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followed by those incubated at 15 and 30 days, respectively.
differences are highlighted in bluexes

Figure 4.26

Stacked'H NMR spectra of fungal extracts obtained from rice media
(A) and without sea salBj. Spectrum 1 at the bottom of each of the si
represents the blank followed by those incubated at 15 and 30
respectively. The diérences are highlighted in blue boxes

Figure 4.27

Stacked'H NMR spectra of fungal extracts obtained from oat media
(A) and without sea salBj. Spectrum 1 at the bottom of each of the si
represents the blank followed by thoseubated at 15 and 30 day
respectively. The differences are highlighted in blue baxescircles.

Figure 4.28

Percentage bacterial inhibition of biofilmforming S. aureus
with100pug/mL of M. eleganceextracts obtained from various:. liquid
andB: solid media.

Figure 4.29

Percentagebacterial viability of biofilmforming P. aeruginosawith
100pg/mL ofM. eleganceextracts obtained from variods liquid andB:
solid media.

Figure 4.30

Percentageiofilm inhibition of biofilm-forming S. aureusvith100pg/mL
of M. elegancextracts obtained from varioés liquid andB: solid media.

Figure 4.31

Percentage biofilm inhibition of biofilm-forming P. aeruginosa
with100ug/mL of M. eleganceextracts obtained from various:. liquid
andB: solid media.

Figure 4.32

MIC results of activeM. eleganceextracts agains$. aureusA: MIC of

M. elegancgrowingmalt extracts without sea salt, B: MICMf elegance
growing on malt extracts with sea salt, C: MIQwfeleganceyrowing on
oat extracts whout sea salt, and D: MIC &4. elegancegrowing on oat
extracts with sea salt.

Figure 4.33

MIC results of activeM. elegancesxtracts againg®. aeruginosaA: MIC
of M. elegancegrowing malt extracts without sea salt, B: MIC bf.
elegancegrowing onmalt extracts with sea salt, C: MIC bf. elegance
growing on oat extracts without sea salt, and D: MIQvbfelegance
growing on oat extracts with sea salt.

Figure 4.34

MBEC results of activ®l. eleganceextracts agains$. aureusA: MIC of
M. elegancgrowingmalt extracts without sea salt, B: MICMf elegance
growing on malt extracts with sea salt, C: MIQwfeleganceyrowing on
oat extracts without sea salt, and D: MICMf elegancegrowing on oat
extracts with sea salt.
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Figure 4.35

MBEC results of activéVl. eleganceextracts againgd®. aeruginosaA:
MIC of M. elegancegrowingmalt extracts without sea salt, B: MIC ldt
elegancegrowing on malt extracts with sea salt, C: MICMf elegance
growing on oat extracts witl sea salt, and D: MIC dfl. elegance
growing on oat extracts with sea salt.

Figure 4.36

PCA scatter plot of NMR spectral data Mt elegansextracts obtainet
from various growth media incubated at 15 and 30 days.

Figure 4.37

OPLSDA scatter A) andloading 8) plots of the NMR spectral data
M. elegansextracts obtained from various growth media incubated &
and 30 days. Extracts were classified according to their antimicr
activity against both biofilaforming S. aureusandP. aeruginosa

Figure 4.38

PCA scatter plot obtained from LEBRMS data ofM. eleganceextracts
obtained from various media incubated for 15 and 30 days.

Figure 4.39

OPLSDA scatter plot of LEHRMS data oM. elegansextracts obtaine(
from various media incubated at 15 and 30 days. Extracts were gr
according to their antimicrobial activity against both bioffionming S.
aureusandP. aeruginosa

Figure 4.40

OPLSDA loadings plot of LEHRMS data oM. elegan®xtracts obtainec
from various media incubated at 15 and 30 days. Group of discrimir
features for antimicrobial active extracts is encircled in red.

Figure 4.41

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

Figure 4.42

Histogram of extract weights &f. rubiginosunobtained from variousX)
liquid and B) solid media incubated for 15 and 30 days.

Figure 4.43

Stacked'H NMR spectra oH. rubiginosumextracts obtained from ma
extract liquid media withA) and without sea salBj. Spectrum 1 at th
bottom of each of the stack represents the blank followed by

incubated at 15 and 30 days, respectively. The diffeseaehighlighted
in blue boxes

Figure 4.44

Stacked!H NMR spectra ofH. rubiginosumextracts obtained fron
Wickershamiquid media with A) and without sea salBj. Spectrum 1 a
the bottom of each of the stack represents the blank followatdse
incubated at 15 and 30 days, respectively. The differences are highl
in blue boxes

Figure 4.45

StackedH NMR spectra of. rubiginosumextracts obtained from marir]
broth media. Spectrum 1 at the bottom of the stack representatiie
followed by those incubated at 15 and 30 days, respectively.
differences are highlighted in blue boxes

Figure 4.46

Stacked'H NMR spectra oH. rubiginosumextracts obtained frorrice
media with A) and without sea salBj. Spectrum 1 ahe bottom of eacl
of the stack represents the blank followed by those incubated at 15 {
days, respectively. The differences are highlighted in blue boxes

Figure 4.47

Stacked'H NMR spectra oH. rubiginosumextracts obtained frornat
media with A) and without sea salBj. Spectrum 1 at the bottom of ea

15| Page



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

Figure 4.48

Percentagebacterial inhibition of biofin-forming S. aureus with
100pg/mL ofH. rubiginosumextracts obtained from varioés liquid and
B: solid media.

Figure 4.49

Percentagébacterial inhibition of biofilmforming P. aeruginosawith
100pg/mLH. rubiginosumextracts obtained from varioés liquid andB:
solid media.

Figure 4.50

Percentagbiofilm inhibition of biofilm-forming S. aureusvith 100ug/mL
of H. rubiginosumextracts obtained from various: liquid andB: solid
media.

Figure 4.51

Percentagebacterial inhibition of biofilmforming P. aeruginosawith
100pg/mLH. rubiginosumextracts obtained from varioés liquid andB:
solid media.

Figure 4.52

MIC results of antibacteriddl. rubiginosumextracts agains$. aureusA:

MIC of H. rubiginosungrowingrice media without sea salt, B: MIC &t

rubiginosum growing on rice media with sea salt, C: MIC #f.

rubiginosumgrowing on oat extracts without sea salt, and D: MIGi0
rubiginosumgrowing on oat extracts with sea salt.

Figure 4.53

MIC results of antibacteridd. rubiginosunextracts again®. aeruginosa
A: MIC of H. rubiginosungrowingrice media without sesalt, B: MIC of
H. rubiginosumgrowing on rice media with sea salt, C: MIC Hf
rubiginosumgrowing on oat extracts without sea salt, and D: MIGi0
rubiginosumgrowing on oat extracts with sea salt.

Figure 4.54

MBEC results obtained from antibagtdH. rubiginosumextracts agains
S. aureudby planktonic assayA: MIC of H. rubiginosumgrowing rice
media without sea salt, B: MIC &f. rubiginosumgrowing on rice mediz
with sea salt, C: MIC oH. rubiginosumgrowing on oat extracts withot
sea saltand D: MIC ofH. rubiginosumgrowing on oat extracts with sg
salt.

Figure 4.55

MBEC results obtained from antibactertl rubiginosumextracts agains
P. aeruginosaA: MIC of H. rubiginosunmgrowingrice media without se
salt, B: MIC ofH. rubiginosumgrowing on rice media with sea salt,
MIC of H. rubiginosumgrowing on oat extracts without sea salt, and
MIC of H. rubiginosungrowing on oat extracts with sea salt.

Figure 4.56

PCA scatter ploof proton NMR spectral data &f. rubiginosumextracts
obtained from various media incubated for 15 and 30 days.

Figure 4.57

OPLSDA scatter A) and loadingsR) plots of thetH NMR spectral datz
of H. rubiginosumextracts obtained from variousedia incubated at 1,
and 30 daysExtracts were grouped according to their antimicro
activity against both biofilsforming S. aureusandP. aeruginosa

Figure 4.58

(A) PCA scatter and (B) loading plots of the HHRMS dda of H.
rubiginosumextracts obtained from various mediaubated for 15 and 3
days

Figure 4.59

OPLSDA scatter plot of LEHRMS data ofH. rubiginosumextracts
obtained from various media incubated at 15 and 30 days. Extractg
grouped according to their antimicrobial activity against both bief
forming S. aureusaandP. aeruginosa
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Figure 4.60

OPLSDA loadings plot of LEGHRMS data ofH. rubiginosum extracts
obtained from various media incubated at 15 and 30 days. Extractg
grouped according to their antimicrobial activity against both biof
forming S. aureusandP.aeruginosa

Figure 4.61

Putative structures of dereplicated target bioactiegabolites found in th
antirmicrobial extracts oH. rubiginosum.

Figure 4.62

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

Figure 5.1

Chemical structure of metabolites produced by degradative enzynies
salinagrown on various media.

Figure 5.2

Antimicrobial assay of crude fractions from ligtiduid partitioning of
total crude extract oD. salina grown on malt extract broth ugn
AlamarBlue® assay and planktonic assay as indicated by the % ba
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 fractiomafter spraying with
anisaldehyde reagent

Figure 5.5

AlamarBlue® and planktonic assaysfsalinafractions

Figure 5.6

StackedH NMR spectra of 15 MPLC fractions. Highlighted spec
represent the bioactive fractions

Figure 5.7

(A) PCA scatter and (B) loading plots of the NMR spectral data ol
MPLC fractions. The BX and X values were 1.00 and 0.9
respectively.

Figure 5.8

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

Figure 5.9

OPLSDA scatter A) and loadings (B) plots of the NMR spectral datg
the MPLC fractions grouped according to their antimicrobial act
against biofilmforming S. aureusndP. aeruginosaR?X and X values
were 0.999 and 0.802, respectively. While The difference within g
R2Xo is equal to 23% and the difference between group$[{R is equal
to 13%.

