assay results against both biofilm-forming S. aureus and P. aeruginosa,
fractions 2, 3, 5, 9 and 10 inhibited the growth of both microorganisms at more than 75%.
Fractions 4 and 6 were able to produce an antimicrobial activity of at least 40%. The rest of the
fractions were found inactive and therefore excluded for further fractionation work. The

antimicrobial assay results are presented in Figure 5.39 and Table 5.14.

Table 5.14: AlamarBlue® and planktonic assay results of D. salina fractions against
both biofilm-forming S. aureus and P. aeruginosa. Highlighted rows are the
antimicrobial active fractions at a threshold of 75% growth inhibition or 25% bacterial
viability.

S. aureus biological assay results

Fraction# 9% of bacterial %o of Biofilms  Fraction # % of bacterial % of Biofilms
viability viability viability viability
1 93.27 89.90 7 93.98 93.91
2 25.90 23.78 8 83.65 85.29
3 13.65 10.80 9 14.47 18.41
4 48.51 45.79 10 10.09 11.81
5 5.73 7.3577 11 89.38 91.02
6 56.78 56.91 12 91.31 92.95
Washing 96.91 96.49
P. aeruginosa biological assay results
Fraction# 9% of bacterial %o of Biofilms  Fraction # % of bacterial % of Biofilms
viability viability Viability viability
1 93.33 86.63 7 95.42 94.39
2 25.75 24.75 8 81.61 80.58
3 13.45 12.47 9 21.86 23.09
4 48.44 47.44 10 8.16 7.18
5 5.53 4.56 11 92.278 91.25
6 56.74118 55.7349 12 89.52 88.49
Washing 99.14 98.11
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Figure 5.39: AlamarBlue® and planktonic assay results of MPLC fractions of D. salina
grown on oat solid media fractions.

5.3.4 H NMR spectroscopy.

As indicated by the *H NMR spectral data of the MPLC fractions in Figure 5.40, the compounds
produced by D. salina grown on oat solid media were comparable to the compounds produced
by the endophyte grown on malt extract liquid media. The major difference was the ratio of
fatty acids and the aliphatic compounds, which was higher when the fungus was grown in oat

solid media as shown in Figure 5.40.
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Figure 5.40: Stacked *H NMR spectrum of MPLC fractions of D. salina grown on oat solid
media. Highlighted spectra represent the bioactive fractions.

The *H NMR spectral data of fractions 2, 9, and 12 revealed a different chemical profile from
the rest of the other fractions. However, fraction-3 looked more like fraction-2. The H: NMR
spectrum of fraction-12 showed the absence of any signals found from the earlier fractions
indicating the exhaustive elution of all metabolites. Many signals from both the aliphatic to the
aromatic region could be perceived in fractions 2 and 9. Such differences were also reflected
on the PCA scatter pot of their NMR spectral data that is presented in Figure 5.41. The model
gave a goodness of fit R? at 0.966 but a very poor predictivity Q? of 0.356 after 8 components
(Figure 5.41A). To improve the predictivity score, fraction-12 was removed and the model
gave a R? and Q? at 0.99 and 0.515, respectively, which made the model valid, while
emphasising the uniqueness of fractions 2 and 9 (Figure 5.41B). The PCA loadings plot (Figure
5.42A) revealed the discriminating peaks and the type of compounds unique or most abundant
in the respective fractions. Fraction-2 afforded the highest abundance of phenolic aromatic (6-
7ppm) and acetylated (2-3ppm) peaks (Figure 5.42B). On the other hand, fraction-9 yielded a
higher profusion of hydroxylated aliphatics (3-4ppm) as well as acetylated (2-3ppm) peaks,
although not unique to the fraction (Figure 5.42C).
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Figure 5.41: PCA scatter plot of the 'H NMR spectral data of (A) all MPLC fractions
and (B) with the exception fraction-12 of the EtOAc extract of D. salina grown on oat
solid media.
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with the exception fraction-12 of the EtOAc extract of D. salina grown on oat solid media.
The relative abundance of the discriminating peaks for Fraction-2 (B) and Fraction-9 (C).
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When coupling the biological assay results to the *H NMR spectral data, the chemical profiles
of the active and inactive fractions can be differentiated. The active fractions were located on
the left quadrants of the OPLS-DA scatter plot (Figure 5.43A), where fractions 9 and 2 were
separated on the upper left quadrant. The inactive fractions were positioned at the right
quadrants of the OPLS-DA scatter plot while only fraction 12 was separated on the upper right
quadrant due to the absence of *H NMR signals in its spectrum. The variation within group
was obviously higher at 27.6% due to the dispersal of some of the sample fractions within the
respective classes. On the other hand, the variation score between groups was only 5.79%,
which indicated their poor separation. By excluding Fraction -12, R?>and Q? are 1.00 and 0.37,
respectively, for 9 components. R? value was improved to 1.00 but the predictivity was still

poor due to the weak separation of the variables between the active and inactive groups.

The OPLS-DA loadings plots (Figure 5.43B) revealed that the active fractions could afford
compounds with various types of functional groups such as hydroxyl, carbonyl and nitrogen
substituents as indicated by occurrence of peaks between 2 and 10ppm. However, it was also
observed that discriminatory peaks (encircled in red) at the aromatic region between 6 and 9
ppm while for fractions 2 and 9, it was between 2 and 4 ppm, indicative for the acetylated

compounds and presence of heteroatom units in the predicted active metabolites.
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Figure 5.43: OPLS-DA scatter (A) and loadings (B) plots of *H NMR spectral data of the
MPLC fractions grouped according to their antimicrobial activity. Encircled in red are the
discriminatory features for the antimicrobial-active fractions. R? and Q? are 1.00 and 0.37,
respectively, for 9 components.
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5.3.5 LC-HRMS data analysis.

The PCA scatter plot of the mass spectral data of the MPLC fractions in Figure 5.44 indicated
that fractions 4, 5, and 6 could have a somewhat different chemical profile from the other
fractions, with the outlying Fraction-5 as probably unique. The model gave a goodness of fit at
0.74 but a very poor predictivity score of —0.329 after 4 components. Again, adding on the
antimicrobial assay results to the mass spectral data, the fractions were classified as either
active or inactive for OPLS-DA. The model gave a goodness of fit at 1.0 and a predictivity at
0.922 after 13 components, which indicated a very good model. The active fractions were
located at the left side of the OPLS-DA scatter plot while fraction-5 remained separated from
the main cluster on the upper right quadrant, which indicated the presence of possible unique
bioactive feature. Unlike in the multivariate analysis of the NMR data, fraction-5 stayed within

the cluster of active fractions, while fractions 2 and 9 were separated

The OPLS-DA loadings plot in Figure 5.45A indicated the discriminatory features projected
for their antimicrobial activity to have molecular weights between 250 and 350 Da. These are
the features encircled in red. Dereplication of these predicted antimicrobial metabolites
afforded oxygenated or heteroatom-bearing compounds. Hence, the high ratio of resonances
between 2 and 4 ppm region in the NMR data of the antimicrobial fractions. The antimicrobial
compounds were distributed mainly in fraction-5 as presented on the bar graph of the peak
areas of the discriminating x-variables (Figure 5.45B). Amongst these predicted active
compounds, five were found to be included in the top 10 VIP features (Figure 5.47c) to
discriminate the active from the inactive features. However, none of these features gave a p-

value <0.05.
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Figure 5.44: PCA (A) and OPLS-DA (B) scatter plot of the LC-HRMS data of the MPLC
fractions of the extracts of D.salina grown on oat solid media.
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Figure 5.45: (A) OPLS-DA loadings of the LC-HRMS data of the MPLC fractions obtain
from the extract of D.salina grown on oat solid media crude extracts fractions. (B) Peak
areas showing the relative abundance of discriminatory features of the antimicrobial
fractions. (C) VIP plot of top 10 features differentiating the active and inactive fractions.

The red bars represent the features from the antimicrobial fractions.
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Table 5.15: Discriminatory features for the antimicrobial active fractions under the top 10 VIP
(Variable Importance in Projection. Features are arranged according to increasing FDR (False
Discovery Rate).

Mzmine Rt
ID (min)
P_3600 12.22

MW MF (DBE) p-value FDR  Compound hits (sources)

264.100 CysH160s5(7) 0.17214 0.01 99 hits, 20 were of fungal
origin, 6 of which were
marine-derived

See P_2201 in Figure 5.11B
12 hits from sponges and
soft corals
23,24-bisnorchola-5,20-
dien-3-ol (sponge
Damiriana hawaiiana,
Cladophora vagabunda and
brown alga Cystoseira
crinata)

debromorenierin 1
(sponge Reniera fulva)
pregna-5,20-dien-3-
methoxy

(Cnidaria Scleronephthya
flexilis)

Complex of P_2438

12 hits, 1 from a soft coral

N_2865 19.24 314260 CpH30(6) 0.34150 0.02

~

(0)
HO S

23,24-bisnorchola-5,20-dien-3-ol pregna-5’20-dien-3-methoxy debromorenierin 1

25.00 646.565
27.82

0.34480
0.35254

0.03
0.04

P_3798
P_3483

2[C20H37NO;]
325.298 CyoH3sNO,(2)

NH,
= OH

OH

2-amino-9-methyl-4,8-
nonadecadiene-1,3-diol
(Cespitularia cocerulea)

28T 3338 "ok NOs (3] - 0.37093

(0]

WWLNNOH

H

P_2438

N-(2-hydroxyethyl)linoleamide

0.05

N-(2-
hydroxyethyl)linoleamide
Found in plants
N-(1H-pyrrole-2-carbonyl)
derivative was isolated
from the sponge Agelas
nakamurai (Chu et al.,
2017)
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Figure 5.46: Total lon Chromatogram (TIC) of the active fraction. The ion peaks that
represent the discriminating features listed in Table 5.15 have been labelled.

The five predicted antimicrobial compounds were dereplicated and listed in Table 5.15 and
their TIC is shown in Figure 5.46 Amongst these features was P_3798, which was a
complex or a 2M*of P_2438. Like the antimicrobial compounds dereplicated from the
fungal extract incubated in malt extract, hydroxylated phenyl or lactone congeners were
also detected for the feature P_3600 with a RT of 12.22 min. P_2201 from the extract grown
in malt extract has a RT of 13.4 min, which was almost in the comparable elution time range
as P_3600. However, the extract obtained from the fungus incubated in oat media afforded
a higher concentration of non-polar compounds that were initially revealed from the NMR
spectral data, which was also perceived in the dereplication data of the bioactive features.
This included long unsaturated alkyl chains and steroids. The fungal extract obtained from

the malt extract broth showed more compounds originating from the polyketide pathway.

5.3.6 Pure compounds isolation and structure elucidation

Four fractions were subjected for further fractionation depending on their antimicrobial
activity, metabolomic profile, and fraction yield. There were five active fractions (F-2, F-3, F-
5, F-9, and F-10) when considering a 75% bacterial growth inhibition threshold. Fraction-5
was the most active with an average inhibition of 95%, followed by Fractions-10 and-3 at 90%,
then Fraction-9 at 80% and lastly, Fraction-2 at 75%. Fraction-10 gave the highest yield of 490
mg, Fraction-5 at 93.6 mg, Fraction-2 and-3 at ca. 75 mg. The lowest yield was afforded by
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Fraction-9 at 63 mg. In terms of the chemical profile as defined by the target antimicrobial

metabolites predicted by multivariate analysis, Fraction-5 was the most interesting.

5.3.6.1 Fraction 2 sub fractionation

Fraction 2 (77.8 mg) was fractionated using the Reveleris flash chromatography instrument
equipped with an evaporative light scattering detector (ELSD) due to the presence of non-
chromophore compounds. Fraction 2 was still a complex mixture of various compounds as
shown in Figure 5.47. DCM and EtOAc were used as the solvent system for gradient elution.
Fraction-2 was loaded over a 12g silica column. Elution started with 100% DCM to 100% of
EtOAc in 2hrs. The collected fractions were pooled into six (Figure 5.48), then were dried and

weighed as recorded in Table 5.16.

Bas pask cIvoMmatoaram, M 119,996 . 1999.068

185.07

167.07 \

229.11

235.13

169.09

1325.93

152.07

Figure 5.47: Total lon Chromatogram (TIC) of fraction 2 with assigned [M+H] and
[M-H] of the major peaks: [M+H] values are in blue boxes and [M-H] value in red
box.

Table 5.16: Yields of subfractions of fraction 2 obtained by Reveleris flash chromatography.

Fraction # Weight (mg) Fraction # Weight (mg)
1 7.2 4 114
2 12.2 5 13.7
3 12.7 6 7.2
Wash 114
% recovery 99.7%
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Figure 5.48: Summary TLC plate developed with MP of DCM:MeOH 99:1.

After comparing the stacked *H NMR spectra of fraction-2-subfractions as shown in Figure
5.49, only subfractions-1, -2 and -3 were found interesting for further purification and
elucidation work. Subfractions-1 and -2 were quite similar and could entail the same
compounds, as well as with their low yields, the two subfractions were therefore pooled

together for preparative-TLC purification.
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Figure 5.49. Stacked 'H NMR spectra of the fraction-2-subfractions obtained by flash
chromatography equipped with an evaporative light scattering detector (ELSD).
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5.3.6.2 Fraction 2-2 purification.

The pooled subfractions 2-1 and 2-2 gave a total yield of 19.4 mg, which was further purified
by preparative-TLC afforded five subfractions. The yields of the subfractions are presented in
Table 5.17. From the stacked *H NMR spectra of the preparative-TLC subfractions (Figure
5.50), fraction-2-2-2 was the purest and was subjected to structure elucidation work using
different 2D-NMR techniques that included COSY, HMBC and HMQC.
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Table 5.17: Yields of preparative-TLC subfractions from the pooled fractions 2-1 and 2-2.

Fraction # Weight (mg) Fraction # Weight (mg)
F2-2-1 1.2 F2-2-6 1.1
F2-2-2 2.1 F2-2-7 1.3
F2-2-3 0.9 F2-2-8 0.8
F2-2-4 1.4 F2-2-9 1.7
F2-2-5 1.1 Loading zone 2.1

% recovery 70.6
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NP B I 1N B AN NN |
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F2-8 )
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Figure 5.50: Stacked *H NMR spectra of preparative-TLC subfractions from the pooled

fractions 2-1 and 2-2.
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5.3.6.2.1 Fraction 2-2-2 structure elucidation.

The *H NMR spectrum of compound F2-2-2 in Figures 5.53 was identical to that for
compound F4-6 isolated from D. salina grown on malt extract broth. For *H and *C NMR

full assignments, see Table 5.10. The structure elucidation of these identical compounds was

discussed under section 5.2.7.2.2.
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Figure 5.51: H spectra of compounds F2-2-2 and F4-6.
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5.3.6.3 Fraction 3 subfractionation.