Figure 5.10A

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

Figure 5.10B

OPLSDA loadings plot of the mass spectral data of the MPLC fract
R2X, R%Y and X values are equal to 0.743, 1.00 and 0.759 respecti

Figure 5.11A

OPLSDA scatter plot of the mass spectral data of the MPLC fract
Fractions are groupextcording to their antimicrobial activity against be
biofilms formingS. aureusandP. aeruginosa

Figure 5.11B

OPLSDA loadings plot of LEGHRMS data. Discriminatory features f
antimicrobial active fractions are encircled and labelled with their.
Their relative abundance in the respective fractions are shown in tt
graph.

Figure 5.12A

Compound hits for discriminatory feature P_2626 with a RT of 5.9 m
molecular weight of 184.073 Da, and a molecular formulagbfi £Da.

Figure 5.12B

Compound hits for discriminatory feature P_1491 with a RT of 19.4
a molecular weight of 234.125 Da, and a molecular formula 4140s.

Figure 5.13

Total lon Chromatogram (TIC) of the active fraction. The ion peaks
represent the discriminatifigatures listed in Table 5.5 have been label
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Figure 5.14 TLC of bioactive fractions ob. salinagrown on malt extract.

Figure 5.15 Preparative TLC of MPLC fraction 2 from crude extradDo§alinagrown
on malt extract media with sea salts.

Figure 5.16 (A) Stacked proton NMR spectra of fraction 2 subfractions and
fraction F21 proton NMR spectra with integration and chemical shifts

Figure 5.17 High-resolution mass spectral data for linolaad.

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

Figure 5.19 COSY NMR spectrum of CompoundlI2structurally elucidated as linole
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
further analysis and structure elucidation.

Figure 5.22: | *H NMR of Fraction 41.

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

Figure 5.24 | *H and*C NMR spectra of orsellinic acid in DMS@ at 400 and 10(
MHz, respectively.

Figure 5.25 HMBC spectrum of orsellinic acid in DMS@s. Blue connecting line
represent the CH dict signals.

Figure 5.26 'H and *C NMR spectra of orcinol in DMS@s at 400 and 100 MHz
respectively.

Figure 5.27 HMQC (above) and HMBC (below) spectrum of orcinol in DM8§€

Figure 5.28 2,6-dimethoxy1,4-benzoquinone chemical previously reported frbm
salina(Bramhachari et al., 2019

Figure 5.29 High-resolution mass spectral data for-&4inset shows the relativ
abundance of F8 in the different fractions that leghest in Fraction 6.

Figure 5.30 Hypothetical oxidation of compound f&4during isolation work.

Figure 5.31A | *H NMR spectrum of F6 in DMSO-ds at 500 MHz.

Figure 5.31B | H-'H COSY NMR spectrum of F8 in DMSO-ds at 400 MHz.

Figure 5.32 13C NMR spectrum of F% in DMSO-ds at 500 MHz.

Figure 5.33 HMQC spectrum of F6 in DMSQO-ds at 500 MHz.

Figure 5.34 HMBC spectrum of F6 in DMSOdsat 500 MHz.

Figure 5.35 Chemical structure of 28ihydroxy-3-(hydroxymethyl) benzoic acid (F4
6) and orsellirg acid.

Figure 5.36 Structures of oenostacin and a synthetic precursor analSguastava e
al., 2007.

Figure 5.37 AlamarBlue® and planktonic assays of liciiiguid partitioning extraci
agairst biofilm-forming S. aureugndP. aeruginosa

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

Figure 5.39 AlamarBlue® and planktonic assay results of MPLC fractior3.&alina
grown on oat solid media fractions.

Figure 5.40 Stacked'H NMR spectrum of MPLC fractions d@. salinagrown on oat
solid media. Highlighted spectra represent the bioactive fractions

Figure 5.41 PCA scatter plot of théH NMR spectral data ofA) all MPLC fractions
and @) with the exception fractie2 of the EtOAc extract dD. salina
grown on oat solid media.

Figure 5.42 PCA loadings plofA) of the'H NMR spectral data of the MPLC fractio

with the exception fractioi2 of the EtOAc extract dd. salinagrown on
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oat solid media. The relative abundance of the discriminating peal
Fraction2 (B) and Fractior® (C).

Figure 5.43 OPLSDA scatter A) and loadings (B) plots dH NMR spectral data o
the MPLC fractions grouped according to thamtimicrobial activity.
Encircled in red are the discriminatory features for the antimicralgiie
fractions. Rand & are 1.00 and 0.37, respectively, for 9 components

Figure 5.44 PCA (A) and OPLSDA (B) scatter plot of the LEHHRMS data of the
MPLC fractions of the extracts &f.salinagrown on oat solid media.

Figure 5.45 (A) OPLSDA loadings of the LEHRMS data of the MPLC fraction
obtain from the extract &.salinagrown on oat dal media crude extract
fractions.(B) Peak areas showing the relative abundance of discrimin
features of the antimicrobial fraction&C) VIP plot of top 10 feature
differentiating the active and inactive fractions. The red bars represe
featues from the antimicrobial fractions.

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

Figure 5.47 Total lon Chromatogram (TIC) of fractiéghwith assigned [M+H] and [M
H] of the major peaks: [M+H] values are in blue boxes andHMalue 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 fractieB-subfractionsobtained byflash
chromatography equipped with an evaporative light scattering de
(ELSD).

Figure 5.50 StackedH NMR spectra of preparativELC subfractions from the poole
fractions 21 and 22.

Figure 5.51 H spectra of compounds 22 and F46.

Figure 5.52 Stacked'H NMR spectra of fractior8-subfractionsobtained byflash
chromatography.

Figure 5.53 Chemical structure of compound-#3

Figure 5.54 Extracted ion chromatogram for the mass spectral data-afd3he ion
peakm/z393.29934 [MH].

Figure 5.55 H NMR spectrum of compound FBin DMSO-ds measured at 400 MH;3

Figure 5.56 Correlation (2BCOSY) NMR spectrum of compound #3n DMSOd6.

Figure 5.57 HSQC NMR spectrum of compound#3n DMSQO-ds at 500 MHz.

Figure 5.58 HMBC NMR spectrum of compound FBin DMSOds at 500 MHz.

Figure 5.59 Chemical structure adfompound F3

Figure 5.60 Extracted ion chromatogram for the mass spectral data-8fd3he ion
peakm/z355.28425 [M+H].

Figure 5.61 'H NMR spectrum of compound F8in DMSO-ds at 400 MHz.

Figure 5.62 Correlation (2DCOSY) NMR spectrum of compoun@f in DMSO-d6.

Figure 5.63 13C, DEPT and HMQC NMR spectra of compound3& DMSO-ds.

Figure 5.64 HMBC NMR spectrum of compound FBin DMSO-de.

Figure 5.65 Summary TLC plate for fraction 10 fractionation

Figure 5.66 Stacked'H NMR spectra othe MPLC suHfractions of fraction 10 ir
DMSO-dsrecorded at 400 MHz.

Figure 5.67 Chemical structure of compound F2turnagainolide A)

Figure 5.68 Extracted ion chromatogram for the mass spectral data e2 Bt@he ion

peakm/z557.33406 [M+H].
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Figure 5.69 Structures of dereplicated compound hits for ion peak/at57.33406
[M+H] for the molecular formula §5H44N40e.

Figure 5.70 'H NMR spectrunof Compound 1€ in DMSO-ds at 500 MHz.

Figure 5.71 COSY spectrunof Compound 12 in DMSOdes at 400 MHz.

Figure 5.72 HMBC spectrunof Compound 1€2 in DMSQ-ds at 500 MHz.

Figure 5.73 HSQC spectrumof Compound 1€ in DMSOds at 500 MHz. Reg
correlations are Bs and Gss while blue are Bos.

Figure 5.74 (A) TOCSY spectrunof F102 in DMSOds at 400 MHz. B) Carbonyl
region of the HMBC spectrum of FiDat 500 MHz.C) Important HMBC
correlations to establish the amino acid sequence in the peptide st
of F10-2.

Figure 5.75 Chemical structure o€ompound F18 (1-O-(9Z,12Z-octadecadienoyl
glycerol3-O-[D-galactopyranosy{ 1 Yh6-[p-galactopyranoside]

Figure 5.76 Extracted ion chromatogram for the mass spectral data e8@&it@he ion
peakm/z679.3900 [M+H].

Figure 5.77 Compound hits for theolecular formula €zHsgO14dereplicated from th
DNP.

Figure 5.78 | H and**C NMR spectraf Compound 18 in DMSOds at 500 MHz

Figure 5.79 2D COSY and TOCSY spectid Compound 168 in DMSOds at 500
MHz

Figure 5.80 2D HMBC spectrumof Compound 16 in DMSOds at 500 MHz
illustrating the connectivityH to C) of the three moities in its structu
with bold arrows.

Figure 5.81 2D HSQC spectrumof Compound 18 in DMSOds at 500 MHz
highlighthing the sugar region.

Figure 6.1A Compounds isolated from the fungal extracDofsalinagrown on malt
extract broth media with sea salt.

Figure 6.1B Compounds isolated from the fungal extractDofsalinagrown on oat
media without sea salt.

Figure 6.2 Distribution of theisolated compounds between the active and inactive qua
by OPLSDA. Positive projection are the predicted compounds
antimicrobial activity and compounds on the negative projection are prediq
be inactive. lon peaks with the same retentiom tout ionises in both modes we
plotted twice.

Figure 6.3 Relative abundance of the isolated compounds in various MPLC frag

Figure 6.4 OPLSDA score contribution plot of active features in antimicrol

extracts and corresponding outlying fractionsax(s is the weighed VIF
scores in the active quadrant-aXis is the feature number arrang
acccording tan/z.Colour range blue to red fsom low to highm/z A)
Active extract obtained fronD. salinaincubated for 30 days on ma
extract media with sea saB) Active extract obtained fronD. salina
incubated for 30 days on oat media without sea €3lOutlying active
Fraction6 obtainel from scaleeup fungal extract derived from ma
extract media. D) Outlying active Fractidnobtained from scaledp
fungal extract derived from oat media. Asterisk (*) on ion peak/at
265.107 signifies similar ion peak detected from antimicredcive
fungal extract obtained malt extract agar plates.
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Figure 6.5

Proposed biosynthetic pathway of orsellinic acid, orcinol and
dihydroxy-6-hydroxymethy)benzoic acid isolated from. salinagrown
on malt extract broth with sea salt (adapted ffdnooi et al., 2008)

Figure 6.6A

Proposed biosynthetic pathway of linoleic acid and its derivatives isg
from D. salina grown on malt extract broth and oat solid me
respectively. Adaptedfrom Akpinar-Bayizit, 2014 andGajewski et al.
2017)

Figure 6.6-B

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

Figure 6.7

Proposed biosynthetic fiavay of turnagainolide A isolated frobh salina
grownon oat solid media.

Figure 6.8A

Chemical structure of bioactive compounds isolated from marine source 3
biofilm-forming microbes.

Figure 6.8B

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

Figure 6.9

Some compounds responsible for quorum sensing in biddiiming
microbes.

Figure 7.1

Schematic diagram representing the integration naflecular ang
cultivational approaches on silent gene cluster to increase the biodiy
and the yield of the produced compounds.
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NMR spectral data for compound F20n DMSOds in 500 MHz.

Table 5.23

NMR spectral data for compound F&Un MeOD at 500 MHz foti Hand
at 125 MHz ford C

Table 5.24

13C NMR spectral data for compound F80measured at125 MHz
comparison to literature at 67.5 MHz (Yoshikawa et al 1994).

Table 5.25

13C NMR spectral comparison fro@lycosciences.DB with a match scq
of 72.50%(http://www.glycosciences.de/

Table 5.26

AlamarBlue® and planktonic assay results against biefidrming S.
aureus and P. aeruginosafor 100ug/ml concentration of bioactiy
subfractions obtained fronD. salina grown on malt extract broth
Highlighted rows represent bioactive fractions at a threshold of less
30% viability.

Table 5.27

AlamarBlue® and planktonic assay results against biefidrming S.
aureus and P. aeruginosafor 100pug/ml concentration of subfractio
obtained fromD. 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 fr@n salina extracts
against biofilmforming S. aureusindP. aeruginosaGentamicin was use
as positive control.

Table 6.1

List of active antibiofilm compounds isolated from marine environment. Strug
of compounds are illustrated in Figures-8.&nd-B
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Abstract

In the search for a new antimicrobial bioactive compound from natural source against both
biofilm-forming Staphylococcus aureuand Pseudomonas aerugings&ndophytic fungi
associated with seaweeds are an interesting source of bioactive secondary ext@baitty

four endophytes were isolated from eight different Scottish seaweeds n&sebtghyllum
nodosum, Laminaria hyperborean, Ulva intestinalis, Ulva lactuca, Himanthalia elongata
Fucus vesiculosis, Fucus serratasid Fucus spiralis Endophytes rgmnsible 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 salingD. saling, Hypoxylon riiginosum(H. rubiginosun), andMariannaea
elegans(M. elegancg were identified and subjected for media optimisation studies on five
liquid media and four solid media in three different incubation periedr liquid media; this
included: malt extract btb 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
ChromatographyHigh Resolution Mass Spectrometry (IHRMS) 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 fola scaleup of the selected endophytic fungus according to the following factors: 1)
higher yield, 2) improved antimicrobial activity, and dyersechemical profile. Based on

these factord). salinawas chosen for scalg and isolation work.

D. salinawas grown on malt extract with salt and oat without salt. Sda¢edup extracts of
D. salinawere subjected to liquitiquid partitioning followed by fractionation using either
medium pressure flash chromatography or flash chromatographic geehnihe first
fractionation of the scaledp extractavastested against both biofikiorming S. aureusand

P. aeruginosaand analysed usintH NMR and LGHRMS. The HRMS data was processed
using MZmine followed by dereplication using anrhouse method #n subjected to
orthogonal partial least squadescriminant analysis (OPLBA). OPLSDA results were used
determine the antimicrobial active secondary metabolites. As a result, eight compounds were
isolated from the bioactive fractions@f salina D. salinagrown on malt extract broth yielded
linoleic acid, orsellinic acid, orcinol and 2¢bhydroxy-3-(hydroxymethyl)benzoic acid.
While D. salinainoculated on oat solid media afforddok acetonide and glycerylglycoside

derivatives of linoleic acid along with the peptide turnagainolideAR.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 &@h®1 concentrations
against biofilmforming bacteriaS. aureusandP. aeruginosaF10-2 (turnagainolide A) and
F10-8 (gingerglycolipid Bstereoisomer) displayed the highest potency with MIC and MBEC

values between 45 and @M concentrations.

Conclusion: EndophyticD. salinaderivedfrom Scottishseaweed.. hyperboreagrown on
malt extract broth and oat solid media skdvwhe ability to produce compounds with
antimicrobial bioactivityagainst biofilmforming bacterialn additionthree new antimicrobial
natural products: 2;8ihydroxy-3-(hydroxymethyl)benzoic acid along with an acetonide and
glycerylglycoside derivatives of linoleic acid wesslated fromD. salina extracts Thus,

marine endophytifungi are promising source of bioactive compounds.
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1 Generalintroduction

1.1 Hypothesis and study aims

The question of the study: Are endophytic fudgrivedfrom Scottish seaweed®od source
of new bioactive compounds with antimicrobial activity against biefdimming S. aureusind

P. aeruginosa

Hypothesis: Applying metabolomics processes, specifically PCA and DL % search for
antimicrobial bioactive compounds from endophytic fungi eisged with Scottish seaweeds
will aid in pinpointing the biologically active compounds in the first fractionation step, thus
saving time typically consumed in the traditional bioasgaiged isolation process. These
compounds will be targeted, isolatediemtified, and tested to ensure their activity as
antimicrobial compounds. Moreover, easfage dereplication will help isolate new

compounds.

The aim of this study is to isolate active antimicrobial compounds from seassediated
endophytes. Eight Stitsh seaweedsiscophyllum nodosunhaminaria hyperboreanUlva
intestinalis Himanthaliaelongata Fucus serratus, Fucus vesiculgsiiva lactuca,andFucus
spiralis,were chosen for this purpose. The followregearctobjectives 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 scaledp based on their biological activity and chemistry

3. A specific type of media will be used for the scaliqg process. Thus, media
optimisation will be done for each of the endophytic fungus. madiumwhich will
facilitate the best yield, the most chemically diverse extract, and the most potent
biologicd activity for each endophytic fungus, will be chosen for the scalmg

processes.

4. A metabolomic bioassaguided approach will be designed for each of the sagted
endophytes, to identify the biologically active compounds against microbial growth and

thar effects on biofilm formation.
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5. Fractionation will be accomplished to isolate the targeted antimicrobial active

compounds.
6. NMR and LGHRMS will be used to identify the isolated compounds.

7. The isolated compounds will be tested against methicillin senstiphylococcus

aureusandPseudomonas aeruginasa

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 fos ahhag/gicreasing
incidence of multdrug 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 infectiongStrobel, 2003 Yu et al., 2010 Alvin et al., 2014 Wu et al.,, 201p
Furthermore, lifehreatening diseases, such as cancer and microbial infections are playing

important role on keepindrug discovery processes moving(@ivin 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 compobgds i
exploring various natural sources. These chemical compounds are produced by both macro and
microorganisms through different biosynthetic rout&lvin et al., 2014. While the second
pathway is by computdyased drug design (CBDD), where the chemical compouesigned

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 variousrsongen
(Gallop et al., 1994.iu et al., 2017n

Recently, pharmaceutical companies and research centres have been interested in employing
the 2rd and the 3rd pathways (CBDD and combinatorial drug discovery) of drug discovery by
involving new technologies such as 3Bray crystallography, drudocking,and computer

based tools in their favoufMuller, 2009. However, computebased drug design and
combinatorial drug discovery have been facing difficulties as well. These difficulties involve
the need for knowledge on the mechanism of elucigaarget receptor®arry and Blanchard,

2010. In addition, most of these chemicallynthesised compounds pose many side effects
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and environmental concer(Strobel and Daisy, 2003Even more, the high cost to discover
novel compounds and marketing them later are adding more pressure on these pathways of
drug discoveryAlvin 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, espeaiaily endophytes,

have yielded many of the biologically active secondary metab@ti@msey, 2008Sarker and
Nahar,2012 Alvin et al., 2013.