Fraction 3 (70.7 mg) was also subjected to flash chromatography for further fractionation.
Fraction 3 was loaded on a 12g silica column. The number of pooled fractions afforded five
subfractions along with one fraction wash. Yields of the respective subfractions and % total

recovery are presented in Table 5.18.

Table 5.18: Yields of subfractions of fraction 3 obtained by flash chromatography.

Fraction # Weight (mg) Fraction # Weight (mg)
F3-1 1.8 F3-4 14.2
F3-2 18.3 F3-5 12.7
F3-3 7.2 Washing 154

% recovery 98.44

As presented in the stacked NMR spectra in figure 5.52, Subfractions 3-1, 3-3 and 3-4 were of
highest purity as indicated by their tH NMR spectra. Subfraction 3-2 consisted of at least two
compounds that was one minor and a major compound. Subfraction 3-5 and the fraction wash

still entailed a mixture of compounds.
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Figure 5.52: Stacked H NMR spectra of fraction-3-subfractions obtained by flash
chromatography.
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5.3.6.3.1 Compound F3-1 structure elucidation.

1,2-acetonide-3-(9,12- octadecadienoyl)glycerol

10 0
17 15 13 12 9 7 5 3 1 5

— — 4
p
18 16 14 1 8 6 4 2 O/Yz\o 1
30#
(2,2-dimethyl-1,3-dioxolan-4-yl)methyl (9Z,12Z)-octadeca-9,12-dienoate

Chemical Formula: Cy4H4504
Exact Mass: 394.3083

Figure 5.53: Chemical structure of compound F3-1

Double

Formula Calculated Target Bond Absolute Error Fitness
Mass Mass - Error (ppm)  (mDa)
Equivalence
C24 H41 04 393.30103 39[3»'42-%9]34 4 4.30 169 0.998

C:\Users\ruang\Downloads\F5.raw Injection 1 FTMS {1,2} - ...150.00-2000.00] MS - spectrum 21.05

50000+ 393.299
400004
300004
200004
+1.003
100004
"0.051 +1.910
—O.Qi +0.95 +1.979
o P I | ‘ I
352.8 ‘ 3'53.0 ‘ 39‘3.2‘ 395.4 ‘ 353.6 ‘ 39‘3.8‘ 354.0 ‘ 354.2 ‘ 39‘4.4‘ 39‘4.6‘ 354.8 ‘ 355.0 ‘ 355.2 ‘ 39‘5.4 ‘ 355.6 ‘ 3'55
m/z (Da)
C:\Users\ruang\Downloads\F5.raw Injection 1 FTMS {1,2} - ...150.00-2000.00] EIC 393.299 Da + 5 ppm
21.045
100004 24.637
18.872
50004
20 20.475
&370 25.118
ol o Yok
KL &k IYYYY 7y

T T T
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 A4
Retention time (min)

Figure 5.54. Extracted ion chromatogram for the mass spectral data of F3-1 at the ion peak
m/z 393.29934 [M-H].
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Compound F3-1 was isolated from Fraction 3 as a yellow amorphous powder. Fraction 3 was
a non-polar eluate at higher concentration of DCM that was greater than 95% along with a low
ratio of MeOH. Mass spectral data revealed a DBE of 4 while the number of hydrogens is
almost double the number of carbons less than six, which could account for three double bonds.
lonisation could be better observed in the negative mode (Figure 5.54) at the ion peak m/z
393.29934 [M-H] for the molecular formula C24 H4104 that would indicate a lipid-like structure.
However, this target ion peak eluting at ca. 21 min afforded a higher intensity peak in Fraction

5, where the compound occurred at a higher concentration.
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Figure 5.55. *H NMR spectrum of compound F3-1 in DMSO-ds measured at 400 MHz.

The occurrence of a polyunsaturated compound was evident in the *H spectrum of F3-1 (Figure
5.55) with a characteristic unconjugated cis olefinic multiplet at 5.34 ppm along with the high
intensity broad signal at 1.2 ppm for long alkyl chain and the terminal methy! unit at 0.80 ppm.
However, the integration was double the length of the expected alkyl and methyl units implying
a possible mixture of fatty acids with either two different lengths or terminating branching

units. Nevertheless, the major compound has a glycerol moiety as implicated by characteristic
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signals between 3 and 5 ppm for oxygenated alkyl groups with an integral ratio of 2:2:1 that
would equate to 5 protons. The occurrence of a triglyceryl group cleared the possibility of

having a terminal carboxylic group.

Using a COSY spectrum designated the various spin systems in the major compound for
Fraction 3-1 as exhibited in Figure 5.56. The olefinic unit at 5.4 ppm coupled to the triplet at
2.74 ppm (J = 6.45Hz), which was typical for a methylene unit positioned between two double
bonds while the olefinic methines gave cross peaks with the multiplets at 2.0 ppm, which
further correlated into the broad high intensity peak for the long chain saturated alkyl unit that
then went out to the methyl terminal unit at 0.8 ppm. The olefinic system is designated with
orange arrows as shown in the Figure 5.56 On the other hand, the alkyl units also correlated
with broad singlet at 1.6 ppm and further down field at 2.4 ppm, which can be adjacent to a
ketone moiety. The third spin system that could be observed in the COSY spectrum and
highlighted in a blue box in Figure 5.56 showed typical correlating resonances for a glyceryl

unit.

The HSQC spectrum in Figure 5.57 sorted the proton signals into methines, methylenes, and
methyl units. It is from the HSQC spectrum that two methyl groups were found overlapping
underneath the broad multiplet for the long alkyl chain. However, at this stage of the analysis,
F3-1 could be a triglyceride compound with two or three different fatty acids attached to the

glycerol unit.

The HMBC spectrum in Figure 5.58 was used to conform the connectivity of the substructures
and to define the different structural units attached to the glyceride moiety. Since it was not
feasible to measure a 3C NMR spectrum for F3-1, due to its very low yield, it was only possible
to detect the quaternary carbons through HMBC. As for a triglyceride structure, correlations
between carboxylic units and the oxygenated methine and methylene groups were expected.
However, there was only one correlation that was observed with a carboxylic signal at 173
ppm. While the glyceryl protons gave cross peaks between their carbons within its moiety,
these correlations signified the absence of other fatty acid system attached to the system. The
glyceryl methylene protons CH»-21 correlated with an oxygenated quaternary carbon at ca. 105
ppm, which further correlated with deshielded methyl protons at 1.33 and 1.29 ppm. These
correlations signified ring closure of the glycerol unit to form an acetonide structure.
Compound F3-1 was elucidated as 1,2-acetonide-3-(9,12- octadecadienoyl)glycerol, a linoleic
acid congener. This is the first that the compound has been isolated as a natural product. The

compound is known as a precursor in the synthesis of docosahexaenoic acid (DHA, 22:6n-3)
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that protects against a range of degenerative disease conditions. The NMR spectral data of

isolated compound F3-1 was compatible with the literature data presented in Table 5.109.
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Figure 5.56. Correlation (2D-COSY) NMR spectrum of compound F3-1 in DMSO-d6.
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Figure 5.57. HSQC NMR spectrum of compound F3-1 in DMSO-ds at 500 MHz.
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Figure 5.58. HMBC NMR spectrum of compound F3-1 in DMSO-ds at 500 MHz.
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Table 5.19: NMR spectral data for compound F3-1 in comparison to synthesized
1,2-acetonide-3-(9,12-octadecadienoyl)glycerol (Fraser et al., 2007).

F3-1in DMSO-d6 Lit. in CDCls

Atom | 3Cs* 500 MHz 'Hs 400 MHz 13Cs Hs
no multiplicity multiplicity (JinHz) | 75 MHz 300 MHz
1 1732 C 173.6

2 33.9 CH: 230 m 34.2 1 2.09

3 25.7 CH, 152 brt(7.3) 26.8 | 1.58

4 29.2 CH» 1.27 m 25.0 | 1.27

5 29.2 CH» 1.27 m 31.6 | 1.27

6 29.2 CH» 1.27 m 34.2 | 1.27

7 29.2 CH» 127 m 29.2 | 1.27

8 275 CH» 202 m 29.7 | 1.27

9 1301 CH 534 m 130.3 | 5.42

10 128.2 CH 534 m 128.2 | 5.42

11 25.7 CH, 2.74 1(6.5) 25.8 | 2.751(5.7)
12 128.2 CH 534 m 128.0 | 5.42

13 130.1 CH 534 m 130.1 | 542

14 275 CH» 202 m 25.512.00

15 29.2 CH» 1.27 m 29.8 | 1.27

16 29.2 CH» 1.27 m 25.0 | 1.27

17 225 CH» 1.27 m 22.7|1.27

18 14.4 CHs 0.87 t(6.7) 14.2 | 0.88t (7.0)
19A 68.3 CHA 410 m 66.5 | 4.18

19B CH.B 401 m 4.03

20 73.7 CH 425 m 73.8 | 4.29

21A 65.3 CH:A 401 m 64.7 | 4.03

21B CH,B 3.66 dd(8.5, 6.2) 3.72 dd(8.5, 6.2)
22 105.2 C 109.9

23 27.0 CHs 133 s 26.8 | 142

24 25.9 CHs 1.29 s 255|136

Legend: br s = broad singlet, s = singlet, d = doublet, t = triplet, g = quartet, m =multiplet
*Data taken from HMQC and HMBC experiments.
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5.3.6.3.2 Compound F3-3 structure elucidation.

1-0-(9Z,12Z-octadecadienoyl)glycerol

17 15 13 12 10 9 7 5 3 1 3

— — 2
1
18 16 14 11 8 6 4 2 O/\(\OH

2,3-dihydroxypropyl (9Z,12Z)-octadeca-9,12-dienoate
Chemical Formula: C51H3504
Exact Mass: 354.2770

Figure 5.59: Chemical structure of Compound F3-3
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Figure 5.60. Extracted ion chromatogram for the mass spectral data of F3-3 at the ion peak

m/z 355.28425 [M+H].
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Compound F3-3 was isolated from fraction 3 as a yellow amorphous powder. Along with the
non-polar eluate was Compound F3-3. It gave a MW of 354.28 Da that is 40 mass units less
than that of F3-1. High-resolution data (as shown in Figure 4.60) afforded an ion peak at m/z
355.28425 [M+H] for the molecular formula C21 Hzg O4. The DBE of 3.0 would signify either

one double-bond less or loss of the acetonide ring when compared to that of F3-1.
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Figure 5.61. *H NMR spectrum of compound F3-3 in DMSO-ds at 400 MHz.

The *H NMR spectrum of F3-3 in Figure 5.61 was also comparable to that of F3-1. Major
changes were observed between the 3 and 5 ppm region for the glycerol unit. There was the
appearance two extra oxygenated bearing units, a doublet at 4.9 and a triplet at 4.7 ppm. The
COSY NMR spectrum of F3-3 in Figure 5.62 again revealed the three spin systems comparable
to those found in F3-1. The resonances within the 3 to 5 ppm region did correlate with each
other, which were distinctive for a glycerol or a sugar unit as highlighted in a blue box in Figure
5.62. The linoleic or 9Z,12Z-octadecadienoyl moiety remained very similar to that in F3-1 as

shown by the orange and green lines in the spectrum below.
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Figure 5.62. Correlation (2D-COSY) NMR spectrum of compound F3-3 in DMSO-d6.

Further information was obtained on the protons in the 3 to 5 ppm region through a combination
of 13C, DEPT and HMQC experiments (Figure 5.63). The 3C and DEPT spectra only showed
three instead of the expected five oxygen-bearing carbons between 60 and 70 ppm. The DEPT
spectrum confirmed that two of the peaks were methylene groups and there was only one
methine unit like in a glycerol structure. This eliminated the possible presence of a sugar unit
in the structure F3-3. Again, the rest of the 3C resonances were more identical to those found
in F3-1. The HMQC spectrum further established that the doublet and triplet protons at 4.9 and
4.7 ppm, respectively, were indeed exchangeable hydrogens that indicated the opening of the
acetonide ring. Both the DEPT and HMQC spectra verified the loss as well of two downfield
methyl units found in F3-1.
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Figure 5.63. 13C, DEPT and HMQC NMR spectra of compound F3-3 in DMSO-ds.
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Figure 5.64. HMBC NMR spectrum of compound F3-3 in DMSO-de.

The HMBC NMR spectrum of F3-3 in Figure 5.64 also afforded similar correlations observed
for F3-1. The HMBC correlations further established the structure of F3-3 as well as validated
the opening of the acetonide ring and the attachment of the glycerol moiety to the carboxy unit.
The hydroxyl triplet gave a 2J correlation with C-21. CH2g-19 at 3.89 ppm had a cross peak
with C-20 methine at 70 ppm and C-1 of the carboxyl group at 173 ppm.

The structure of F3-3 was therefore elucidated as 1-0-(9Z,12Z-octadecadienoyl)glycerol also
known as 1-monolinolein, which was earlier isolated from the fungus Sclerotinia fructicola
and the roots of Cymbidium (Orchidaceae). Monolinolein was also described as an antifungal
agent (Stoessl et al., 1980, Sola et al., 1986). Mmonolinolein was also earlier reported to
inactivate ASF virus and inhibited its replication in Vero cells at 25 pg/ml while at 10 pg/ml
no inactivation occured but inhibition of viral replication in the tissue culture was observed
(Stoessl et al., 1980, Sola et al., 1986). However, sysnthesised 1-monolinolein did not give any
antibacterial activity against Staphylococcus aureus and Escherichia coli (Jumina et al., 2019).
The full assignments for the *H and 13C spectral data is listed in Table 5.20.
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Table 5.20: NMR spectral data for compound F3-3 in comparison to F3-1 in
DMSO-ds in 400 MHz for *Hs «nd 100 MHz for *3Cs.

F3-3 F3-1
Atom 13Cs 'Hs multiplicity 13Cs 'Hs multipicity
no multiplicity (JinHz) multiplicity (Jin Hz)
1 1739 C 1732 C
2 340 CH» 228 t(7.4) 33.9 CH: 2.30m
3 250 CH; [151 brt(7.2 25.7 CH; 1.52 brt (7.3)
4 29.4 CH> 1.24 m 29.2 CH» 1.27m
5 29.4 CH; 124 m 29.2 CH» 1.27m
6 29.4 CH; 124 m 29.2 CH» 1.27m
7 29.4 CH; 124 m 29.2 CH» 1.27m
8 274 CH; 2.00 dd(6.8,7.0) 275 CH» 2.02m
9 130.8 CH 532 m 130.1 CH 5.34m
10 128.2 CH 532 m 128.2 CH 534 m
11 258 CH, [273 t(6.1) 25.7 CH, 2.741(6.5)
12 128.2 CH 532 m 128.2 CH 534 m
13 130.8 CH 532 m 130.1 CH 534 m
14 274 CH> 200 m 275 CH» 2.02m
15 29.4 CH> 1.24 m 29.2 CH» 127m
16 315 CH» 1.24 m 29.2 CH» 127m
17 22.5 CH; 1.24 m 225 CH» 1.27m
18 145 CHs 0.86 t(6.7) 144 CHs 0.871t(6.7)
19A 66.5 CH,A |4.03 dd(4.2,11.1)| 68.3 CH)A 410 m
19B CH,B |3.89 dd(6.5,11.1) CH:B 401 m
20 704 CH 3.63 m 73.7 CH 4.25m
20-OH 491 d(5.13)
21A 63.2 CH> 3.33 td (5.7,11.0) 65.3 CHA 4.0l m
21B CH:B 3.66 dd (8.5, 6.2)
21-OH 468 t(5.7)
22 1052 C
23 27.0 CHs 1.33s
24 259 CHs 1.29s

Legend: br s = broad singlet, s = singlet, d = doublet, t = triplet, g = quartet, m =multiplet

*Data taken from HMQC and HMBC experiments.
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5.3.6.4 Fraction 10 sub-fractionation:

Fraction 10 afforded 490mg and was the highest yield amongst the active MPLC fractions.
The fraction components were all not detectable under UV and were visualised by spraying
with anisaldehyde reagent. For further fractionation and purification work on the MPLC, an

ELSD detector was utilised. Fraction was loaded on a 40g silica pre-packed column..