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 lifearytlgs physical
activity. Whereasecondary 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 proceglarveyet al., 2015Nisa et al., 201b

Records on the utilisation of natural products date back before 2600 BC by using oils of
Cupressus sempervirerad Commiphoraspecies (myrrhYCragg and Newman, 200bb
These oils were used by people in Mesopotamia for the treatments of cough and inflammation
(Cragg and Newman, 200p[@he Eber papyrus from 2900 BC is an Egyptian pharmaceutical
record of 700 planbased drugs ranging from many drug formulation such as gargles, pills,
infusions, to ointment®ias et al., 201R 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 (@rxggg and Newman, 2006b

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 exanple is the funguP®iptoporus betulinusvhich grows in birches, it was incorporated

in charcoal to be used as an antiseptic and disinfe(Bminton, 191y In addition, P.
betulinusstrips were earlier used as corn pads for staundbieeding(Swanton, 193 A

second example &garicus campestrisound in the Caribbean, which was reported to be used

for throat cancer by stewing the fungi in miiatfield, 1994. Furthermore, lichens have also

been utilised such &$snea dilleniughat wasused for scalp diseases, and sold as an ingredient
for anttdandruff shampoo while it was also described to treat sore eyes in [(Bmaratzina
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and Zavarzin, 2006 Manyfamous examples of medicines based on traditional basis or natural
products are still being used nowadays. A famous example is thmftartimatory agent,
acetylsalicylic acid which was derived from the natural product salicin isolated from the willow
tree (Suntar, 2019 As well asppium poppy which produced tiktemmercially and clinically
important analgesic drugnorphine(Stintar, 2019 Another example of a drug based from a
naturalsource is the cardiotonic glycoside digitoxin isolated f@igitalis purpureaL., and it
could be traced baclo tEurope in the 10 century, but was only discovered after 1700 to
improve cardiac conditions, especially with patients facing heart fa{fimtar, 201
Likewise, quinine drugs isolated froBinchona succirubr&av. were used for mangiseases
such asnalaria, fever, indigestion, mouth and throat diseases as well as (Sincer, 2019
Additionally, L-histidine derivative of pilocarpine isolated frafilocarpus jaborandihave
beenused for the treatment of different glaucoma céSéstar, 201 Finally, the antibiotic
penicillin isolated fromPenicillium 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 sour(Es.acetylsalicylic acid,

(2): salicin,(3): morphine (4): digitoxin, (5): quinin, (6): pilocarpine and7): 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 andgfitith the binding

cavity of the targeted enzymékiu et al., 2017h Active chemical compounds would be
categorised on their biological activity and mechanism of acflon et al., 2017p
Combnat orial chemistry was introduced i-n the
pin technologyHoughten, 198b 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 structueddlied compoundd.iu et al.,
20178. Virtual screening can be done by three methods that included molecular docking,
pharmacopeia mapping and quantitative strueaatevity relationship(Liu et al.,
2017H. The major problem with virtual screening is the inability to exclude real
biological activity testing of these compoundsu et al., 2017 Virtual screening is

fundamentally done in a dry lab environment.

Experimental screeningis accomplished in a wet Ighiu et al., 2017h The invention

of the highthroughput screening (THS) made the screening methodology easier and
faster, in vihich hundreds of thousands of compounds coud be tested providing a real
time result in a short period with least effrtu et al, 2017. Even though, there is a
time advantage through THS, it actually still needs plenty of time topseind its

considered to be more time consuming than virtual scre€ningt al., 2017h

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 libr@Fgrrett 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 lib{feligrcon et al., 2010 This afforded the discovery

of an antiprotozoal compmd (such asfluorophenyl etherg against_eishmania donovanvith

no toxicity to the normal mammalian cefMarcon et al., 2010 Another example is the OBOC
peptidomimetic libraryGuan et al., 20)2that utilised a cell binding assay fab: integrin

ligand screening and generated the development of the drug LaleRAronate for the

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

Computerbased drug discovery and development processes has been getting more
implementableextensive and popula(Kapetanovic, 2008 Many names are used to describe
computerbased drug discovery, such as compatded molecular degn (CAMD),
computeraided molecular modelling (CAMM), rational drug designsilico drug design and
computeraided drug desigKapetanovic, 2008 Computetbased 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
synthesigKapetanovic, 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) respectijiégpetanovic,
2008.

The increased interest 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 struct@iKapetanovic, 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 discoverychwiould either be by
virtual or realtime screeningKapetanovic, 2008 CBDD has been enrolled in important
pathways ér 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 compouf®lsvoski 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 Tig&&ao 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 ®ppalakrishnan et al., 2006opalakrishnan et al., 2005
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Figure 1.2: CBDD position in drugdiscovery process flowch&@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(Hawey, 2008 The information
provided by research centres, educational institutions, and pharmaceutical manufacturers show
that approximately half of the approved drugsieen 1981 and 2007 are from natural source

or derived from natural produdflewman and Cragg, 20L8Many 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 segyinthetic compounds were
produced basedn natural compounds such #gecycline, everolimus, telithromycin,
micafungin and caspofung(iarvey, 2003
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Figure 1.3(A): Examples of natural produatsed or modified to be used as pharmaceu
preparationgHarvey, 2003.
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Figure 1.3 (B):Examples of natural produaised or modified to be used as pharmaceu
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Table 1.1:Number of drugs based omtural sourcein different developments stages.
Development Plants Bacteria Fungi Animals Natural productglerived Total

stage compounds
Preclinical 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
Preregistration 2 0 0 0 2 4
Total 108 25 7 24 61 225

Source: pharmaprojects databadat€¢d: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 compogiadser, 2008.

Advances provided by thienprovementsof existing chromatographi¢echnologiessuch as
countercurrent chromatography and higdsolution analytical instruments in mass
spectroscopy (MS), and nuclear magnetic resonance (NMBJ #i@ fractionation strategies

and purification of natural compounds as well as the elucidation of chemical strSings

and Barrett, 2006Harvey, 2007 Simoben et al., 2038 In addition, the higlthroughput
capability of screening mixtures aftural compounds or extracts has made the work with
natural products less timmnsuming and ore 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 med{&imoben et al., 2038Thus, 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 INatlacts

(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 compouf@snoben et al., 2038 Unfortunately,
compound libraries as such have been facing some problems in their maintenance and curation

especially from the cogtoint of view(Simoben et al., 20}8

Despite advancements toward compigtased or combinatorial drug discovery, Newman and
Cragg stated in 2016 that over 34 years between 1981 and 2014, 44% of afipneved
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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 (Rgurerthermore, in spite of

the essential role of combinatorial chemistry in drug discovery, natural prddtbrary is

still of importancgNewman and Cragg, 201L6

mB
N
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ND
mS
m S*
mVv
H S/NM
m S*/NM

Figure 1.4 All new approved drugs 1981 2014; n = 1562, B Biological
macromolecule, 1997, N: Unaltered natural product, 1997 BeBanical drug (definec
mixture), 2012, ND:Natural productderivative, 1997, SSynthetic drug, 1997, S*
Synthetic drug (NP pharmacophore), 1997 Vdccine, 2003, /NMMimic of natural
product, 2003Newman and Cragg, 206

Cancer, microbial infections, and diabetes are the main causes of deaths dldaalby,

2008 Harvey et al., 208). Curing these diseases have been the potential target for novel natural
products by providing a huge diversity of chemical profijléarvey, 2008. Half of thenewly
approved antitumor, antibacterial, and antifungal drugs between 2006 and 2010 were natural
products or derived from natural produ@&ewman and Cragg, 201L2As well as, from the
thirteen natural products, derived drugs that were approved betwegra@@®007, five of

38| Page



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 soofoghemical 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 compddiadRocha et al.,

200]). 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 inclwes 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 chenrigetuse,

which made the exploitatiomf natural compounds in pharmaceutical industries to be
economically not sustainab{da Rocha et al., 20p1But 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 searchofant ancer agents from natur al sour ce
(Cragg and Newman,0B5g. The first active compounds, vinblastine and vincristine were
isolated from the plant Madagascar periwinkle l€aatharanthus roseQgRoepke et al.,

2010. Due to the low yield production of vinblastine and vincristine Ghyroseus,an
endophyticFusarium oxysporumwas isolated fronthe plant and wakund to produce both
compourls in good yield to be available clinicalliumar et al., 2018 On the other hand,
another group of compounds (Taxol) exhibited bioactivity in various cancer cell lines like
paclitaxel isolated from the bark dfaxus brevifolia Paclitaxel was found active agst
ovarian, breast and adenocarcingi@hah et al., 20)3Another taxol compound was derived
from the needles ofaxus baccatadocetaxel, which was used for the treatment of different
types of cell carcinoméShah et al., 20)3 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 Table2(Schwartsmann, 200&chwartsmann et al., 2001
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Table 1.2: Active anticancer agents derived from natural sou{®Backs et al., 197:
Williams et al., 1987Creemers et al., 1996ragg et al., 199Kelland, 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 pl¢B&cks et al., 1973Villiams
et al., 1987Creemers et al., 1996ragg et al., 199Kelland, 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 bodu et al., 2018 The number of patientgith DM is more than

422 million to date, and this number will increase to be 592 million in 2R@%t al., 2018
Lifestyle and synthetic drugs are used to reduce the symptoms coupled witBdabiti et

al., 2017. However, lifestyle and synthetic drugs are not enough to control DM due to the poor
acceptability and compliance of diabetic patigis et al., 2018 Many evidences have been
found to confirm the successful conveniananagement of DM with herbal meties
exhibiting high activity and low toxicitin patientdXu 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 quercend rutin flavonoids,
epigallocatechin gallate, resveratrol, abscisic acid, andrographolide, berberine, and
jatrorrhizine(Jung et al., 20Q6@_ee et al., 2006Lin and Lin, 2008 Fernandes et al., 2010
Soyoung et al., 201Ding et al., 2014Fu et al., 2014Mlagnone et al., 201&hen et al., 2016
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Figure 1.7:Chemical compounds isolated from natw@lircesised to reduce blood gluco

level in DM patient.

1.3.3 Anti-bacterial compounds isolated from natural sources

Amongst the first type of antibacterial compounds were the swpigs which was eported
be 1936, f o Hactanwcendpoundy penicitlire betdieers ¢ o v e
1929 and 1941, which was the golden age of antibiotic disc¢waish, 2003 However, the

t he -lactatmi mi

t o used in

occurrenceomulti-r esi st ance microbes to Crec
ring compelled scientists to isolate other antimicrobials, one of which were the
phenylpropanoid compounds, such as chloramphenicol in Q4&h, 2003 The need of

new type of antibiotis led to the discovery ahe 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 (¥@a1Sh, 2003
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Quinol ones, 2 nlactamggestepdo goami s, dactains, gener
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
natural sourcéWalsh, 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 specifi€iben et al., 2007 In
addition, the diverse range pifiarmacophores and unigue complex stereochemistry offered by
natural products, enabled interaction with targets, like those with the more challenging protein
protein interfacéDrewry and Macarron, 201Gray et al., 2012 Moreover, cellular transport

of natural products through a physiological membrane can offer the ability to act intracellularly,
which would improve targetig the active sites an@&nhancebioavailability (Harvey et al.,

2015 Chatzikonstantinou et al., 20L8 he chemical space occupied by the natural compounds
could suggest novel potential interactiith the biological space on many of their targets
(Gray et al., 201 Harvey et al., 2015 Furthermore, natural products that follow the Lipinski's
rule of five in terms of their physicocherai 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 prepar@iangy,

2008 Chen et al.,, 2005 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 natuhatisro

as a lead compour{€hen et al., 2015In some cases, the presence of lead compounds needs
specific conditions to be produced by microbial endophytes, so such conditions must be
stipulated to produce ¢htargeted compounfMcChesney et al., 200.7In addition, the
complexity of these natural products makes the preparation of them in scientific laboratories

could be difficult or impossible in somesess(da Rocha et al., 2001

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

The conventional bioassayuided isolation of bioactive natural products is continually being
modified. Strategies for higthroughputscreeninghave enhanced the usability of natural
products by pharmaceutical companies. Morecygplying metabolomicand chemometrics
coupled with functional pharmacology has augmented natural prbdaetl 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 metabditestabolomicsbased
approach uses statistical tools to establish the suitable situation for the production of
metabolites at the end of a biological procgsarvey et al., 2015 Multivariate analysis has
become an efficient means of targeting the bioactive caemi¢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, afior the prediction of precursors that can enrich the
biosynthesis of the targeted compou(Bischner, 2009Tawfike et al., 2013Macintyre et al.,

2014 Harvey et al., 2015 Molecular biology and genetic engineering haweoduced new
approaches which <c¢can autg pi@eduace a specificrtypeoof ra@rali s moé s
compound (Chang and Keasling, 2006Vatanabe and Oikawa, 2007In addition, a
metagenomichased approach of cloning a specific DNA gene from an endophytic
microorganism in a host has been used to produce a target bioactive cor((pilesgie et

al., 2002. Furthermore, a mutasyntietmethod combines both synthetic and enzymatic
pathways to produce natural bioactive compounds has been used to improve the ability to

isolate novel bioactive compoun(isopp and Marahiel, 2007
1.4 Marine environment asa 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 decadg®\ltmann, 2017. This is not surprising because the ocean covers more than
65% of the earth, and represents 95% of its biosptgeanoff et al., 1969 The huge
diversity provided by the marine environment is expected to be a source of highly diverse
secondary metabolitg®ye et al., 2017 Thousands of compounds have been isolated from
marine sources each year since 2008, aaddtal number recorded in 2015 was about 27000
compoundgBergmann and BURKE, 1955The first dugs developed from a marine source

are the arabinoseucleosides spongothymidine and spongouridigure 1.D), which were
isolated from the spongkectitethya crypta n 1 @BBr@néasn and BURKE, 19%5

49| Page



spongothymidine spongouridine
Figure 1.10: Firstbioactive compounds isolated from a marine source.

Marine organisms are considered to be one of the sources of-sangkeof biologically active
compoundgMolinski et al., 2009 Seaweeds have been widely studied in traditional and folk
medicines over more than 2000 yedfarasan et al., 20L7Algal-derived compounds have
been earlier described for their antimicrobial and antifungal activity, as well as for other
purposegBhadury and Wright, 2004 In addition, algal compounds were usecdtcosmetics

and antifouling preparatiori8hadury and Wrigt, 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 mechanisfdhang 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 sgs by producing certain types of compou(fsisirz and Nowak,

2000. Endophytic association with a host organisad yielded novel secondary metabolites

with pharmacological and industriaiterest(Strobel, 2002 Fungi derived from different
marine sources, such as: fish, sponges, mangroves and both amdronacrealgae have
attracted further research because of their ability to produce novel bioactive compounds due to
their exposure to varied environmentalttas (Zainuddin et al., 201,@iddings and Newman,

2015 Bajpai, 2016Di Camillo et al., 201). 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/endophyteg§Zhang et al., 2009 The rise of bacterial resistance, lack of bioactive
antimicrobial agents, and the side effects associated with some antimicrobial ajémsgal

have driven for further research to discover novel bioactive compounds from endophytic

microorganismgDoshi et al., 2011Pimentel et al., 20)1

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

metabolites(Kjer et al., 201D These bioactive metabolites are used by pharmaceutical
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companies as potential drug leads to cure specific types of digkases et al., 2006Zhang

et al., 2008 Fungiisolated from the marine environment are considered to be a promising
source of biological active metabolites of high chemical dive(Bitigni and Ireland, 2004
CephalosporingFigure 1.12)wvere first isolated by G. Brotzu in 1945 from the maidieeived
fungus Acremonium chrysogenuniNewton and Abraham, 19h5More recently, a marine
spongeassociate®enicillium chrysogenumfforded sorbicillacton@-igure 1.1), an alkaloid

that showegbromising biological activity against leukaenfiger et al., 201D

HO.__O
O
M~ io
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O
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H
NH,
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, 0o -
cephalosporine C sorbicillatone

Figure 1.11: Examples of chemical compounds isolated from endophytic microorgani

Fungi are considered to be one of the most didifedorms hence yielding chemically diverse
metabolitegHyde, 200). Endophytes are microorganisms living in the internal tissues of a
host organism without causing any physical dam@&jene et al., 2000 The production of
secondary metabadis 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 specig$chulz et al., 2002Various classes of compounds have been isolated from
endophytic fungi such as phenols, xamtés, terpenoids and quinoriP®s Santos et al., 2003
Schulz and Boyle, 2005Endophytic 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
diseasgqTenguria et al., 20)1 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 producedhly chemically diverse metabolit¢Bugni and Ireland, 2004az et

al., 2010 Rateb and Ebel, 20)1The interest on marirgerived fungi as a source of novel
bioactive compounds has been increasing as implicated by the increasing number of
publications since the beginning of the®'Zkntuy (Debbab et al., 2031Numerous novel
bioactive compounds have been isolated from marine microbes andouaceto be anti

infective, cytotoxic, antinflammatory, rheumatoid arthritis and cystic fibrosis as examples are
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presented on Table3and Figure 1.2 (Arunpanichlert et al., 201&lsebai et al., 2010saka

et al., 2010Wang et al., 2010 Many endophytes isolated from host marine sources have been
responsible for the synthesis of novel compounds and are presented il fiad Figure

1.13 (Oliveira et al., 201p

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

Microorganism Compound Reference
Talaromyces 7-epiaustdiol (Liu et al., 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. dendrodolide M (Sun et al., 2013
Penicillium sumatrense sumalactones B (Wu et al., 201y
Aspergillus ochraceus asperochrins C (Liu et al., 201%
0
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7-epiaustdiol mairetolide F neoabyssomicins A2 dendrodolides M
OH
£
WINToH methylelaiophylin
OH
(0] O NS
HO 5H "o OH
HO 0 U
i PP
= O OH
o)
OH O OH
sumalactones B hansforesters A aSperOChrinS C

Figure 1.12: Chemical structures of known bioactive compounds isolated from m
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., 200P
Valsa ceratosperme Codium fragile 2 (El-Beih et al., 200y
Enteromorpha sp. Cadophora malorum 3-5 (Almeida et al., 2010
Enteromorpha sp.  Coniothyriumcereale 6-8 (Elselai et al., 201}
Ulva sp. Ascochyta salicorniae 9 (Osterhage et al., 20P0
Ulva sp. Penicillium sp. 10 (GamaliEldeen et al., 2009
Fucus spiralis L. Phoma tropica 11 (Osterhage et al., 20p2
Fucus vsiculosus L. Epicoccum sp. 12 (AbdelLateff et al., 2008
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Figure 1.13: Chemical structure of novel compounds isolated from endophytes isolate:
marine source.
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1.4.2 Antimicrobial agents isolated frommarine endophytc fungi

Many novel bioactive compounds isolated from marine endophytes were found to be active
against different types of microbial infectio(®ebbab et al., 200 Some examples are
presented in Figure 141 Dihydroxychlorofusareil B was a new polyoxygenated compounds
isolated from a fungus of thierichocomaceaéamily (to which thegenusAspergillusbelongs

to), which was derived from the Korean brown al§aegassum horne(Debbab et al., 2030

This polyoxygenated compound showed mild activity agafB&iphylococcus aureus
methicillin-resistances. aureugfMRSA), and multidrug resistanc&. aureugDebbab et al.,
2010. Usually compounds produced from fungi associated with brown algae have been
described to display antifungal and antioxidant activi{@$iveira et al., 2012 Another
example are 1-(2,6dihydroxyphenyl) pentag-one and Z)-1-2-(2-butyryl-3-
hydroxyphenoxy)s-hydroxyphenyh3-hydroxybut2-en-1-one, compounds produced by
Cryptopsoriopsissps, from Clidamia hirta (Habbu et al., 2016 1-(2,6-dihydroxyphenyl)
pentanl-one was found active against microbial pathogens wityslBetween 18 and
30ug/ml. While (2)-1-2-(2-butyryl-3-hydroxyphenoxy6-hydroxyphenyhl3-hydroxybut2-
enl-one exhibited activity againBtseudomonas fluoroscemgth an 1Goof 6ug/mL (Zilla et

al., 2013. A new antimicrobial diketopiperzinerocristatine) compound was isolated from
the spongassociated fungugurotium cristatum(Gomes et al., 2032 -Cdmpholene
aldehyde and lucenid were two novel compounds isolated from a speasp®ciated
Aspergillus ochraceus3oth compounds disgyed activity against microbial human pathogens
(Meenupriya and Thangaraj021). Furthermore Curvularia lunatawas another sponge
derived endophytic fungus that yielded two anthraquinone compounds, lunatin and cytoskyrin
A that were found active againSt aureus, Escherechia calndBacillus subtilis(Jadulco et

al., 2002. Another active antimicrobial compound waarixanthoneisolated from the
endophytic fungu&mericella variecolofMalmstrgm et al., 2002 Varixanthone was found

active against a wide range of bact¢hNlmstrgm 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 microorgtrdrel

and Daisy, 2008 As mentioned above, about 68% of antimicrobgards and 34% of the anti

cancer agents are derived from natural souifidesyman and Cragg, 20D 7There has been a

strong need to find novel and sustainable sources of bioactive compounds to overcome
emerging new diseases and microbial resist{Keell 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 microorganisitherboth bacteria aridr fungi,

which live inside a living host organism such as plants, animal and seaweeds without causing
any disease to the host organiacon and White, 2000Endophyteorganism association is

a beneficial refaonship. Endophytes afford chemical defence compounds to protect the host
organism from any attack of other microorganisms and (i8stsbel and Daisy, 2003Host
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 enilgphyeed a pt at i
(Bacon and White, 2000Endophytic fungi have been considered to be the most generous
provider of secondary metabolites amongst endophytic microorga(@rasg et al., 2006
Compounds produced by endophytic fungi have afforded a broad spectrum of biological
activity from diverse chemical groufisigure 1.5) that include alkaloids, steroids, terpenoids,
flavonoids, glycosides, isocoumarins and many n{dreng 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 compougi¢sul et al., 201