Table 5.21: Yield of pooled MPLC sub-fractions of fraction 10

Fraction # Weight (mg) Fraction # Weight (mg)
F10-1 2.3 F10-6 249.8
F10-2 1.2 F10-7 92.7
F10-3 4.8 F10-8 19.7
F10-4 5.2 F-wash 13.2
F10-5 43.7 % recovery 88.3%

Figure 5.65: Summary TLC plate for fraction 10 fractionation.

Sub-fractionation of fraction 10 by MPLC afforded a recovery of 88.3% (Table 5.21). A 'H
NMR was recorded for each of the subfractions. The stacked NMR spectra of the MPLC sub-
fractions are presented in Figure 5.66. Sub-fractions 10-1 and 10-2 showed a different chemical
profile from the rest of the other eluted fractions. Sub-fractions F10-3 to F10-8 did exhibit
identical spectra that were highly hydroxylated as revealed by the peaks between 3 to 6 ppm.
F10-7 and the fraction wash did not reveal anything of interest. F10-2 and F10-8 were chosen
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for further structure elucidation work using both 1D and 2D NMR experiment such as COSY,
TOCSY, HSQC and HMBC.
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Figure 5.66: Stacked *H NMR spectra of the MPLC sub-fractions of fraction 10 in DMSO-
ds recorded at 400 MHz.

5.3.6.4.1 Compound 10-2

1; If
Chemical Formula: C3gH44N4Og
Exact Mass: 556.3261

turnagainolide A

Figure 5.67: Chemical structure of compound F10-2 (turnagainolide A)
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Calc

ulated  Target Double Bond Absolute Error  Error

Formula - Fitness
Mass Mass Equivalence (ppm) (mDa)
1 C30 H44 N4 O6 557.33336 557.33406 11.0 1.26 0.70 1.000
C:\Users\ruang... folder\F10.raw Injection 1 FTMS {1,1} + ...150.00-2000.00] MS + spectrum 17.32
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\ M+H
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Figure 5.68. Extracted ion chromatogram for the mass spectral data of F10-2 at the ion peak
m/z 557.33406 [M+H].

Compound 10-2 was isolated from fraction 10 as a white crystalline powder. Despite the

low yield of Compound 10-2 (F10-2) at only 1.2mg, it was the major ion peak found in

fraction 10 and was isolated at 90% purity. The mass feature was however not amongst the

targeted antimicrobial compound. Compound 10-2 gave an ion peak at m/z 557.33406
[M+H] for the molecular formula C3oH44N4Os with DBE of 11 (Figure 5.68). Dereplication
found five compound hits from the DNP: FR235222, strepeptolide, turnagainolides A, B,

and C. All earlier reported natural products were tetrapeptides. The isolated turnagainolides

were epimer derivatives. FR235222 was a fungal metabolite from Acremonium sp. No.
2708 (Mori et al., 2003).
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Strepeptolide was described from Streptomyces (Rong et al., 2015) and turnagainolides
were isolated from marine-derived Bacillus sp. RJA2194 (Li et al., 2011) and Microascus
sp. and produced by Arthrobacter sp. PGVBL1 (Igarashi et al., 2015) and Streptomyces
rutgersensis TO09 (Zhou et al., 2016a). The turnagainolides derivatives were simply
epimers at the site of macrolactonization where (E)-3-hydroxy-5-phenylpent-4-enoic acid
moiety was attached. The peptolide was also described as EGM-556 from the marine
sediment-derived fungus Microascus sp. 098059A, which was encoded from a silent
biosynthetic gene (Vervoort et al 2011). Interestingly, congeners of the petolide were

reported to inhibit quorum sensing in Staphylococcus aureus (Igarashi et al., 2015).

WA

0
NH
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N
o
HO

FR235222

N
H Mo
N 0
NNO
0o 0 _NH. T 0. o
o
H
Ty
N
)io

strepeptolide, EGM-556
turnagainolides A, B, and C

Figure 5.69: Structures of dereplicated compound hits for ion peak at m/z 557.33406
[M+H] for the molecular formula C3gH44N4Os.
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Figure 5.70. *H NMR spectrum of Compound 10-2 in DMSO-ds at 500 MHz.

The 'H NMR spectrum of Compound 10-2 in Figure 5.70 did reveal the presence of a
monosubstituted phenyl unit at 7.0 to 7.5 ppm similar to the structures of the derplicated
compounds, FR235222 and the peptolides. In comparison to FR235222, the occurrence of a
long alkyl chain was not evident in the *H NMR spectrum of F10-2. However, the *H NMR
spectrum of F10-2 was comparable or identical to those of the peptolides. The COSY spectrum
of F10-2 disclosed the presence of the trans 3-hydroxy-pent-4-enoic acid moiety in the
structure, which is highlighted in a blue box in Figure 5.71. The trans coupling proton pairs at
6.71 (d) and 6.30 (dd) exhibited a coupling constant of 16.0 Hz and further coupled to an
oxygen-bearing methine unit at 5.52 ppm then to an AB methylene group at 2.89 (dd 14.0,
11.0) and 2.43 (dd 14.0, 2.4) ppm. The trans 3-hydroxy-pent-4-enoic acid was established to
be attached to a monosubstituted benzene ring by HMBC as illustrated in Figure 5.72.
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Figure 5.71. COSY spectrum of Compound 10-2 in DMSO-ds at 400 MHz.
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Figure 5.72. HMBC spectrum of Compound 10-2 in DMSO-ds at 500 MHz.
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Figure 5.73. HSQC spectrum of Compound 10-2 in DMSO-ds at 500 MHz. Red correlations
are CHs and CHzss while blue are CHos.

An HSQC experiment was accomplished to assign the protons to their respective carbons as
well as to sort the methine and methyl protons from the methylene units. The HSQC spectrum
in Figure 5.73 revealed four exchangeable doublet protons between 7.5 and 9.0 ppm in addition
two or three CHzs, six CHss, which were also compatible to the integrals deduced from the 'H
NMR spectrum, and lastly 15 methine units totalling to 24 carbons with a remaining six
unassigned quaternary carbons. Since six DBE was already assumed for the E)-3-hydroxy-5-

phenylpent-4-enoic acid moiety, five could be accounted for four amide units and a ring.

The four amino acids were elucidated by 2D total correlation spectroscopy (TOCSY) as shown
in Figure 5.74A. Each of the amino acids was ascertained by following the correlation peaks
within their respective spin systems from the NH (7 to 9 ppm) to the a-CH (4 to 5 ppm) to the
-CH or CH: (ca. 2ppm) to the y-CH2 or CHz (ca. 1ppm). TOCSY pattern of amino acids have
been widely used in the structure elucidation of peptides (Wuthrich, 1986). The same standard
protocol was used to identfiy the four amino acids found in F10-2, which were alanine,
isoleucine and two valine units. Alanine was the easiest to detect as the correlating peaks
commenced from 8.5 (NH) to 4.3 (a-CH) and culminated on the methyl doublet at 1.20 ppm.
The two valine units were perceived through the methine units at ca. 2 ppm prior to the geminal
methyl units. Isoleucine was the only amino acid that has a methylene unit at 1.28 pp, and

terminating with two methy units.
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The amino acid sequence was established by looking into the HMBC correlations of the
carbonyl units with the respective NHs for each of the identified amino acids as ilustrated in
Figures 5.76B and C. The NH of val-4 at 7.60 ppm had a cross peak with the C=0 of ile-2 at
170.8, while the NH of ile-2 at 8.09 ppm correlated with the C=0 of ala-1 at 173.4. Onwards,
the NH of ala-1 at 8.56 ppm linked with the C=0 of val-3 at 172.6, and finally, the NH of val-
3at 7.72 ppm linked with the C=0 of HPE-5 at 169.2 ppm. The resulting amino acid sequence

was val-4, ile-2, ala-1, val-3, and HPE-5.
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Figure 5.74: (A) TOCSY spectrum of F10-2 in DMSO-ds at 400 MHz. (B) Carbonyl region
of the HMBC spectrum of F10-2 at 500 MHz. (C) Important HMBC correlations to establish
the amino acid sequence in the peptide structure of F10-2.
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Table 5.22.

NMR spectral data for compound F10-2 in DMSO-ds in 500 MHz.

Atom 3C (ppm) SH (ppm), multiplicity (J in Hz) HMBC (H to C)

Val-4
1CH 28.9 2.26 1H, m
2CH 58.1 427 1H, m C-3, C-38, C-39
4 NH 7.60 1H, d (9.5) C-2,C-5,C-6
3CO 169.2
38 CH3 19.6 0.91 3H, br.s (overlap) C-1,C-2
39 CH3 19.6 0.91 3H, br.s (overlap) C-1,C-2
lle-2
5CO 170.8
6 CH 58.1 427 1H, m C-5, C-8, C-10, C-27, C-40
8 CH 36.0 2.06 1H, m
9 NH 8.09 1H, d (9.5) C-6, C-27
10 CH; 24.1 1.28 1H, m

1.27 1H, m
37 CHs 125 0.83 3H, br.s (overlap) C-8,C-10
40 CH3 19.6 0.91 3H, br.s (overlap) C-6, C-28
Ala-1
27 CO 173.4
28 CH 49.2 4.33 1H, 1 (4.0) C-27,C-30
29 NH 8.56 1H, d (5.9) C-23,C-28
30 CH3 16.8 1.20 3H, d (6.8) C-27,C-28
Val-3
19 NH 7.72 1H, d (8.55) C-18,C-21
21 CH 58.1 4.16 1H, t (4.0) C-18, C-22, C-23, C-24, C-25
22 CH 30.4 1.98 1H, m C-21, C-24, C-25
23 CO 172.6
24 CHs 19.6 0.91 3H, br.s (overlap)
25 CHjs 19.6 0.91 3H, br.s (overlap)
HPE-5
13 CH 73.4 5.52 1H, brt (9.2)
14 CH 127.0 6.30 1H, dd (16.0, 7.0) C-13, C-15, C-17
15 CH; 40.7 2.89 1H, dd (14.0, 11.0) C-13,C-18

2.43 1H, dd (14.0, 2.4) C-18
16 CH 133.0 6.71 1H, d (16.0) C-13, C-17,C-32,C-36
17C 136.2
18 CO 169.2
32CH 127.0 7.45 1H, d (7.6) C-16, C-34, C-36
33CH 129.0 7.34 1H,1(7.5) C-17, C-34, C-35
34 CH 129.0 7.281H,1(7.2) C-32, C-36
35CH 129.0 7.34 1H,1(7.5) C-17,C-33,C-34
36 CH 127.0 7.45 1H, d (7.6) C-16, C-32,C-34
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The H and *C spectral data of F10-2 presented in Table 5.22 were compared to those reported
in the literature and were found to be identical to turnagainolide A. The geminal methylene
protons of the (E)-3-hydroxy-5-phenylpent-4-enoic acid moiety afforded an identical sets of
coupling constants of as those found in turnagainolide A. However, due to the very low yield
of the isolated F10-2, it was not possible to establish the configuration of the respective amino

acids.

The H and 3C spectral data of F10-2 presented in Table 5.22 were compared to those reported
in the literature and were found to be identical to turnagainolide A. The geminal methylene
protons of the (E)-3-hydroxy-5-phenylpent-4-enoic acid moiety afforded an identical sets of
coupling constants of as those found in turnagainolide A. However, due to the very low yield
of the isolated F10-2, it was not possible to establish the configuration of the respective amino

acids.
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5.3.6.4.2 Compound F10-8

1-0-(9Z,12Z-octadecadienoyl)glycerol-3-O-[D-galactopyranosyl-(1-6) o -D-
galactopyranoside]

(0]
17 15 13 12 10 9 7 5 3 1
- o ™o 1O~ on
18 16 14 11 8 6 4 2 /\h 5
¢ 7
3 OH
OH

Chemical Formula: C33H55044
Exact Mass: 678.38266

Figure 5.75: Chemical structure of compound F10-8 (1-O-(9Z,12Z-
octadecadienoyl)glycerol-3-O-[D-galactopyranosyl-(1—6)a -D-galactopyranoside]

Charge Double Bond Absolute Error
Formula Adduct 9 my/z  Calculated Mass .
State Equivalence (ppm)
C33H58014 H + +1 679.3900 679.3899 5.0 -0.03
C33H58014 NH4 + +1 696.4164 696.4165 5.0 0.05
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Figure 5.76. Extracted ion chromatogram for the mass spectral data of F10-8 at the ion peak
m/z 679.3900 [M+H].
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Compound F10-8 was isolated from Fraction 10 as a yellow oily compound. The compound
has very poor solubility in water but is soluble in methanol and EtOAc. However, at this stage
the optical rotation has not been measured. Compound 10-8 (F10-8) was afforded from a polar
fraction. It gave mass ion peaks at m/z 679.3899 [M+H] and 696.4165 [M+NH4] for the
molecular formula Cs3HsgO14 with a DBE of 5 (Figure 5.76). F10-8 is highly oxygenated and
the number of hydrogen almost double the number of carbons, this would signify a glycolipid
structure. Dereplication of the molecular formula CzsHsgO14 gave five hits. Structurally, the
compound hits were indeed glycolipids as shown in Figure in 5.79. They were all earlier
isolated from plants except for the murolic acid glycosides that were widely distributed in
lichens (Yoshikawa et al., 1994, Rezanka and Guschina, 2000, Singh et al., 2003). Glycerol-1-
alkanoate derivatives have been reported from the marine green algae Codium iyengarii algae
as well as marine sponges and soft corals (Yu et al., 1996, Ali et al., 2001, Zhao et al., 2003,
Liu et al., 2006, Li et al., 2009b). A congener has slso been described from the fungus

Microsphaeropsis olivacea (Yu et al., 1996).