Fungi relate with their host organism either by parasitic or saprobic and asymptomatic
associationSuryanarayanan, 20L2Parasitic association causes host cell damage with the
production of toxic compoundSuryanarayanan, 20LBaprobic or asymptomatic association

do not cause any damage to the host organism but affords biologically active compounds that

are not harmful to the hogsuryanarayanan, 2012
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Figure 1.15: Bioactive compounds isolated from endophytiagi; anticancer bioactive
compounds1-3), antroxidant compounds#6), immunomodulatory compoundg-8) and
antibacterial compound®©{11) (Strobel et al., 20QHarper et al., 20Q3uri et al., 2005
Kour et al., 2008Kusari et al., 2002Zhao 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 highlygliverse 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 (IT$9r gere sequencing (Kusari et al., 2014, Gardes and Bruns,
1993, Horton and Bruns, 2001The ITSis unique for every organism that is used to
taxonomically identify respective genus within a family or even species within a genus.
ITS gene sequencing requirasly 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 prirtfeesly 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 reproduaiblyain becausgenes can
change very quickly during the fermentation process.

3. Repeated sutulturing 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 endop{8dkerlach and Hertweck, 200Qusari

etal., 2014
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2 Materials and methods

2.11solation andidentification 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.a@lgbenicol

obtained from Acros Organics, Geel, Belgiwas used as an antibacterial agent in the initial
inoculation step. A solution of 70% of isopropanol was prepared by mixing HPLC grade
isopropanol from Sigm& | dr i c h, PoznaCG, P BSdgrata®dsprayifrorh st er
SagrotanHeidelberg, 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
Al dr i ¢ hPoRmdZ e pkEas been monitored using pH meter obtained from Jenway,
Staffordshire, UK. Magnetic mixer from Stuart, Stone, UK and Vortex Genie 2 frantiic
Industries Inc, London, UK were used for mydtirpose mixing or solubilization either during
media or sample preparation and fractions produced by preparative thin layer chromatography
(TLC) extraction. Inoculated media used for screening, rmelianisation and scalep 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 obtimed from Medical Air Technology, Manchester,

UK. Thirty strains were obtained after inoculation of seaweed internal tissugslt agar
plates. For endophytes identification, Internal transcribed spacer (ITS) region that stand
between 16s and 23s rRNArgs of endophytes were used. Successful ITS gene sequencing
was done by preparing electrophoresis gel plates containing UItF{FBE buffer 10X from

Life technologies, Cramlington, UK, ethidium bromide 10mg/ml from Sidkich,
Continental, USA and AgroseMolecular Grade, fronCamarillo, Bioline, US. While the
samples for polymerase chain reaction (PCR) were prepared usingMéd¢eular Biology
reagent, REDExtradi-Amp™ PCR ReadyMi%V, Extraction and Dilution solution purchased
from SigmaAldrich, St. Louis, USA. In addition, ITS primers; ITH{TCC-GTA-GGT-
GAA-CCT-GCG-G-3'ta and ITS4 {5TCC-TCC-GCT-TAT-TGA-TAT-GC-3'} used in PCR

were obtained from Integrated DNA Technologies, Coralville, UB% HyperLadder Il and
sample loading buffer used fprocessing 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 Bioteckbersberg, Germany and DNA Thermal @&ycl
480 Manual from Perkin EImewWaltham, USA. Electrophoresis plates were purchased from
Bioscience Services.ondon UK. While the voltage source used for amplified DNA
movements in electrophoresis gel plate was a BioMax MBP300 from KNdakJersey USA.

Gel imaging for the plates was done usiNGENIUS gel documentation system from

SyngeneCambridge, UK.

GenElutéM Gel Extraction Kit from Sigmaldrich, 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, Genuténding
column G and collection Tube were all obtaineith a GenElute extraction kit. The
solubilization of agarose gel containing DNA was done uaidgy block DRIBLOCK® DB-

2A from Techne Chelmsford, UK. Centrifugation of the samples after each DNA extraction
step was done using 5415 D Centrifuge frormpp&ndorf, Hamburg, Germany. DNA
concentration of each sample was measured using Nanodrop 2p80cophotometer from
Thermo ScientificMassachusetts, USA. While the processing of the PCR results was done
using FinshTV 1.4.0 software developed by Geagspénd 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 (NCBWaryland, USA.

Crude extract produced during screening, media optimizatidrscale up were extracted using

(HPLC) grade ethyl acetate (EtOAc) from Sigdldrich, P o z n a &, Pol and wer
extraction solvent. Different solvents were used either feHEBMS, HPLGgrade acetonitrile

(ACN) and formic acid both from Sigm@ldrich, P o z n a , Pol and were us:¢
HPLC-grade dichloromethane (DCM)hexane, acetone, and methanol (MeOH) from Sigma

Aldrich, Po z n a &, Pol and wer e p-grade lacetene drom WWR| | e a
FontenaysousBois Cede, France was used for mplirpose work. Homogenization of
incubated media was done with a T18 basic ULTRARRAX from IKA, Anhalt-Bitterfeld,

Germany. While crude extracts in EtOAc were concentrated and dried under vacuo using a
rotary evaporator R10 from Buchi, Flawil, Switzerland Concentrated extracts were
reconstituted in EtOAc and dried under nitrogen Heating Block SBH130D/3 and sample
concentrator SBHCONC/1 from Stua®tone, UK. During the extraction process an ultra

wave sonicator from Scientific Laboratory Supplisttingham, UK was used to enhance
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solubilization. In addition, ultrapureater for solvent and media preparation was generated

using aDirect-Q® water purification system froferck Millipore, Massachusetts, USA

For extracts and fractions, samples wereon an Accela HPLC (Thermo Scientific, Germany)

coupled to an Exactive mass spectrometer (Orbitrap, Germany). Data were processed with
AXcalibur 2. 20 r el eHeidethdrg, Bermailyhle addition, dat@ sphttmg i f i C
was done with ProteoWdzd (https://sourceforge.net/projects/proteowizard/), USA to separate

the data between the negative and positive ionizationKlessner et al., 2008While splitted

data analysis was done with MZmine 2.4.2 followed by amonse excel sheet called Macro

which coupled with Dictionary of Natural Products (DNP version 2021) database published by
CRC Press, Boca Raton, USRIuskal et al., 201,Macintyre et al., 2014 The NMR samples

have been dissolved using deteriorated dimethyl sulfoxide (DM®0) pur chas-ed fr o
Aldrich,Pozna & Pol and &riutes dbtamed §FdmeNoreNevdYork,d&JSA M

NMR samples were measured in a 400 MHz -1€3100 FT-NMR spectrometer system
equipped with a 40TH5AT/FG probe. addition, anPAVANCE-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 Waegfopped

and can use either a BBOATMA -[31P-183W/1H] probe or a TBE-[*H, 13C, 3!P-1N] 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 namekscophitlum nodosumLaminaria hyperboredJlva intestinalis Ulva
lactucg Fucus vesiculosjsucus serratusFucus spiralis,and Himanthalia elongatawere
collected from Culzean coast, Ayr, Scotland, United Kingdom and were identified by Kirsty
Blake from Marire Biopolymers Ltd (MBL)Seaweeds were collectatlieast fivameters from

both sides the dry coastline at low tidésPS collection location was at 55.3546966,
4.7891084.The seaweeds were placed in 50ml falcon tubes and stored in fridg€anatil

used for inoculation work.

6l| Page



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 7.8avith?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 agdnased media was poured irf@0mmx15mmnPetri dshes 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 ait (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 (1>d.earan

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 agn 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. Theimeculated 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 culturepurification 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 wénecelated on new
plates and were incubated at 27C°. Enough plates wecellated 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 ofrude fungal extracts

Each purified fungus was 4aoculated 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 ratesghe triplicates were categorised into slow and-¢getving

groups. The fasgrowing fungi were incubated for 15 days, while the strawing
endophytes were incubated for 30 days. After incubation, the fungal cultures were transferred
to a 250ml Erlenmeydlask 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
abuchner 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 ab@° until further use for cheral profiling with NMR and

MS, as well as prior to the biological assays.
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Inoculated endophyte

fast-growing Slow-growing
endophyte endophyte
Incubation for 15 days Incubation for 30 days
Addition of EA and

maceration for 24h

¥

Homogenization

‘

Filtration and drying

o

Vials containing
extracts

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 fungaéxtracts were subjected to three screening tests. The three screening tests
included nuclear magnetic resonance spectroscopy (NMR), high performance liquid
chromatography coupled with highsolution mass spectrometry A HIRMS) and antibiofilm

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

software. Sample concentrations for each screening test is summarised in Table 2.1.

64| Page



Table 2.1:Required concentration of sample for screen

Screening test Concentration Solvent used
LC-HRMS 1 mg/mL Methanol
NMR 5 mg/ 6 00 ¢ DMSO-ds
Bioassay 10 mg/mL DMSO

2.2.4.3 Antibiofilm biological assay.
2.2.4.3.1 Bacterial concentration preparation:

Both biofilm-forming Staphylococcus aurey&TCC 29213) and®seudomonas 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 totak diasks.

The six flaskswere prepared to be used in AlamarBlue® and planktonic sigbage flasks

for each. The inoculated flasks were incubated for 16h at 37C°. This was dortg. iauetus

andP. aeruginosaeach stationary growth phase. This wdtofeed to the transfer of 1Q0

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, anacle 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 dDthesamples
dissolvedin 10Qul of biologicatgrade DMSO. Thelilution plate for extracts, fractions, and
pure compounds was prepared to have a final concentration of 1000ug/ml by dijutiofg 4
10mg/ml extract with 36l of LB broth.

2.2.4.3.3 AlamarBlue® biofilm viability assay:

Assay plates were prepared by mixilOpl of the sample stock solutions in the dilution plate

with 90ul of LB broth prenoculated 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 concentration range of 0039ug/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 piaeemeasured 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 rmmam of 80% with a concentration of 3@ 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 ewict 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 thersening tests, the results along with the spectral data
of the samples were subjected to multivariate analysis using SIMCA to obtain the

corresponding OPL-BA scatter and loadings plots.

2.2.5 Taxonomicalidentification 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 extracsmntion 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. 100l of DNA dilution solution was added to
each Eppendorf tubes containing the DNA and stored8&i°Za the next step. Polymerase

chain reaction (PCR) and gene amplification were done for each of the endophytic fungus by
mixing 4pl of a solution of denatured DNA with 25 pL of REDExtradtAmp E P CR
ReadyMi xE, 3 OL of the f orewaprirder|pS4anuéspuLdf TS 1,
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watermolecular 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 amplificationpste

Step Temperature  Duration Cycles
(C) (min)
Initial denaturation 95 3 1
Denaturation 95 1 -
Annealing 56 1 35
Extension 72 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 microwaveZor 1

min to ensure full solubilization. The weight loss during microwaving \wwasvered 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 vohe of 1x TBE buffer was added to the plate

to enhance the migration of fungal DNA in the plate. A 6ul volume of hyperLadder II, 45ul of
blank sample and amplified DNA samples were applied on the prepared gel electrophoresis

plateandpartitionedat three psitions as shown iRigure 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 stateéshmh Eppendorf tube
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and stored aR0CP° 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 theilsiikation 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 geagarose mixture and again homogenised with a vortex.
Meanwhil e, the GenEluteE Binding Columns wer
in a 2 mL collection tube, to which 500 pL of column preparation solution was added to each
binding column then ceénfuged 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 mlaced in a new
collection tubes, with 25 pyL 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 colledtidres. Each tube containing

the genes was stored-BROC® 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 FinchT¥tware and compared to database hits available on
the Basic Local Alignment Search Tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.2.6 Media optimization.

Three of the four antimicrobial active fungal extracts were selected for fogtigrisation on
ninedifferent 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 extracttmettérom the malt agar

extract, Dsalina M. eleganceandH. rubiginosunwere selected for media optimisation work.
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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 medjatimisation.

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. Afteddyss, fungal cultures were-meoculated 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, naalt leodth

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 powddxoid) with 0.5g of pepton€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 2.5¢g of sea salt.

2.2.6.2.3 Marine broth media:

Marine broth was prepardyy dissolving 3.74g of marine broth powdé@xoid) 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 seaalt 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 olultrapure water.

2.2.6.2.5 Oat media with and without sea salt:

A

Foroatlt Scott 6 s P o rwithpue se®saltaslQ0 Yom/e of oabwas 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.

Onethird of the petri dish fungal culture was added to the respective media described above.
The inoculated media were incubated at 2inGRree 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 wi3toAc by macerating the cultures in 100 ml of t

solvent for 24h then homogenized for 30 min to lyses the fungal cells and filtered. F
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EtOAc extracts from the liquid media, the filtrate was added into a separatory fur
achieve further extraction tfie aqueous layer with EtOAc by solvent partitioning. EtC
was added -3 times during liquidiquid extraction for exhaustive extraction. The seve
volumes of pooled organic phase were then concentrated under vacuo by rotary evay
For the fungatulture from the solid media, the homogenate was also extracted severe
with EtOAc, decanted and filtered. The pooled filtrates were then concentrated under
The concentrated extracts were transferred to tared vials and at@ad 5CUntil further

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

r Media optimisation extract ]

Liquid media Solid media

I I

100ml EA
100ml EA

maceration for

maceration for

24h followed by 24h followed by
homogenization homogenization
Filtration Filtration
Separatory
funnel

Drying using rotary
evaporator

Figure 2.4. Shematic diagram represents extraction procedure for both liquid and
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 sgalwork. The samples were prepared as
summarised above in Table 2The generated spectral data was processed th@tdto

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 Scaledup fermentation and extraction

Endophyte inoculation
on the chosen media

Incubation for the
selected incubation
period at 27C

Extraction of the
active crude extract
using EA

for large-scale
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 scaleup 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 frobn. salina Media were prepared following a scailag protocol

as further outlined below.

For malt extract broth media witkea salt20 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 autoElaved.
oat media witbut seasalt 20flasks were prepared with 500g of oat with 1000ml of ultrapure

water in a 2000ml Erlenmeyer flasks then autoclaved.

Fungal inoculum for scalep cultures oD. salinawas prepared as described in section 2.2.6.1.
and inoculation was accomplished as described in section 2.2.6.3. The inoclila¢athddia

were incubated as stand cultures at 27°C for 30 days.
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For extraction, 800ml of EtOAc was added to each flaskagaih macerated for 24h to stop

D. salina growth and other metabolic processes. After 24h, the culture flasks were
homogenised for 30min. For. salinagrowing on malt extract broth, the organic EtOAc phase
layer was separated from the aqueous phaseavgéiparatory funnel. Liquiilquid 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 fractionati@n. For
salinagrowing on oat maia, 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 theotaulture media were subjected further to preliminary
fractionation by liquidliquid partitioning. The crude extracts were reconstituted with 200ml of
10% aqueous methanol and extracted thrice with equal volumelsexfame taeliminatefatty

acids and ligls. Then successively, the 10%Aqg 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
antimicrobal assay screening. Extraction workflow for both fungal extracts generated from
two media is presented below in Figure 2.7.cAematic diagram of liquitiquid partitioning

of crudeextracts ofD. salinagrown on malt extract with sea salt is showrFigure 2.82.9

and those grown in oat media is in Figureg2.20
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Large-scale fermented

D. salina

4

Oat solid media

\

Addition of 800ml of
EtOAc to each flask
followed by 24h
maceration

v

The mixture was
transferred to 5L
stainless steel beaker

4

Each flask was
homogenized

¥

EA extracting solvent
was dried using rotary
evaporator and
extract was placed in
already tared vial

"

N

ME liquid broth media

1

Addition of 800ml of
EtOAc to each flask
followed by 24h
maceration

4

Each flask was
homogenized

4

Organic phase (EtOAc)
separation was done
by solvent
partitioning.
Extraction was done
with exhaustive
extraction method

Figure 2.7: Preparation otrude extracts dD. salinafor liquid-liquid partitioning.
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Ethyl acetate
crude extract

“.78) Suspend in 10%Aq

|::> MeOH(200mL)
with n-hexane

£[:| % ] (4X(200mL))
T

|

The yield of Suspend in 4X
n-Hexane extract (200mL) EtoAc
was 2.6g

The compounds in
this extract were
inactive

The yield of 10%
MeOH was 37mg

The extract was
inactive

The yield of
EtoAc extract was 2.1g

The compounds in this
extract were active and
subjected to fractionation

Figure 2.8: Schematic diagram of liquiliquid partitioning ofD. salinaextractgrown on

malt extract with sea salt.

Malt crude extract
21g

Buchi Sepacore
Active fractions Active fractions
fraction 8-15 fraction 1-7
Fraction 4 Fraction 2
60mg 42mg

;l F

Compound Compound
F4-1 F21
11.2mg 23mg
F4-6
53mg

Figure 2.9: Schematic diagram showing the isolation of pure compounds produdzd b

salinagrown on malt extract media with sea salt.
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Ethyl acetate
crude extract

Suspend in 10%Aq
MeOH(200mL)

with n-hexane
(3X(200mL))

[ n-Hexane J [ 10% Aq MeOH ]
Suspend in 4X
(200mL) EtoAc.

The yield of MeOH
was 300mg.

The yield of
n-Hexane extract
was 14.599g.

This extract was
with intermediate
activity.

The extract was
inactive.

The yield of
EtoAc extract was 4.4g

This extract was with high
activity.

Figure 2.10: Schematic diagram of liquiliquid partitioning ofD. salinaextractgrownon

oatmedia.
Oat crude extract
4.4g
Buchi Sepacore

Inactive fractions Active fractions
fraction 1, 6.7, 8. fraction 2, 3. 4. 5.
11 and 12 9and 10
Fraction 10 Fraction 3 Fraction 2
490me 70mg 76.8mg
< 4 g7 g7
@ 5 a8 aa
2% EE- ié
g & 2 gz
=g = é =8
Compound Compound F2-1+F2-2
F10-2 F3-1 19.4mg

12mg 1.8mg
F10-8 F3-3 E
19.7mg 7.2mg =
Compound
F2-2-2
2.1lmg

Figure 2.11: Schematic diagram showing the isolation of pure compounds produdd
salinagrown on oat media without sea salt.
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2.3.2 LC-HRMS

Each sample waseighed and dissolved in methanolpi@pare 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 i,njtehcet ifdm wv alau e waass al 0 €3L0
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 variedrifob®0 to 1500. The

spray voltage was 4.5 kWhe capillary temperature was 320°C.