Interestingly, gingerglycolipid B (did match the linoleic acid moiety that were found in the
structures of the isolated compounds F3-1 and F3-3. The 'H and *C NMR spectra of
Compound 10-8 in Figure 5.78 were comparable to those of F3-1 and F3-3, with a noticeable
increase of the number of peaks between the 3 and 5 ppm region as well as between 60 and
100 ppm in its *H and *C NMR spectra, respectively. Both spectra were typical for a glycolipid
structure. Albeit a change in solvent from DMSO-ds to MeOD to get rid of the OH peaks for a
less complex spectrum, the obtained sets of 1D and 2D spectra comparable were still

comparable to those of F3-1 and particularly with F3-3.

The *3C J-mod NMR spectum of F10-8 in Figure 5.78 revealed 33 high-intensity carbons with
one carbonyl carbon at 173 ppm; the two usual olefinic methine carbons at ca. 130 ppm; two
new methine resonances at ca. 100 ppm that is a typical chemical shift for anomeric carbons of
two sugar units along with the 9 methine carbons between ca. 70 and 80 ppm; one of which
belongs to the glycerol moiety. At 60 to 70 ppm, four methylene peaks were recorded, two for
glycerol and two for the two predicted sugar elements in the compound, The rest of the
methylene peaks found btween 20 and 40 ppm were identical to those of the octadecanoyl chain
in F3-3 that terminated with a methyl group at 15 ppm.
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Figure 5.78. *H and **C NMR spectra of Compound 10-8 in DMSO-dg at 500 MHz
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Inspection of the 2D COSY spectrum of F10-8 in Figure 5.79 exhibited the same correlation
peaks for the 9Z,12Z-octadecadienoyl unit, which were even superimposablle to those found
in F3-3. A similar patten of cross peaks was also observed for the glycerol unit although the
characteristic peaks shifted more downfield. However, a full assignment of the proton peaks in
the sugar region was quite difficut to achieve after determining H-2 from the anomeric H-1
protons at 4 to 5 ppm, the cross peaks enter the region of overlapping peaks at 3 to 4 ppm.
Furthermore, the anomeric protons were also half underneath the solvent HDO peak and one
of the glycerol methylene protons that it was not feasible to determine their configurations at
C-1. Although a doublet at 4.89 ppm with a coupling constant of 3.7 could be observed for one

of the anomeric protons that indicated its equatorial position for an a-sugar.

Therefore, TOCSY was used to separate the correlation peaks for each respective sugar unit.
This was a similar strategy that was utilised in the structure elucidation of the peptolide F10-2.
But due to the overlapping peaks of the sugar units with those of the glycerol and the water
peak, it was not feasible to decipher the peaks for each spin system. This is illustrated below in
Figure 5.79.

The HMBC spectrum of F10-8 (Figure 5.80) also did display identical correlation peaks for
the (9Z,12Z-octadecadienoyl)glycerol despite the change in chemical shifts for the two
methylen carbons of the glycerol unit at 62.6 and 67.4 ppm. Both 13C shifts deviated by 4ppm
when compared to those of F3-3. CH2-19 went upfield while CH>-21 was downfied for F10-
2. On the other hand, all of the glycerol *H resonances were deshielded in the spectrum of F10-
2. The HMBC correlations of the sugar protons in F10-2 were used to fully assign their
chemical shifts and most essential their connectivity as exemplified in Figure 5.80. The
methylene protons of the glycerol unit CH,-21 at 3.76 and 3.96 correlated with the anomeric
carbon at 103.9 ppm for Gall while the methylene protons of Gall (CH2-6’) at 3.69 and 3.93
ppm gave a cross peak with anomeric carbon of Gal2 at 99.2 ppm. These correlations
established the connectivity of Gall to the glycerol unit from the anomeric carbon to CH»-21
(Gly-3) and a 1->6 linkage between Gal2 and Gall. The more isolated cross peaks were able
to reveal the 3J correlations between the protons within the respective sugar units. Strong

correlations were observed between H-1 and C-3, H-2 and C-4, and H»-6 to C-4.
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Figure 5.79. 2D COSY (above) and TOCSY (below) spectra of Compound 10-8 in DMSO-
ds at 500 MHz
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While the *H and C NMR shifts for the 9Z,12Z-octadecadienoyl moiety were almost
superimposable to that of F3-3 despite the change in NMR solvents, full assignments for the
glyceryl-sugar part were confirmed with a HSQC spectrum in Figure 5.81 and recorded in
Table 5.23. The resulting spectral data was comparable to those of gingerglycolipid B isolated
from the dried rhizomes of Zingiber officinale (Yoshikawa et al 2004) as presented in Table
5.24. However, the published 3C NMR shifts had an average of a 2-ppm downfield shift while
those reported for the glycerol methylene carbons deviated at almost 5 ppm along with the CH-
3 for Gall with a 6-ppm difference. The reported *H NMR spectral data for gingerglycolipid
B was identical to that of F10-8 but the *H chemical shifts for the glycerol unit was not reported
in the publication. It was indeed plausible that there was a change in stereochemistry in the
glycerol moiety that could have affected these larger differences. For instance, it has been
reported that glycosylmonoacylglycerols  (monogalactosyl-,  digalactosyl-, and
sulfoquinovosylmonoacylglycerols) isolated from coralline red alga Corallina pilulifera
showed that the glycerol moieties in all the glycoglycerolipids examined have the S-

configuration sn-1,2-diacyl- and sn-1-monoacylglycerols (Takahashi et al., 2001).

Since it was not feasible to use the coupling constants to determine the configuration of each
proton unit, the carbon shifts were compared to those found in the literature (Shashkov et al.,
1993, Duus et al., 2000, Bubb, 2003). From the number of the carbon resonances between 60
to 100 ppm region, a set of 12 carbons could be assigned to two sugar units after subtracting
the three carbon peaks for glycerol. The two sugar units were further evident by the two sets
of anomeric at 100 ppm and two methylene units for CH2-6 between 60 and 70 ppm. These
chemical shifts ~ were  compared on the  Glycosciences.DB database

(http://www.glycosciences.de/), which  generated a  galactopyranosyl-(1->6) a-D-

glucopyranoside unit at 72.50% match (Table 5.25). Albeit to date, the occurrence of
digalactosyl among glycerol-1-alkanoate derivatives had been more common in the DNP

database version 2021.
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Figure 5.81. 2D HSQC spectrum of Compound 10-8 in DMSO-ds at 500 MHz highlighthing
the sugar region.
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Table 5.23. NMR spectral data for compound F10-8 in MeOD at 500 MHz for 6H and at
125 MHz for &C.

Atom oC (ppm) 6H ppm (J in Hz) Gal-1 oC (ppm) | 6H ppm (J in Hz)
1C 173.3 1'CH 1039 | 4.23-430 m
2 CH> 33.7 234 q(7.2) |2'CH 71.0| 349-357 m
3 CH> 24.6 163 q(7.2) |3'CH 68.9| 3.87-393 m
4 CH; 29.1 1.29-141 m 4'CH 73.3| 3.46-354 m
5CH2 29.1 1.29-141 m 5 CH 732 3.71-379 m
6 CH2 29.1 1.29-141 m 6' CH> 66.4| 3.68-3.71 m
7 CH2 29.1 1.29-141 m 3.92-395 m
8 CH2 26.8 202-214 m
9CH 129.5 530-543 m Gal-2 |6 C (ppm) 6H ppm (J in Hz)
10CH 128.8 530-543 m 1"CH 99.2 489 d(3.7)
11 CH> 25.21 28 t(6.5) |2"CH 68.8| 3.72-384 m
12 CH 128.8 530-543 m 3"CH 69.7| 391-392 m
13 CH 129.5 530-543 m 4" CH 71.2 3.87 m
14 CH> 26.8 202-214 m 5" CH 70.1| 3.75-376 m
15 CH> 29.1 1.29-141 m 6" CH> 61.5| 3.70-3.77 m
16 CH> 31.7 1.29-141 m 387 m
17 CH> 22.2 1.29-141 m
18 CHj3 13.0 0.93 t(6.6)
19 CH> 62.6 421-429 m

442 -453 m
20 CH 70.3 523-530 m
21 CH2 67.3 3.76 m

3.95-398 m
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Table 5.24. 13C NMR spectral data for compound F10-8 measured at125 MHz in comparison
to literature at 67.5 MHz (Yoshikawa et al 1994).

linoleic F10-2 | Lit. Data Diff. Gly F10-2 | Lit. Data Diff.
1C 173.3 176.2 -2.90 | 19 CH2 62.6 67.4 -4.81
2 CH2 33.7 35.7 -2.04 | 20CH 70.3 70.4 -0.08
3 CH2 24.6 26.8 -2.23 | 21 CH> 67.4 72.9 -5.55
4 CH2 29.1 31.1 -2.00 Average -3.48
5 CH:2 29.1 31.1 -2.01 | Gal-1
6 CH2 29.1 31.3 -221 | 1'CH 103.9 106.1 -2.17
7 CH2 29.1 31.3 -221 | 2'CH 71.0 73.3 -2.30
8 CH2 26.8 29.0 -2.18 | 3'CH 68.9 75.3 -6.37
9CH 129.5 131.7 -2.23 | 4'CH 73.3 71.0 2.30
10 CH 128.8 129.9 -1.14 | 5'CH 73.2 75.3 -2.10
11 CH> 25.2 27.3 -2.09 | 6' CH2 66.4 68.5 -2.07
12 CH 128.8 129.9 -1.14 | Gal-2
13 CH 129.5 131.7 -2.23 | 1"CH 99.3 101.3 -2.05
14 CH2 26.8 29.0 -2.20 | 2" CH 68.8 70.8 -2.03
15 CH2 29.1 31.3 -221 | 3"CH 69.7 72.2 -2.46
16 CH> 31.7 335 -1.84 | 4" CH 71.2 71.8 -0.64
17 CH> 22.3 24.4 -2.15 | 5"CH 70.1 73.3 -3.21
18 CH3 13.0 15.3 -2.33 | 6" CH: 61.5 63.5 -2.04
Average -2.07 Average -2.10

Table 5.25. 13C NMR spectral comparison from Glycosciences.DB with a match score of
72.50% (http://www.glycosciences.de/).

Shift Residue Atom Linkage PPM ERROR (PPM)
1: 103.9 a-L-Rhap C1 3 103.599998 0.30000200000001
2: 710 D-Gal  C5A 70.800003 0.199997
a-D-Glep- (1-6)+ | 31 689 D-Gal  C4B 68.900002 1.9999999949505E-6
L 4: 733 a-D-Glep C5 6  73.099998 0.200002
| 5. 732 a-D-Glcp C5 6  73.099998 0.100002
a-L-Rhap-(1-3)+ | 7. 993 aD-Glcp C1 6 995 0.2
8: 688 D-Gal  C4B 68.900002 0.100002
9: 69.7 D-Gal  C4A 69.800003 0.100003
10: 712 D-Gal  C5A 70.800003 0.399997
11: 70.1 D-Gal  C4A 69.800003 0.29999699999999
12: 615 a-D-Glcp C6 6  61.799999 0.299999
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5.4 Biological assay results for purified fractions and isolated
compounds

Purified fractions obtained from D. salina grown on malt extract broth afforded antimicrobial
activity against biofilm-forming S. aureus and P. aeruginosa. Fraction 2-2 exhibited the most
potent activity with 95% growth inhibition of P. aeruginosa while under the viability threshold
of 30%, F4-1 was found to be only antimicrobial against S. aureus but was able to inhibit
biofilm formation of P. aeruginosa. The rest of the purified fractions exhibited moderate to
weak antimicrobial activity with a bacterial and biofilm viability from 30 to 50% and more

than 50%, respectively. AlamarBlue® and planktonic assay results are presented in Table 5.26.

On the other hand, chromatographic purification of antimicrobial-active fractions obtained
from D. salina grown on oat solid media afforded several bioactive subfractions with bacterial
growth and/or biofilm inhibition of greater 70% as highlighted in grey in Table 5.27. This
included F2-2-2, F2-2-9, F 3-1, F3-2, F10-1, F10-2, F10-3, F10-5, F10-6 and F10-8. Further
isolation and structure elucidation work were done on F2-2-2, F 3-1, F10-2, and F10-8, which
were chosen according to their respective yield and purity. However, none of these subfractions
were as potent as F2-2, which was obtained from the fungal extract incubated on malt extract
broth media.

Table 5.26: AlamarBlue® and planktonic assay results against biofilm-forming S. aureus

and P. aeruginosa for 100ug/ml concentration of bioactive subfractions obtained from D.

salina grown on malt extract broth. Highlighted rows represent bioactive fractions at a
threshold of less than 30% viability.

AlamarBlue® results Planktonic results
% of bacteria viability % of biofilm viability
Sub-Fraction S. aureus P. aeruginosa S. aureus P. aeruginosa

F2-1 85.27 88.61 91.58 95.81
F2-2 14.51 491 16.29 21.08
F2-3 96.43 93.72 97.38 97.71
F4-1 29.84 31.27 39.47 28.91
F4-2 31.23 36.81 42.53 38.25
F4-3 34.66 38.76 56.48 69.61
F4-4 52.97 52.27 62.52 67.51
F4-5 51.21 51.31 56.59 43.32
F4-6 35.28 39.02 27.37 18.65
F4-7 53.46 52.93 47.08 50.85
F4-8 86.81 87.21 83.38 86.18
F4-9 87.35 90.04 84.07 93.73
F4-10 95.37 94.17 94.18 92.68
F4-11 99.38 98.51 99.47 99.02
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Table 5.27: AlamarBlue® and planktonic assay results against biofilm-forming S. aureus
and P. aeruginosa for 100pug/ml concentration of subfractions obtained from D. salina grown
on oat solid media. Highlighted rows represent bioactive fractions at a threshold of less than
30% viability.

AlamarBlue® results Planktonic results

% of bacteria viability % of biofilm viability

Sub-Fraction S. aureus P. aeruginosa S. aureus P. aeruginosa
F2-2-1 83.71 93.71 86.82 86.34
F2-2-2 29.44 34.48 25.84 22.35
F2-2-3 74.14 67.32 96.58 68.25
F2-2-4 85.81 92.65 95.17 57.89
F2-2-5 44.32 36.78 54.12 53.71
F2-2-6 84.76 57.13 51.49 58.62
F2-2-7 78.19 63.92 84.92 75.19
F2-2-8 34.58 31.98 34.54 38.58
F2-2-9 22.37 24.92 33.17 27.18
F3-1 43.65 54.19 27.15 24.49
F3-2 27.18 24.49 18.32 21.26
F3-3 65.26 65.28 76.46 85.46
F3-4 76.16 75.26 83.16 94.18
F3-5 79.25 89.46 89.79 96.86
F3-wash 22.78 19.68 18.62 27.15
F10-1 21.85 26.54 43.75 42.17
F10-2 27.18 28.12 17.46 20.85
F10-3 50.13 48.13 33.45 25.13
F10-4 54.76 51.41 36.59 30.76
F10-5 52.19 57.37 34.76 27.47
F10-6 55.48 54.89 41.27 29.85
F10-7 58.14 61.14 35.82 34.84
F10-8 54.37 56.74 34.45 27.46
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MIC and MBEC were determined for the isolated compounds from the purified sub-fractions
and the results are presented in Table 5.28. F10-2 (turnagainolide A) and F10-8
(gingerglycolipid B stereoisomer) displayed the highest potency against both biofilm-forming

S.aureus and P.aeruginosa with MIC and MBEC values between 45 and 75 uM concentrations.

F2-1 and F3-3, which were identified as linoleic acid and its glycerol congener were both
deemed inactive with MIC and MBEC values of greater than 100 pug/ml. Subfraction F3-3 was
already found inactive in the viability assay but due to its spectral similarity to F3-1 as shown
in Figure 5.52, it was noteworthy to do further elucidation work on this inactive subfraction.
Amongst the linoleate derivatives, the glycolipid F10-8 was the most active while the acetonide
congener F3-1 was less active with MIC and MBEC values between 75 and 145 uM
concentrations. In contrast, the isolated phenolic compounds; F4-1, which is a mixture of
orsellinic acid and orcinol at a ratio of 3:1, and 2,5-dihydroxy-3-(hydroxymethyl)benzoic acid (F4-
6 and F2-2-2) were less active with MIC and MBEC values between 145 and 360 uM

concentrations.

Table 5.28: MIC and MBEC results of isolated compounds from D. salina extracts against
biofilm-forming S. aureus and P. aeruginosa. Gentamicin was used as positive control.
Compounds isolated from D. salina growing on malt extract broth

Compound Code MIC (ug/ml) MIC (ug/ml) MBEC (ug/ml) MBEC (ug/ml)
against S. against P. against S. against P.
aureus™ aeruginosa* aureus® aeruginosa*
F2-1 >100 >100 >100 >100
F4-1** 37.94 (225:305) 44.29 (264:357) 41.81 (249:337) 31.89 (190:257)
F4-6 29.10 (158) 33.28 (181) 31.82 (173) 39.38 (214)
Compounds isolated from D. salina growing on oat solid media
Compound Code MIC (ug/ml) MIC (ug/ml) MBEC (ug/ml) MBEC (ug/ml)
against S. against P. against S. against P.
aureus™ aeruginosa* aureus* aeruginosa*
F2-2-2 27.07 (147) 29.31 (159) 29.35 (159) 34.03 (212)
F3-1 47.16 (119) 47.21 (120) 56.17 (143) 30.04 (76)
F3-3 >100 >100 >100 >100
F10-2 31.53 (57) 37.28 (67) 25.18 (45) 34.85 (63)
F10-8 38.46 (57) 42.93 (63) 31.73 (47) 30.91(46)
Positive control
Drug tested MIC (ug/ml) MIC (pg/ml) MBEC (ug/ml) MBEC (ug/ml)
against S. against P. against S. against P.
aureus™ aeruginosa* aureus* aeruginosa*
Gentamicin 4.98 (10) 10.08 (21) 5.45 (11) 10.76 (22)
Gentamicin-SO4 4.98 (10) 10.08 (19) 5.45 (11) 10.76 (21)

*In parenthesis is the uM concentration. **Mixture of orsellinic acid and orcinol at a ratio of 3:1.
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6 General Discussion
6.1 Metabolomics-guided and bioassay-assisted isolation of antimicrobial

compounds
17 15 13 12 10 9 7 5 s @
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Chemical Formula: C4gH3,0,
Exact Mass: 280.24023
HO OH HO OH
OH
(0]
orsellinic acid ~ orcinol 2,5-dihydroxy-3-(hydroxymethyl)benzoic acid
Chemical Formula: CgHgO,4 Chemical Formula: C7HgO, Chemical Formula: CgHgOs5
Exact Mass: 124.0524 Exact Mass: 184.03717

Exact Mass: 168.0423

Figure 6.1A. Compounds isolated from the fungal extract of D. salina grown on malt extract
broth media with sea salt.
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Figure 6.1B. Compounds isolated from the fungal extract of D. salina grown on oat media
without sea salt.
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The dereplicated secondary metabolites produced by D.salina incubated in malt extract broth
and oat media were quite different. However, there was one common target antimicrobial active
metabolite found at the ion peak m/z 265.107 [M+H] for C14H160s, which was exhibited by
P_2201 from the extract obtained from malt extract broth media and P_3600 from the fungus
grown in oat media. Extracts afforded from the malt extract yielded low molecular weight
aromatic compounds that included substituted phenyl units and lactone derivatives while the
extract obtained from oat afforded aliphatic compounds such as di-unsaturated lipids,
glycolipids and small peptides.

Amongst the targeted compounds, only one compound was achieved to be isolated, which was
F4-1A from the D. salina extract obtained from malt extract media. It was a small molecule
with a MW of 168 Da and a structure related to those predicted for P_2201 and P_3600.
However, the compound is known, which is orsellinic acid that has been widely described in
lichens and was also reported to be antimicrobial (Rowe et al., 1999). Orsellinic acid in F4-1
was isolated with another lichen metabolite known as orcinol with a MW of 124 Da, which
was outside the range of detection of the MS parameter set-up used in this study. Four
compounds were isolated from two active fractions, Fractions F-2 and F-4, derived from the
D. salina extract obtained from malt extract media. However, the isolated compound F2-1 was
merely (9Z,12Z)-octadeca-9,12-dienoic acid, which is linoleic acid. Inspection of the *H NMR
data of the subfraction F2-2 at 7mg, also derived from Fraction 2 but remains a mixture, it
could be said from the perceivable resonances that the target metabolite was still in this
subfraction. F4-6 with a MW of 184 Da was near that of the target antimicrobial feature P_2626
at m/z [M+H]+ 185.080 Da (MW = 184.0736 for C¢H1,04). F4-6 had a molecular formula of
CgHsgOs, with an extra oxygen atom and loss of an alkyl unit, it was hypothesised that the
isolated compound could be a product of an oxidation reaction during the isolation work.

From the oat media, five compounds were obtained from three active fractions F-2, F-3, and
F-10. Further work on Fraction 5, which was amongst the highlighted fraction due to its
interesting chemical profile, was not successful due to instrument leakage during fractionation,
Fraction F-5 was loss. This included the re-isolation of the 2,5-dihydroxy-3-
(hdroxymethyl)benzoic acid, the compound with a MW 185 Da (F4-6) from F-2. The isolation
work of the fungal extract from the oat media afforded three glyceryl linoleate derivatives and
a peptolide. Included amongst the predicted and dereplicated antimicrobial compounds from
the extract derived from the oat media were 2-amino-9-methyl-4,8-nonadecadiene-1,3-diol for

P_3483 and N-(2-hydroxyethyl)linoleamide for P_2438, which were structurally related to the
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isolated glyceryl linoleate in this study. It seems that in the oat media, the fungus utilised
linoleic acid for further derivatization. On the other hand, the peptolide (F10-2) that was known
as turnagainolides have been isolated by several research groups and was given other trivial
names such as EGM-56 and strepeptolide (Li et al., 2011, Vervoort et al., 2011). The afforded

peptolide F10-2 could also be detected in the other neighbouring fractions.

Since only one target antimicrobial compound was isolated from the selected active fractions,
all the isolated compounds where revisited on their position on the OPLS-DA loadings plot
for their predicted bioactivity as shown in Figure 6.2. Amongst the isolated compound, F2-1
(linoleic acid) and F3-1 (1,2-acetonide-3-(9,12- octadecadienoyl)glycerol) were classified in
the inactive quadrant. The presence of linoleic acid could actually be deduced in all of the
fractions as shown in Figure 6.3. The occurrence of the 168 Da compound or orsellinic acid

could also be observed in its active neighbouring fractions (Figure 6.3).

A) Isolated compounds from fungal extract obtained from malt extract broth media
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Figure 6.2. Distribution of the isolated compounds between the active and inactive quadrant by OPLS-
DA. Positive projection are the predicted compounds with antimicrobial activity and compounds on the
negative projection are predicted to be inactive. lon peaks with the same retention time but ionises in
both modes were plotted twice.
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D. salina grown on malt extract broth media with sea salt yielded antimicrobial active non-
polar fractions fractions F-1 to F-7. D. salina inoculated on oat solid media without sea salt
afforded active fractions F-2, F-3, F-5, F-9, and F-10. However, the relative abundance of the
isolated bioactive compounds in the various fractions from the fungal extract obtained from
the oat solid media indicated their distribution in the active fractions as generated by the X-
variant plot (Figure 6.3). For instance, the phenolic acid derivatives, F4-1 and F4-6, were highly
abundant in the active fractions F-2 to F-7, while the inactive linolenic acid F2-1 widely
occurred in fractions F-8 to F-14. In the case of acetonide linoleate (F3-1), which was located
in the inactive quadrant of the OPLS-DA plot, it was actually most abundant in the active
fraction F-5. Alternatively, the inactive glycerol ester of linolenic acid situated in the active
quadrant was distributed in the inactive fractions F-6, F-7, and F-8. The limitation of the
metabolomics approach in predicting the biologically active metabolites is the incapability to

isolate low-yielding compounds (Rowe et al., 1999).

Compound F4-6 (2,5-dihydroxy-6-hydroxymethyl) benzoic acid afforded the most potent
antimicrobial activity with MIC values of 27.07 and 29.31ug/ml against both biofilm forming
S. aureus and P. aeruginosa, respectively. On the other hand, compound F10-2 (turnagainolide
A) and F3-1 (1,2-acetonide-3-(9,12-octadecadienoyl) glycerol) exhibited the lowest MBEC
values against biofilm forming S. aureus and P. aeruginosa at 25.18 and 30.04pg/ml,
respectively. However, the antimicrobial activity of F3-1 and inactivity of F3-3 were
mispredicted by the OPLS-DA plot but their actual distribution in the active and inactive

fractions could be validated from the x-variant plot as mentioned above.
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A) Compounds isolated from the D. salina extract obtained from malt extract broth media
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B) Compounds isolated from the D. salina extract obtained from oat media
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Figure 6.3: Relative abundance of the isolated compounds in various MPLC fractions.
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Antimicrobial-active extracts from the media optimisation stage

Seore contribution Malt 30 D Score contribution Oat 30D .

» A w0, B l
= 160 -3
£ 397.241 az

1 oo
o 353213 140 2
o 205153 409186 347,069
K] 358,147 85297 120

10 510216 g R g
g 252123 29319 100 2 N87 A
2 181,246, b 282 2
ol 80 g 5 g% 8
E
55 60
£
5 40
S 'y J |
i g PYTRIIFYE WY VO T jull, By
E T 20
S 0 it bl b aatk stsshiblblab i

-20
2000 4000 G000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 2600¢ 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000 26000 28000 30000

Num

Antimicrobial-active fractions from scaled-up extracts

C Score contribution 6 Score contribution F5 -
120 120 D I

211.144

=
=]

100

324.29

@
S

80

647.573

245128
18508% 00,045 Z:slfm 60
J 421281
317.103 499249 40

@
=]

s
S
30029
313.253
326.305
358111
401.289
629.499

o
S

20

0 J I

Scare ContriblObs 6 - Average), Weight=VIP1

S o

N

-20
2000 6000 10000 14000 18000 22000 26000 30001 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
Num Num

Figure 6.4: OPLS-DA score contribution plot of active features in antimicrobial extracts and
corresponding outlying fractions. Y-axis is the weighed VIP scores in the active quadrant. X-
axis is the feature number arranged acccording to m/z. Colour range blue to red is from low to
high m/z. A) Active extract obtained from D. salina incubated for 30 days on malt extract media
with sea salt. B) Active extract obtained from D. salina incubated for 30 days on oat media
without sea salt. C) Outlying active Fraction-6 obtained from scaled-up fungal extract derived
from malt extract media. D) Outlying active Fraction-5 obtained from scaled-up fungal extract
derived from oat media. Asterisk (*) on ion peak at m/z 265.107 signifies similar ion peak
detected from antimicrobial-active fungal extract obtained malt extract agar plates.

The chemical profiles of the active features of the antimicrobial extracts and outlying active
fractions were compared. As shown in Figure 6.4, the chemical profiles of the fungal extracts
derived from different media were different. However, scaling-up also resulted to a change in
chemical profile. During scale-up, indeed there was still a change in the fermentation
environment such as the amount of oxygen in the fermentation vessel while any other variation
would affect the chemical profile of the afforded extracts. Nevertheless, some generalizations
could be put together. D. salina incubated in malt extract with sea salt tend to yield low MW
compounds, while incubating the fungus in oat media without sea salt produced higher MW
compounds. Remarkably, the ion peak at m/z 265.107 [M+H] for C14H160s, which was
putatively dereplicated for pestalasin A from a mangrove-derived Pestalotiopsis sp. JCM2A4
and Penicillium purpurogenum MHZ 11 (Xu et al., 2009, Shaaban et al., 2016); infectopyrone
and oxosorbicillinol from various fungi (Abe et al., 2000, Larsen et al., 2003); scytalol D from
Scytalidium sp. 36-93 and Biatriospora sp. 8331 (Thines et al., 1998, Zhou et al., 2016b);
epoxysorbicillinol from sponge-derived Trichoderma longibrachiatum (Sperry et al., 1998);
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and xestodecalactone A from Penicillium cf. montanense (Edrada et al., 2002), was the similar
ion peak initially detected from the antimicrobial-active fungal extract obtained from the malt
extract agar plates. But again, the occurrence of this specific bioactive metabolite at low

concentrations remained unachievable to isolate.

6.2 Proposed biosynthetic pathways of the isolated compounds

6.2.1 Polyketide biosynthetic pathway for orcinol, orsellinic acid and 2,5-dihydroxy-6-
hydroxymethyl) benzoic acid.

Polyketides are diverse compounds divided to three main groups: type 1 polyketide includes
macrolides, type 2 polyketide comprises of small aromatic compounds produced by iterative
reaction of dissociated enzymes and type 3 polyketides are small aromatic molecules produced
usually by fungi species. Orsellinic acid, orcinol and (2,5-dihydroxy-6-hydroxy
methyl)benzoic acid are examples of compounds synthesised through the polyketide pathway.
One mole of acetyl-CoA interacts with three moles of malonyl-CoA in the presence of f-
ketoacylsynthase (KS) and acyltransferase (AT) would afford the intermediate 2,4,6-
trioxoheptanoic acid (Chooi et al., 2008). Sequentially, cyclisation of 2,4,6-trioxoheptanoic
acid occurs in the presence of Claisen cyclase (CYC) (Chooi et al., 2008). Finally, Claisen
condensation will take place to form orsellinic acid (Chooi et al., 2008). Orcinol is further
synthesized through decarboxylative aldol condensation of 2,4,6-trioxoheptanoic acid followed
by aromatization (Taura et al., 2016). While the new compound (2,5-dihydroxy-6-hydroxy
methyl)benzoic acid could have been synthesized by subsequent condensation and reduction
of another plausible quinone intermediate 6-methyl-2,5-dioxocyclohex-6-ene-2-carboxylic

acid followed by oxidation of its methyl unit as shown in Figure 6.5.
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Figure 6.5: Proposed biosynthetic pathway of orsellinic acid, orcinol and 2,5-dihydroxy-6-
hydroxymethy)benzoic acid isolated from D. salina grown on malt extract broth with sea salt
(adapted from Chooi et al., 2008).

6.2.2 Proposed biosynthetic pathway of linoleic acid and its derivatives

The proposed biosynthetic pathway of linoleic acid as shown in Figure 6.6A basically starts
with one mole of acetyl-CoA and seven moles of malonyl-CoA as precursors for fatty acid
(FA) synthesis (Akpinar-Bayizit, 2014). As was proposed in Saccharomyces cerevisiae
(Gajewski et al., 2017), the precursors enter the FA cycle, where the acyl substrate (either as
the acetyl molecule or ACP-bound) with malonyl undertake condensation in the presence of
ketoacyl synthase (KS). The resulting -ketoacyl intermediate is then processed in a repetitive
sequence of reaction steps that involve reduction with  ketoacyl reductase (KR),
dehydrogenation with a dehydratase (DH) enzyme, and again another reduction step with enoyl
reductase (ER) in the presence of NADPH, to a fully reduced acyl-chain. The resulting acyl-
chain would be the precursor for the next cycle.. The process is repeated until the final FA is

cleaved off from its thio-CoA moiety by hydrolysation with a thioesterase. The FA product
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that is Ci6 (palmitic acid) would be elongated to Cis (stearic acid) elongase enzyme then a
sequence of desaturation reactions occurs to add double bonds to the FA structure.
Commencing with A9 desaturase would form oleic acid (18:1(9)) then followed with A12
desaturase to yield linoleic acid (18:2(9,12)).

The proposed biosynthesis of 2,3-dihydroxypropyl (9Z,12Z)-octadeca-9,12-dienoate also
trivially known as glycerol linoleate continues with an esterification reduction reaction of
linoleic acid in the presence of glycerol. Otherwise, the biosynthesis of 1,2-acetonide-3-(9,12-
octadecadienoyl) glycerol could result with the reduction of glycerol linoleate in the presence
of acetone. This will lead to the cyclization and the formation of acetonide with two methyl

substitution provided by the acetone substrate as presented in Figure 6.6A.

Finally, the proposed biosynthesis of gingerglycolipid B stereoisomer shown in in Figure 6.6B
could be accomplished by glycosylation of glycerol linoleate with uridine diphosphate (UDP)-
galactose in the presence of UDP-glycosyltransferases (Hori et al., 2016). This step will be
done twice to add two galactose units attached to the terminal hydroxyl group of the glycerol

moiety.
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Figure 6.6A: Proposed biosynthetic pathway of linoleic acid and its derivatives isolated
from D. salina grown on malt extract broth and oat solid media, respectively. (adapted from
Akpinar-Bayizit, 2014 and Gajewski et al., 2017)
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Figure 6.2-B: Proposed biosynthetic pathway of linoleic acid and its derivatives isolated
from D. salina grown on malt extract broth and oat solid media, respectively.

6.2.3 Proposed biosynthetic pathway of turnagainolide A

Cyclic peptides are compounds composed of two or more amino acids. Cyclic peptides are
formed from linear peptides in the presence of protease-like enzymes (Barber et al., 2013).
Protease-like enzymes will push the interaction between the NH, and COOH backbone of a
linear peptide (Barber et al., 2013). The proposed biosynthetic pathway of turnagainolide A
involves the preliminary formation of a linear peptide composed of four amino acids (Val-lle-
Ala-Val) via a messenger-RNA translation. This is followed by an esterification reduction
reaction with (E)-3-hydroxy-5-phenylpent-4-enoic acid (HPPE) between the COOH end of the
valine (Val-1) of the linear backbone and the hydroxyl group at position a, as illustrated in
Figure 6.7. Then an amide linkage is formed between the NH> of the second valine (Val-2) of
the linear backbone with the hydroxyl group of HPPE at position a’. These two interactions

will cause the cyclization and formation of turnagainolide A
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Figure 6.7: Proposed biosynthetic pathway of turnagainolide A isolated from D. salina
grownon oat solid media.

6.3 Significance of anti-biofilm activity

Biofilms are multi-microbial communities enclosed or protected by a polymeric matrix
synthesised by these microbes. The attachments of these communities can be either on a biotic
or abiotic surface (Miquel et al., 2016). These bacterial communities express phenotypes with
an adherent planktonic counterparts to aid the colonization of new surfaces and to overcome
any exogenous stress produced by anti-infective agents (Donlan and Costerton, 2002,
Macfarlane and Dillon, 2007). Such microbial communities can be either beneficial or
detrimental for humans depending on the species responsible for producing these biofilms and
their localization, which could be environmental, industrial or biomedical (Miquel et al.,
2016). Usually, microbial communities colonising on certain environmental niches such as in
a marine coastline or on the surface of a microorganism can be considered beneficial if the
colonies are not damaging to the organism and its environment. While bacterial colonization
on medical or industrial devices (especially those employed for the food industry) are a

detrimental to human utilisation. According to the National Institute of Health, 75% of
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microbial infections are caused by biofilm forming microbes. Nevertheless, some bacterial
colonization that leads to biofilm formation in the in healthy people like those that occur in an
intestinal microbiota have been beneficial resulting to protection and functional roles as in
homeostasis (Wrzosek et al., 2013, Miquel et al., 2016). However, this beneficial colonization
of a microbiota could be imbalanced in a diseased-state, which could be detrimental to an
individual’s health (Martin et al., 2014).

Biofilms are ubiquitous while most micro and macroorganisms like bacteria, fungi, algae,
protozoa and viruses can cling on surfaces and enhance their adherence by forming biofilms
(Wingender and Flemming, 2011). Biofilms produced by pathogenic bacteria like Klebsiella
pneumoniae have been extensively and well documented especially due to their increase
infections (Donlan and Costerton, 2002, Wingender and Flemming, 2011). These biofilms
forming pathogenic bacteria are responsible for mild but chronic infectious diseases such as
osteomyelitis, otitis media, and periodontitis, as well as in dental caries (Costerton et al., 1999).
While pulmonary infections such as cystic fibrosis is also one of the more chronic cases
(Miquel et al., 2016). In addition, biofilms can results in opportunistic infections in the urinary
tract, lower respiratory tract, and surgical site infections and bacteraemia, and mostly when
invasive medical devices are being used (Miquel et al., 2016). The main concern on infections
caused by biofilm-forming bacteria are the clinically-associated complications with sessile
bacterial cells that are inherently recalcitrant to antimicrobial agents (Lebeaux et al., 2014).
Several factors are responsible for resistance associated with biofilm formation that include
density and physiological state of the cells as well as some physical structural related issues
(Miquel et al., 2016). Biofilms are exopolysaccharide and extracellular DNA matrix forming a
barrier between bacterial cells and antibiotics (Miquel et al., 2016). This barrier has a various
effects on antibiotic penetration (Miquel et al., 2016). Usually, the penetration of tetracyclines,
rifamycins, fluoroquinolones, and daptomycin is better than those of beta-lactams,
aminoglycosides, and glycopeptides (Stewart et al., 2009, Singh et al., 2010, Cha et al., 2011,
Doroshenko et al., 2014). Furthermore, the micro-environment produced by the aggregation of
biofilms like an acidic pH and low oxygen level can have a major effect on antibiotic activity
(Siala et al., 2014). Bacterial cells within biofilms are metabolically less active than planktonic
cells that antimicrobial agents targeting macromolecular synthesis, like beta-lactams and

quinolones, have less activity on bacterial cells (Xie et al., 2005, Mascio et al., 2007).

Two types of antibiofilm classes namely; synthetic and natural products, have been used to

overcome biofilm formation depending on the localization capacity of the biofilm.
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Synthetic type of antibiofilm agents:

1-

Non-thermal Plasma (NTP) Technology: depending on the unique state of matter of the
plasma resulting from rapid ionization of gas such as nitrogen through extremely high
temperatures or high-voltage electricity (Scholtz et al., 2015). NTP exert antimicrobial
activity with low toxicity and absence of residual toxic compounds, which makes it a
promising biofilm decontamination tool, especially for food and biological materials
(Ermolaeva et al., 2015).

Photodynamic Substances: photodynamic therapy against microorganisms has three
major components that includes light, an oxygen source and a photosensitizer (Miquel
etal., 2016). Light excites the photosensitizer, which will cause the production of active
oxygen species that will oxidise biomolecules and would lead to cell damage and death
(Hamblin and Hasan, 2004).

Natural products:

Natural source is providing the world with a wide diverse bioactive compounds with

diverse chemical structure. Plants and microbial source of active antibacterial compounds

have been extensively studied due to the emergence of microbial resistance (Strobel, 2003,
Ncube et al., 2008).

1-

2-

Plant products: plants are considered to be a huge source of bioactive compounds
(Miquel et al., 2016). Some plants contain antibiofilm secondary metabolites with the
ability to inhibit bacterial growth, interrupt quorum sensing and/or prevent bacterial
adhesion (Husain et al., 2015).

Microorganism-derived biofilm inhibitors: the high competition between different
microorganisms within a biofilm is affected by ecological and evolutionary parameters
(Rendueles and Ghigo, 2015).

Antibiofilm compounds from marine sources.

As shown in Table 6.1, many antibiofilm compounds were isolated from marine sources and

were found to be active against either biofilm-forming bacteria or fungi (Jiang et al., 2011,
Sayem et al., 2011, Arai et al., 2013, Salta et al., 2013, Scopel et al., 2014, Busetti et al., 2015,
Estrela and Abraham, 2016).
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Table 6.1: List of active antibiofilm compounds isolated from marine environment. Structures of

compounds are illustrated in Figures 6.8-A and -B

Bioactive compounds isolated from bacterial source

Source Compound Reported activity on
Bacillus licheniformis a-D-galactopyranosyl-(1—2)-glycerol- Escherichia coli and
phosphate Pseudomonas fluorescens
Vibrio sp. QY101 Exopolysaccharide A101 Pseudomonas aeruginosa
FRD1
Bioactive compounds isolated from fungal source
Emericella variecolor ophiobolin K Mycobacterium bovis
Emericella variecolor 6-epi-ophiobolin Mycobacterium smegmatis
Unidentified fungus mevalonolactone Staphylococcus epidermidis
Penicillium sp cyclo(L-Tyr-L-Leu) Staphylococcus epidermidis
Penicillium commune cyclo(L-Leu-L-Pro) Staphylococcus aureus
Cladosporium sp. cyclo-(L-Phe-L-Pro) Loktanella hongkongenis,
Micrococcus luteus and
Ruegeria sp.
Cladosporium sp. cyclo-(Val-Pro) Loktanella hongkongenis
Aspergillus flavipes flavipesin A Staphylococcus aureus and

Bacillus subtilis

Bioactive compounds isolated from algae source

Chondrus crispus usnic acid Cobetia marina and
Marinobacter
hydrocarbonoclasticus

Chondrus crispus juglone Cobetia marina and
Marinobacter
hydrocarbonoclasticu
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Figure 6.8A: Chemical structure of bioactive compounds isolated from marine source against

biofilm-forming microbes.
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Figure 6.8-B: Chemical structures of bioactive compounds isolated from marine source against
biofilm-forming microbes.

Biofilm formation in microbes is determined by their cell density and coordinated by
population behaviour (Estrela and Abraham, 2016). This is controlled by small molecules
(Figure 6.9) released by microbes to the environment to act as an autoinducer to start the
formation of biofilm (Camilli and Bassler, 2006). Once the autoinducers reaches the threshold,
microbes will start producing virulence factors for intracellular communication (Estrela and
Abraham, 2016). This kind of intracellular communication used by many microbes is called
quorum sensing (Schauder and Bassler, 2001). To date, more than 100 different inducers are
known to be used by bacteria, archaea and fungi for quorum sensing (Estrela and Abraham,
2016).
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Figure 6.9: Some compounds responsible for quorum sensing in biofilm-forming microbes.
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Due to the complications associated with biofilm formation by bacteria, several approaches
have been developed like the search for novel antibiotics that have the ability to penetrate the
biofilm layer or disrupt quorum sensing communication to enhance the penetration of
antibiotics through biofilms formed by the bacteria (Zhu and Kaufmann, 2013, Worthington
et al., 2014, Wright, 2014). Mevalonolactone is a simple terpene compound isolated from an
unidentified endophytic fungi derived from Mycale magnirhaphidifera reported to show
biofilm modulating activity to prevent the formation of biofilm by S. epidermidis (Scopel et
al., 2014). Three novel sesterterpene compounds, namely; ophibolin K, 6-epi- ophibolin K and
6-epi- ophibolin G isolated from the fungus Emericella variecolor, found to exhibit antibiofilm
activity with MBEC range of 4.1 to 65 uM against Mycobacterium smegmatis (M. smegmatis)
and M. bovis (Arai et al., 2013). However, these three compounds did not exhibit any
antimicrobial activity. Small peptides isolated from various marine fungi have also played a
major rule in antibiofilm activity. Examples of these small peptides are cyclo(L-Phe-L-Pro)
produced by by Rosellinia necatrix and cyclo(L-Tyr-L-Pro) produced by Alternaria alternate,
which were found to exhibit antibiofilm activity by interfering with quorum sensing of some
bacteria and inhibiting the action of acyl-homoserine lactones (Chen, 1960, Stierle et al., 1988,
Ryan and Dow, 2008). Cyclo(I-Tyr-I-Leu) is another small peptide produced by an endophytic
Penicillium sp. from Axinella corrugata was found to inhibit biofilm formation by S.
epidermidis (Scopel et al., 2013). Dipeptides cyclo(l-Leu-I-Pro), cyclo-(Phe-Pro) and cyclo-
(Val-Pro) that were also isolated from marine fungi were also found to be active against biofilm
forming bacteria (Qi et al., 2009, Diblasi et al., 2015). Cyclo(l-Leu-I-Pro) was isolated from
Penicillium commune and found to be antibacterial against biofilm-forming S. aureus (Diblasi
et al., 2015). Additionally, cyclo-(Phe-Pro) and cyclo-(Val-Pro) form Cladosporium sp., were
also active against biofilm-forming Loktanella hongkongenis (Qi et al., 2009). Furthermore,
cyclo-(Phe-Pro) was found to be active as an antimicrobial compound against Micrococcus
luteus and Ruegeria sp (Qi et al., 2009). Flavipesin A is another antimicrobial compound
produced by the endophytic Aspergillus flavipes from the mangrove plant Acanthus ilicifolius
(Bai et al., 2014). Flavipesin A was able to penetrate the mature biofilms of S. aureus and B.
subtilis to exert its antimicrobial activity (Bai et al., 2014). These compounds are
polyhydroxylated polyketide or polyoxygenated compounds, which mainly disrupts the
biofilm layer (Estrela and Abraham, 2016). Some of these compounds have both antibiofilm
with antimicrobial activity, while some will only have antibiofilm activity, which indicates the
need for these compounds to be used in combination with other antimicrobial compounds.

Moreover, antibiofilm compounds especially; ophiobolin K, 6-epi- ophiobolin K and 6-epi-
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ophibolin G, possess aliphatic chains with a small degree of unsaturation, which could be a
primary part of its chemical structural system that could be required to exhibit antibiofilm
activity. When comparing some of the examples of antibiofilm compounds mentioned in
Figures 6.8-A and 6.8-B with those isolated from D. salina, there could be basic structural
similarity of some compounds such as usnic acid and juglone with orsellinic acid. orcinol (F4-
1A and B, respectively), and 2,5-dihydroxy-3-(hydroxymethyl)benzoic acid (F4-6 and F2-2-
2). Furthermore, 1,2-acetonide-3-(9Z,12Z- octadecadienoyl)glycerol (F3-1), and glycerol-3-
O-[D-galactopyranosyl-(1—6)a-D-galactopyranoside linoleate (F10-8) could be related to
farnesylacetate and geranilinalool as well as a quorum sensing compound 3-
hydroxytetradecanoic acid (Figure 5.9). Additionally, the bioactivity of turnagainolide A (F10-
2) could be compared to dipeptides shown in Figure 6.8-B (Qi et al., 2009, Scopel et al., 2013,
Diblasi et al., 2015).

Amongst these isolated antibiofilm compounds, the isolated phenolic acid compounds
displayed the least potent antimicrobial activity. The predicted biological activity of these
compounds could have resulted from the interference with autoinducers or compounds
responsible for quorum sensing due to structural similarity (Zhu and Kaufmann, 2013,
Worthington et al., 2014). This can either lead to prevent microbes to form their biofilms or

disrupt the already formed biofilms.

326 |Page



7 General Conclusion, Future Work, and Recommendations

The primary aim of this project is to isolate antimicrobial-active metabolites against biofilm-
forming bacteria from marine endophytic fungi obtained from the Scottish Ayrshire coast. This
section would summarise the result chapters: 3, 4 and 5. The objective was to determine the
antimicrobial activity of fungal extracts against both biofilm-forming S. aureus and P.
aeruginosa via AlamarBlue® and planktonic assays. The possible bioactive discriminating
metabolites were pinpointed through a metabolomics approach and the known metabolites
were identified through a dereplication EXCEL MACRO coupled with the DNP database
(Macintyre et al., 2014). Fungi that afforded antimicrobial-active extracts were taxonomically

identified by ITS gene sequencing. These fungi included Dendryphiella salina (D. salina),
Hypoxylon rubiginosum (H. rubiginosum), and Mariannaea elegans (M. elegance) and
Galactomyces candidum (G. candidum). However, G. candidum did not produce enough
extract yield and was discontinued for further scale-up and isolation work.

The three good-yielding, antimicrobial-active fungi; D. salina, M. elegance, and H.
rubiginosum; were then further optimised on nine different media namely, malt extract (ME)
broth with and without sea salt, Wickersham broth with and without sea salt and marine broth
as liquid media. For solid media, rice and oat with and without sea salt were employed.
According to the AlamarBlue® and planktonic assay results, in addition to the uniqueness
chemical profiles of the various fungal extracts determined by multivariate analysis; D. salina
incubated for 30 days at 27C° on malt extract with sea salt and oat media without sea salt were
chosen for the scale-up experiments. Both fungal extracts inhibited bacterial growth at greater
than 90%. The extract obtained from D. salina grown on malt extract gave an MIC of 20 and
17.5 pg/ml and MBEC of 19.7 and 16.8 pg/ml against S. aureus and P. aeruginosa,
respectively. While the D. salina extract derived from the oat media exhibited an MIC of 17.3
and 21.1 ug/ml and MBEC of 19.7 and 19.4 pg/ml against S. aureus and P. aeruginosa,
respectively. Inspection of the chemical profiles of the two fungal extract revealed that they
were quite different. Dereplication study revealed that the fungal extract derived from the oat
media afforded a higher concentration of non-polar compounds, included long unsaturated
alkyl chains and steroids. The fungal extract obtained from the malt extract broth showed the

occurrence of low MW compounds originating from the polyketide pathway.

The scaled-up crude extracts of D. salina were subjected to solvent partitioning with n-hexane

and EtOAc to remove lipids and small fatty acids from the respective extracts. The EtOAc
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extracts exhibited antimicrobial activity and were further fractionated by MPLC. The EtOAc
extract derived from malt gave an average bacterial growth inhibition of 93% while the extract
obtained from the oat media exhibited an average of 99% inhibition, both at a concentration of
100pg/ml.

The MPLC fractions were again assayed, and the antimicrobial-active fractions were chosen
for further purification work. Outlying bioactive fractions did represent a unique chemical
profile as established by multivariate analysis and were given priority for further analysis. In
this case, this was Faction-6 from the extract derived from the malt extract with an average
bacterial growth inhibition of 99% at 100g/ml and a fraction yield of 65mg. However, due to
the complexity of its chemical profile in terms of the occurrence of a higher number of
components, Fractions-2 and -4 with comparable potencies to Fraction-6 and with a smaller
number of components were chosen for purification work. Despite this, Fraction 2 yielded the
inactive linoleic acid while the target antimicrobial compound remained in the neighbouring
sub-fraction. Alternatively, compounds F4-1 and F4-6, were isolated from Fraction-4. Both
compounds found with a MW of 168 and 184 Da were found on the active quadrant of the
OPLS-DA plot. F4-1 was identified as orsellinic acid and was amongst the top 10 VIP
metabolites predicted for antimicrobial activity. Orsellinic acid was isolated as a mixture
together with its close derivative orcinol. F4-6 was elucidated as 2,5-dihydroxy-3-
(hydroxymethyl) benzoic acid and a congener of orsellinic acid. Nevertheless, F4-6 did not
have any matching hit from the SCiFinder library database and is plausibly a new compound.
Hypothetically, F4-6 could also be the oxidised congener of the target ion peak P_2626 found
at m/z [M+H]+ 185.080 Da (MW = 184.0736) for CoH120s.

On the other hand, Fraction-5 was the outlier and most active fraction from D. salina extract
obtained from oat media. It had a relatively good yield of 94mg but the most complex chemical
profile amongst the active fractions. However, due to a stroke of instrument misfortune, the
sample was lost, and no further work could be achieved. Albeit windfall, isolation work was
continued on active Fractions-2, -3, and -10. Fraction-10 was the highest yielding fraction and
had a relatively comparable bioactivity to Fraction-5. Five compounds; F2-2-2, F3-1, F3-3,
F10-2 and F10-8; were isolated from D. salina grown on oat media without sea salts. F2-2-2
was identical to F4-6. Despite the difference in chemical profiles between the two fungal
extracts, it seems that there was still the incidence of a common metabolite in the two extracts.
F3-1, F3-3, and F10-8 were elucidated as glyceryl linoleate derivatives; 1,2-acetonide-3-(9,12-
octadecadienoyl)glycerol, 1-O-(9Z,12Z-octadecadienoyl)glycerol, and glycerol-3-O-[D-
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galactopyranosyl-(1—6)a-D-galactopyranoside] linoleate, respectively. D. salina seems to
upregulate the further derivatisation of linoleic acid when incubated in the oat media without
sea salt, which was alternatively downregulated when the fungus was grown in malt extract
with sea salt. F3-1 along with F2-1 (linoleic acid) were both found in the inactive quadrants of
the OPLS-DA plots. F10-8 was identified as a new stereoisomer of gingerglycolipid B. F10-2
was elucidated as the antimicrobial turnagainolide A, earlier described from marine-derived
Bacillus and encoded from a silent biosynthetic gene of a marine sediment-derived fungus

Microascus (Vervoort et al., 2011).

MIC and MBEC were determined for all the isolated compounds. F10-2 (turnagainolide A)
and F10-8 (gingerglycolipid B stereoisomer) displayed the highest antimicrobial activity
against both biofilm-forming S. aureus and P. aeruginosa with MIC and MBEC values
between 45 and 75 uM concentrations. F2-1 and F3-3, which were identified as linoleic acid
and its glycerol congener were both rendered inactive with MIC and MBEC values of greater
than 100 pg/ml. Moreover, it is noteworthy mentioning in line with structure-activity
relationships of the isolated linoleate congeners, the glycolipid F10-8 was the most active while
the acetonide congener F3-1 was less active with MIC and MBEC values between 75 and 145
uM concentrations. On the other hand, the isolated phenolic compounds were less active with
MIC and MBEC values between 145 and 360 uM concentrations.

Due to the Covid-19 situation and the national lockdown associated with the pandemic, it was
not possible to perform further physical analytical experiments that need to be done outside of
the institute. Because of travel limitation and Covid-19 rules, this prevented the submission of
samples to another institution for further analysis. This includes the measurement of optical
rotation for the isolated glyceryl linoleate derivatives. F10-8 was elucidated as a stereoisomer
of gingerglycolipid B with a different stereochemistry at the gycerol unit, so further

derivatisation experiment will be needed for this compound as well.

My future work will be based on the following six further research questions hypothetically
based on evidence from my current PhD work, which | would like to develop for innovative
applications that could be corroborated to my scientific career plans in my country. Part of this
future work would involve collaboration with my PhD supervisors working on Scottish
Seaweeds, which would as well require signing a Material Transfer Agreement to continue part
of the work in my home University in Jordan. In parallel to this, | would be establishing my

research laboratory in Jordan using resources from my home country.
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First question: Would scaling-up the endophytic fungi, M. elegance and H. rubiginosum, on
malt extract without sea salt and rice solid media without sea salt, respectively, going to yield

novel bioactive compounds against biofilm-forming S. aureus and P. aeruginosa?

M. elegance and H. rubiginosum will be grown in a suitable media according to the media
optimisation results done in this study (Chapter 4). Extract obtained from M. elegance grown
on malt extract media would be fractionated and the antimicrobial compounds would be
targeted be employing a metabolomics approach. The antimicrobial compounds will be
elucidated using LC-HRMS and NMR that could be assisted by GC-MS if needed and optical
rotation to decide on the stereochemistry in the occurrence of chiral centres. H. rubiginosum
will be scaled up, subjected to fractionation, and bioactive compounds elucidated in the same
manner as M. elegance. This should take from 4 to 6 months depending on the availability of
the instruments and the complexity of the crude extract. The reason of starting with M. elegance
is the simplicity of the chemical profile of crude extract as determined during the media
optimisation stage, which resulted in two major compounds and few minor compounds to
target. In contract, H. rubiginosum extract showed a more complex chemical profile, which
indicated the need for more time to undergo more steps in chromatographic fractionation and

purification.

All compounds will be tested against the methicillin sensitive and biofilm forming S. aureus
and P. aeruginosa to calculate the MIC and MBEC of the isolated compounds. The structures
of the isolated compounds from D. salina, M. elegance and H. rubiginosum extracts will be
correlated with the possible mechanism of action for their antimicrobial and/or antibiofilm
activity. The biological activity of these compounds will take between 2 to 4 months depending
on the availability of the bacteria, materials like media and colouring reagents (AlamarBlue®)

and instruments (plate readers and incubators).

Second question: Would the isolated compounds from the algal endophytic fungi, D. salina,

M. elegance, and H. rubiginosum safe to use to obtain the desired biological activity in vivo?

Different concentrations of the isolated antimicrobial-active compounds would be tested on
normal cell lines. The concentration range would be paralleled to the antimicrobial activity
based on their MIC and MBEC values. Toxic concentrations will be calculated to determine
the safety of the compounds in vitro. An in vivo bioassay for the isolated compounds could be
done in Jordan using mice infected with biofilm-forming bacteria. The toxicity experiments

will take between 6 to 10 months to accomplish.
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Third question: Could D. salina, M. elegance, and H. rubiginosum be subjected to a
biotechnological industrial scale-up to target the production of the isolated antimicrobial

compounds from my PhD work as potential new drugs?

Industrial scale-up is done in a huge 500 to 50000L fermentation tanks made of double
stainless-steel jacket. These stainless-steel jackets could corrode in the presence of sea salt.
Thus, scale-up that employs sea salt-containing media will be high risk, which will have a
direct effect on the running cost of the scale-up. D. salina, M. elegance and H. rubiginosum
could only be industrially scaled-up in the absence of sea salt. Albeit, D. salina yielded more
compounds when grown in malt extract media with sea salt, D. salina cannot be industrially

scaled-up in this media.

A pilot industrial scale-up of 500L will be subjected to the same procedure of metabolomics-
guided fractionation and purification. Chromatographic fractionation will be done at a larger
scale with a larger silica column and a rational flowrate should be used to mimic the
fractionation procedure performed in the lab previously. However, at an industrial scale, the
use of larger volumes of organic is not recommendable. New chromatographic method must
be developed such as the employment of Sequential Simulated Moving Resin Beds that are
passed through lower volumes of solvent

(https://www.novasep.com/technologies/chromatography-for-large-scale-bio-industrial-

applications.html) or the use of supercritical fluid chromatography ((Schmidtsdorff et al.,

2021). As a quality control protocol to confirm the production of the targeted antimicrobial
compounds, aliquots of extracts and fractions will be assayed against methicillin-sensitive
biofilm-forming S. aureus and P. aeruginosa along with a standardised LCMS SOP.

The industrial scale-up of the production of isolated compounds should take 2 to 3 years. | or
we will need to collaborate with institutes with biotechnological and chemical process
engineering expertise. In addition, a collaboration with a biotechnological company in Scotland

like Ingenza (https://www.ingenza.com/), who are known to work with academics for

technological transfer and translation will be necessary. The latter collaboration will make it
possible to arrange the scale-up work on pilot industrial fermenters reservation. However, such
arrangements with companies will take a lot of preparation experiments that must avoid time
waste for an industrial partner because for companies “times mean money”. Such pilot
fermentation work could only be booked with the company for not more than three months.
Background experiments will need to be done in consultation with the industrial partner. The
industrial scale-up of the production of these compounds from Scottish algal endophytic fungi
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will be a future project by itself and would be done in collaboration with the country of origin
that is the UK in due process of the Nagoya Protocol and the United Nations Convention on
the Law of the Sea (UNCLOS).

Fourth question: Could the isolated compounds from algal endophytic fungi, such as D.
salina, M. elegance and H. rubiginosum, be alternatively scaled-up by chemical synthesis using

green chemistry that would be less expensive but must be ecologically friendly?

F3-1 (1,2-acetonide-3-(9,12-octadecadienoyl)glycerol and F10-8 (gingerglycolipid B
stereoisomer) are two derivatives of linoleic acid. F3-1 is already know to be chemically
synthesised. However, the challenge lies on the synthesis of the compound with a similar
stereochemistry to that biosynthetically afforded by D. salina. While chemical synthesis of
such chiral compounds could yield an end product of mixed stereoisomers, considerations must
be accounted for a stereoselective pathway. Otherwise, stereocisomeric mixtures could also be
purified by employing chiral columns, which however, would be quite expensive for a future
scale-up work and may not be economically sustainable or feasible at all.

Compound F10-8, on the other hand, entails 9 chiral centres. Thus, synthesising compound
F10-8 will be more difficult and this will depened on the availability of the galactose with a
similar stereocentre. Finally, for compound 10-2 (turnagainolides A), there is no reports about
its chemical synthesis while many peptide derivatives, even larger ones, are already known to
be scale-up by chemical synthesis. Such examples include ziconotide, an N-type calcium
channel antagonist, which is now used to treat chronic pain. Ziconotide, derived from the
conotoxin of Conus magus, with a MW of 2639 Da has 25 amino acids in its structure and is
commercially produced solely by total sysnthesis. This indicates the possibility for
turnagainolide A to be chemically synthesised as well, which could be less expensive than a

biotechnological method or fermentation.

As in the case of M. elegance, dereplication of its LC-HRMS data gave two peptides with MWs
greater than 800 Da as its major compounds. Again, the chemical synthesis of these peptides
simply depend on the commercial availability of suitable amino acids as starting material while

the synthetic pathway will follow a standard protocol for peptide synthesis.

In contrast, the chemical profile of H. rubiginosum extract is highly diverse which means the
economical success of chemical synthesis of its secondary metabolites or natural products
largely depend on the complexity of the stereochemistry of the structures of the targeted

antimicrobial compounds. Designing and accomplishing a synthetic pathway module could
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take a period between 1 to 2 years depending more on the diversity and complexity of the
compounds. This will be done in collaboration with a medicinal chemistry lab and/or a CBBD

(Computer-Based Drug Discovery) group.

Fifth question: Could the targeted antimicrobial compounds from the endophytic fungi, D.
salina, M. elegance, and H. rubiginosum be formulated to improve their biological activity

through optimum bioavailability and efficacy?

Formulation of the compounds depend on their location on the Biopharmaceutics Classification
System (BCS), which is categorised according to a compound’s solubility and permeability.
Formulation design would be achieved around the different solubility and diffusibility of the
isolated compound using various simulated media and membrane to mimic and simulate human
physiological condition. In addition, intrinsic solubility of the isolated compounds can be
measured to have an idea about the behaviour of the compounds when dissolved in water. For
the more lipophilic linoleate compounds of D. salina, which would have good permeability but
poor water solubility, could be formulated in liposomes to improve the compounds’ solubility
prior to their absorption. In contrast, hydrophilic phenolic compounds, such as orsellinic acid
and its congeners that are more water soluble, their drug formulations should be determined
by their permeability properties. Similarly, antimicrobial compounds afforded from M.
elegance and H. rubiginosum, will be subject to solubility and permeability studies to design

the best formulation to achieve their optimum bioavailability.

Biopharmaceutical studies will take from 6 to 12 months, which will be accomplished in
collaboration with research groups from Pharmaceutical Technology institutes with expertise
in Drug Delivery, like those led by Professors Y. Perrie and A. Mullen at Strathclyde

University.

Sixth question: Could endophytic fungi derived from Scottish seaweeds afford compounds

with anticancer and antidiabetic activity?

Cancer and diabetes are the leading cause of death in Jordan. According to the Ministry of
Health (MOH) report in 2009, more than one third of the deaths in Jordan are caused by cancer
illness with 14.6% while macro and micro complications associated with diabetes is 13.1%.

According to the Cancer Incidence in Jordan-2014 report, number of registered cancer cases in

! Ministry of Health Annual Statistical Book., 2011, Amman. Hashemite Kingdom of Jordan:
Ministry of Health
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Jordan from 2004 to 2014 has increased from 3591 to 5695 cases. This indicates an increase of
2004 cases in 10 years period. While the number of diabetes mellitus type two cases in Jordan
in 2020 is 702,326 with 36,941 new cases between 2019 and 2020 (Awad et al., 2020). Thus,

all these data urged the importance of finding a new promising pipeline of anticancer and

antidiabetic active compounds with higher potential to be produced commercially.

Stored fungal vouchers under glycerol in liquid nitrogen will be reinoculated in various media.
The resulting fungal extracts will be tested for anticancer activity against various cancer cell
lines by employing 2,2-diphenyl-1-picrylhydrazyl (DPPH), and AlamarBlue® assays. In
addition, a-amylase assay will be utilised to test for antidiabetic activity. Although chemical
profiles of these algal endophytic fungi have already been recorded during my PhD study,
chemical analysis using NMR and LC-HRMS must be done on the fungal extracts to quality
control the stability of the chemical profiles afforded by the endophytes after long cold storage.
Like what has been earlier established in my PhD research study, media optimisation and
chromatographic isolation procedures will be guided via a metabolomics approach on collected
spectral data of the extracts and fractions to target the bioactive compounds. Fungi yielding the
most potent bioactive extracts will be scaled-up to isolate the anticancer and antidiabetic
compounds for structure elucidation and further ECso determination. In vivo animal and/or
zebra fish assays would be performed for efficacy and cytotoxicity studies, which could be

done in collaboration with the group of Professor T. Henry of Heriot Watt University.

To date, mass sprectrometry has advanced to detect compounds at nanogram-level
concentration and mutivariate analysis was able to pick out these compounds as discriminatory

features even at their nanogram concentrations (Gowda and Djukovic, 2014). Such low-

yielding features could be used to explore and encode “silent” biosynthetic gene information
that could be exploited to increase the yield of these bioactive target metabolites (Harvey et al.,
2015).

The richness of the natural ecosystem has a major contribution on the diversity of natural
products, which has evolved today’s drug discovery approach. Albeit the occurrence of a wide
broad range of natural resources affording new natural products, their production of
biologically and pharmacologically active compounds with unique mode of action is still being

underestimated (Brakhage et al., 2011, Newman and Cragg, 2012). However, the diversity of

bioactive compounds will bring its own challenges like when replacing the biosynthetic source
organism of these potentially bioactive compounds with other host producers (Reen et al.

2015). Thus, providing a closed system production pipeline, isolation of secondary metabolites
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from living organisms need a full and detailed understanding of the organism’s physiological

and environmental features (Reen et al., 2015). The occurrence of biosynthetic gene clusters

(BGCs) provides organisms the capacity to synthesise and yield small molecules within
discrete localized sections of the microbial genome (Reen et al., 2015). BGCs consist of

repeating units or molecules controlling the biosynthesis of the final chemical structure of a

secondary metabolite (Reen et al., 2015). The chemical diversity of natural products would

result from the variation in number and order of these units incorporated to a certain molecular

structure (Berti et al., 2007). Despite the advances in culturing technologies of these various

producer organisms, the number of biosynthetic genes in many organisms still greatly
outnumbers the known metabolites already described from these respective organisms (Berti

et al., 2007) indicating the existence of unexpressed “silent genes”. The development of

innovative approaches to stimulate the production of unknown or novel secondary metabolites

from these cryptic systems of “silent genes” is currently the key challenge (Reen et al., 2015).

Endophytic fungi like D. salina, M. elegance, and H. rubiginosum could be subjected to
different cultivational approaches like OSMAC (One Strain Many Compounds), environmental
cues and co-cultivation or molecular approaches like ribosome engineering, activator
awakeners or elicitors, deleting suppressors and artificial promoters to activate such silent
genes to increase the production of a targeted compounds and/or increase the chemical diversity
of bioactive compounds as presented in Figure 7.1. This will need intensive collaboration with
groups working with molecular biology and gene clustering to improve the identification of
the silent genes and activate them by a suitable approach. This would envisage collaborative
work with Professor A Dobson (Cork University in Ireland) and/or the Alberti Lab at the
University of Warwick who works with the biosynthesis of terpenoid natural products from
fungi. | would aim to get a postdoc position in such research teams to learn new skills and

aspects of drug discovery.

In parallel, my home country Jordan has the deepest point on earth which is the Dead Sea. This
place is a protected marine environment with high concentration of salts. The studies on the
Dead Sea microorganisms are very limited especially regarding the chemical profile of these
species. Thus, due to the high salinity of the Dead Sea, its environment is a very promising
source of novel microorganisms that would be potential producers of unique secondary
metabolites. The ecological system of the Dead Sea will cause stress on its thriving
microorganisms, which could lead to genetical changes to adapt to its challenging environment

and cause the possible production of unique secondary metabolites.
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“This means one species many compounds™
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targeted compound production by the

Figure 7.1: Schematic diagram representing the integration of molecular and cultivational
approaches on silent gene cluster to increase the biodiversity and the yield of the produced
compounds (Reen et al., 2015).
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9 Appendix

@ Load your sample and press the measure button.
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Figure 9.1: Nanodrop spectroscopy for the calculation of D. salina DNA concentration.
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sequence; and internal transcribed spacer 2, partial sequence
Sequence ID: DQ307322.1 Length: 541 Number of Matches: 1

Range 1: 16 to 539 GenBank Graphics

Score Expect Identities Gaps Strand
968 bits(524) 0.0 524/524(100%) 0/524(0%) Plus/Plus
Query 2 CTCATCTCGGTGGGGGCTCCAGCTTGTCTGAATTATTCACCCATGTCTTTTGCGCACT 61
_ |||||||||||||\||||\||||||||||||||||\||||\||||||||||\|||H|||
Sbjct 16 CTCATCTCGGTGGGGGCTCCAGCTTGTCTGAATTATTCACCCATGTCTTTTGCGCACT 75
Query 62 TTGTTTCCTGGGCGGGTTCGCCCGCCACCAGGACCC AACCETTTTLTGTAA 121
_ |||||||||||||\||||\||||||||||||||||\||||\||||||||||\|||H|||
Shjct 76 TTGTTTCCTGGGCGGGTTCGCCCGCCACCAGGACCC AACCTTTTTTTGTAA 135
Query 122 GCAATCAGCGTCAGTAAACAATGTAATTATTACAA AACGGATCTCTTGGT 181
. |||||||||||||\||||\||||||||||||||||\||||\||||||||||\|||H|||
Sbhjct 136 GCAATCAGCGTCAGTAAACAATGTAATTATTACAA AACAACGGATCTCTTGGT 195

Query 182 CTGGCATCGATGAAGAACGCAGCGAAATGCGATACGTAGTGTGAATTGCAGAATTCAGTG 241

Sbjct 196 CTGGCATCGATGAAGAACGCAGCGAAATGCGATACGTAGTGTGAATTGCAGAATTCAGTG 255

Query 242 AATCATCGAATCTTTGAACGCACATTGCGCCCTTTGGTATTCCAAAGGGCATGCCTGTTC 381

Sbjct 256 CATCGAATCTTTGAACGCACATTGCGCCCTTTGGTATTCCAAAGGGCATGCCTGTTC 315

Query 302 GAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGGCGTCTTTGTCTCTCACGAGAC 361

Sbjct 316 GAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGGCGTCTTTGTCTCTCACGAGAC 375

Query 362 TCGCCTTAAAATGATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACAATCTTGCACT 421

Sbjct 376 CCTTAAAATGATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACAATCTTGCACT 435
Query 422 TCTGATCAGCCATGGTTGAGCATCCATCAAGACCACATTTTTCTCACTTTTGACCTCGGA 481
ettt o
Query 482 TCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGA 525

Sbjct 496 TCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGA 539

Figure 9.2: D. salina identification using NCBI blast database.

Mwohiel\asa\inastrainTUBSden92intemaltranscribedsoacerW‘Dartialseuuence; 0.65 rioosomal RNAqen.. Paradendryphiell. %8 %6 9%% 00 10000% 41

l Dendrypiella salina strin TUBS Dendl) intemal irenserbed spacer 1 partal sequence: 5,89 nbosomal RNAqen... Paradendryofil.. %68 968 9% 0.0 10000% 533

Mwohiel\asa\inaslrainTUBS Dan8 internaltranseribed spacer 1, pariial saquence; 5,65 rioosomal RNAqen.. Paradendrhiell. %68 %68 99% 00 100.00% 539

MWDhieHasa\inaslrainTUBS Den6? interaltranseribed spacer 1, partial sequence; 5,65 ioosomel RNAqen. Paradendryphiell. %68 %68 99% 0.0 100.00% 53

Mwohiel\asa\inaslrainTUBS Den’3 intemal franseibed spacer 1, partal sequence: 585 nbosomal RNAqen... Paradendryphiell. 966 %8 9%% 00 10000% 340

Mwohiel\aarenariast[ainTUBS DendT inteml transcobed spacer 1 partial sequence: 565 rbosomal RNA ... Paradendrypniel. %8 968 9% 00 10000% 52

Mwohiel\aarenariasUainTUBS Dend? intemal transcnbed spacer 1, partial sequence: 9.5 rbosomal RNA ... Paradendrypfiell.. %8 968 9% 00 10000% 543

Mwohiel\asa\inastrainTU8821 Itemal transcribed spacer 1, partial sequence: 9.85 rbosomal RNAgene ¢... Paradendryphiell.. %68 %66 9%% 00 10000% 933

Mwohiel\asa\inaslrainTUBSWntemaltranscribed spacer 1 partal sequence: 585 ibosomal RNAgene. .. Paradendnohiell . %68 %8 39% 00 10000% 544

Dendryphiella salina strain TUBS 09 infemal transcribed spacer 1, partial sequence: 9,85 rbosomal RNA gene ¢ .. Paradendryphiell.. %8 %68 9% 00 10000% o1
Figure 9.3: Blast results of the processed ITS sequenced using FinchTV
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Figure 9.4: AlamarBlue® and planktonic assay results of fraction 2 subfractions of D. salina
grown on malt extract broth against both biofilms forming S. aureus and P. aeruginosa.
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Figure 9.5: AlamarBlue® and planktonic assay results of fraction 4 subfractions of D. salina
grown on malt extract broth against both biofilms forming S. aureus and P. aeruginosa.
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Figure 9.6: AlamarBlue® and planktonic assay results of fraction 2-2 subfractions of D.
salina grown on Oat solid media against both biofilms forming S. aureus and P. aeruginosa.
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Figure 9.7: AlamarBlue® and planktonic assay results of fraction 3 subfractions of D. salina
growing on Oat solid media against both biofilms forming S. aureus and P. aeruginosa.
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Figure 9.8: AlamarBlue® and planktonic assay results of fraction 10 subfractions of D.
salina growing on Oat solid media against both biofilms forming S. aureus and P.
aeruginosa.
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Figure 9.9: MIC and MBEC results of compound F2-1, F4-1 and F4-6 isolated from D.
salina growing in Malt extract broth against both biofilms forming S. aureus and P.
aeruginosa.
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Figure 9.10: MIC and MBEC results of compounds F3-1, F3-3, F10-2 and F10-8 isolated
from D. salina growing in oat solid media against both biofilms forming S. aureus and P.
aeruginosa.
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Figure 9.11: Gentamicin MIC and MBEC results against biofilm forming S. aureus and P.
aeruginosa. Gentamicin used as a positive control.
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