Table 23: Elution gradient used for LEIRMS. 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 LGHRMS chromatograms and spectra were viewed in Thermo Xcalibur 2.2.
2.3.3 NMR spectroscopy

Sampl es were di s s o-heand glansferred & MR tubeso 5 mg WwélSuSed
for fractions, while the entire amount obtained (up to 30 mg) was used for pure compounds.
Quantities | ess than 5 mgandiransferredito cagsllary NMRd i n
tubes. For structure eluciilen, all compounds were submitted to applied chemistry
department to use their 500MHz Bruker NMR instruments. This was done to perform HMBC,
HSQC, and & 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 (SIPBSIihg 400/Hz NMR instrument. All experiments

were processed using MestReNova 14.2. For Proton Spectra, smoothing with Whittaker
Smoother, baseline correction wittihittaker 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 A& Were done.

78| Page



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 systewaschosen after it was optimiset 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 theude 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 analysigas 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 Bgelite. The concentrated extract solution
was added to the celite drepse to obtain homogeneous mixing theredrovernight 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 thatswl 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 sea@le chromatographic separation was
accomplished by stepise gradient elution using a very gradual slope with increasing ratio of
MeOH from 1 to 20% in 160 min atflow rate of 100 ml/minThe column was washed with
70:30 acetone andeOH. The selected obile 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 &. salinacrude extractbtained 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 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

2.3.42 Fractionation of D. salina extract obtained from oat medithout 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 ploAgnts 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 stdpe gradient elution with increasing ratios of MeOH
from 1 to 20% in 130 min at ffow rate of 100 ml/mi. The column was washed with 70:30
acetone and MeOH he 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 &f. salinacrude extracbbtained 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

2.3.43 Purification of Fraction 2 obtained from D. salina grownaat media

Fraction 2 (76.8g) was dissolved in 2ml of EtO&ud added dromise to2g of celitewith
thorough mixing The mixture was left to drynder the fume hoodver a weekend prior to
loading on a prgacked 129 silica column for a Grace Reveleastlchromatography system.
For fractionationa gradient mobile phase system of DCM and EtOAc was used by starting
with 100% DCM and ending with 100% EtOAc ih.2

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

Fraction 3 (70mg) was dissolved in 2ml of EtOAc aded dropwise to2g of celite powder

with thorough mixing. The mixture was left to dry under the fume hood over the weekend. The
dried samplecelite mixture was added to a loader for a 12g silica coltonthe Reveleris

flash chromatography systenDCM and MeOH were used as the solvent system for
fractionation as shown in Table6zelow. The sulfractions were collected automatically by
peaks monitored with both ELSD and UV detectors. The wavelengéusin the UV detector
were at 254 and 280nm. Column was washed using a mixture of acetone and MeOH (70:30).
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Table 2.6:Elution gradient for the fractionation Bf. salinasecondary 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
25 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 15
75 80 20 0 15
95 0 30 70 15
100 0 30 70 15

2.3.45 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 saoglie mixture was adde€d a

loader for a 129 silica column for thReveleris flash chromatography systdratios of R

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 detedthe 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 sditactionation oD. salinasecondary 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 R 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 suitabgibvent
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 géD F254 plates) obtained from Merdkarmstadt,
Germany to ensure a proper separation of compounds on the collna@ppropriate mobile

phase was chosen based on is the Rf valtissbéluting componenThe Rf value of the spots
should be between 0ahd 0.5 to avoidh 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 analyticalTLC 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 platesivasrb (he
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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 ealdtkbted as
coloured spots under short UV wavelengths as well. Alkaloids, flavonoids and other analytes
could be detected under long UV ligfwall, 2005. TLC plates were also sprayed with
anisaldehyde/sulfuric acid reagent (Tabl8) 2and heated to 200 with a heat gun. This
spraying reagent is used to detect many natural products like essential oil components, steroids,
terpenes, sugars, phenolic comparehd sapogenir{8vall, 2005. The mobile phases used

are mentioned under the results and discussion in Chapter 5.

For PTLC, 10 mg of sample was dissolvedin@e L of acetone and appl i
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 PTL(Olates, filter papers were placed inside TLC chamber for
equilibration. This is very important, otherwise, the solvent front would evaporate from the
plates, decreasing their volatilitausing thesolvent front to be uneven and concavely shaped.

After themobile phase had developed the plates, the bands were viewed under UV light. Prior

to using a sprayeagent, 9% of the plate area was covered with an aluminium foil, allowing

the edges to be exposed and sprayed with anisaldehyde/sulfuric acid reagdmanddwere

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 reage

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

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

Various mobile phases wetested to seledhe optimum solvent system for MPLC. The best
mobile phase was 99:1of DCM:MeOH that generated Rf values of less thafo@éver,
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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 compds. 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 eke 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 eaclthromatographic 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 orevery 2x20cm silica TLC using four TLC plates in total. DCM and Me@®H: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 todfianation by preparative TLC. Fraction 4 (60mg)
was dissolved in 900ul of EtOAc and divided to six smaller volumes of 150pul. The sample was
loaded on six 20x20cm silica TLC plates. The plates were developed twice in DCM and MeOH

(95:5).

2.3.54 Purificaion of fraction2-2(1+2) from D. salina extract obtained from oat media.

Fractions 1 and 2 produced from the d$rdztionation of fraction 2 fronD. salinaextract
obtained from oat media were pooled together due to their similar chemical profiles. Both
fractions F21 and F22 resulted in a yield of 19.4mg. The pooled fractior2fP+2) was
dissolved in 300ul of EtOAc and divided to two portions of 150ul. The sapwtons 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 metabolomicsapproach used in this study

Metabolomicsis 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 environme(f®chfort, 2005Maree et al., 201,Harvey et

al., 20195. This approach can also be used for the end product of the gene expressess

as well as to monitor gene function and the biochemical status of an ordailsama et al.,
2011).

Metabolomicsbased studies can be divided into two types:

1. Nontargeted studies

These studies examine all measurable analytes in the extracts. They should be coupled
with chemometricdased methods to alyse the compounds, including compounds at

low concentrations when within the limit of detecti@riffiths et al., 201D

2. Targeted studies

Targeted studies would only search within the pathway that provided the selected
metabolites or known and predefined metaboli@sffiths et al., 201D

As illustrated on Figure 2.12T h e-o niii ¢ s 0 inclbdesopmteomics, genomics, and
transcriptomics thaall either utilises or supports metabolom{&ochfort, 2005 Dettmer et

al., 2007. However, tudying 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. Accordi ngl-ogmi ctshde anpopsrto afc ihicsdbasedo tntaée
method(Sumner et al., 20QRochfort, 2005Yuliana et al., 2011

86| Page



“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. Hebhast and selective analytical
methods must be chosen to overcome these challéhgedike et al., 2013Stuart et al.,

2020. Liguid chromatography, coupled with higésolution masspectroscopy (LEHRMS)

and NMR spectroscopy, are the instruments mostly used in metabolomics processes. Because
crude extracts are used in the first screening to guide metabolomiddRMS is more
effective than NMR due to the higher sensitivity of-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 identifioatiHowever, the ionisation capability of the isolated
compound can affect the metabolite identificat{@miffiths et al., 2010Tawfike et al., 2013

Krug and Miller, 2013 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 proce@éesy and Muller, 2014Harvey et

al., 2015. It can be carried out using EERMS, where hits with specifim/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, whiclpopits 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 bothRHHRMS 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 vergibaing of the studyWu et al., 201k 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., 2007

24.1 Chemometrics and multivariate analysis

Chemometrics is described by Waldd Sjostroma s t h e i archemadlly relevantr act i n
information from data produced in chemical experimeantsl, 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 mathairatation. It is how to get chemically

relevant information out of measured chemical data, how to represent and display this
information and how to g(Wold asduSostrom, 199®Ir mat i o |
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
matriceWold and Sjostrom, 199810k and Chau, 20Q6aree et al., 2004

Multivariate data analysis is a chemomettiesed methidb which provides interpretable data

from a complex collected data matrix of an experiment, thereby examining the data and
allowing the estimation of its outcomes. Hig#solution analytical instruments produce
multivariate colinear data, determining vatesy 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 vaables or principal componen(Rajalahti and Kvalheim, 20]1
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Approaches in multivariateanalysis include principal component analysis (PCA), soft
independent modelling by class analogy (SIMCA), partial least squares (or projections to latent
structures) discriminant analysis (RD®#\), orthogonal partial least squares discriminant
analysis (OBRS-DA) and modified orthogonal projections to latent structuresRO3). Those

approaches are summarised in Tab8(@/iklund, 2008.

Table 2.9 Approaches used in multivariate analysigWiklun d, 200§.

PCA: SIMCA: PLSDA and OPLS O2PLS:
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 progressio spectroscopy
° . [ ee
o ©C%e o | -.- . oo
32 n e oo
[ ] E @ (o]

Two of the most commonly used multivariate approaches for metabolomics data analysis are
PCA and OPLSDA (Covington et al., 2007 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 FRyuB:

Using PCA could reduce this matrix to the smaller matrices IxA and AxK, which are easier to
interpret and understar{eladi, 2003 PCA converts thé&arge data space that is present in

the IxK matrix into a smaller space (as shown in FiQui&, 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 abied; however, two could be sufficient to represent the data

in an efficient and descriptive way.
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A
X _ + E
I I
Data Latent vanables Residual
Figure2.13A A data matrix of size 11K is

and AxK (A<<min (I, K),which are easier to interpret and understand, and contai
the relevant information. Noise and other disturbances are left in the residual m:
sizelIxK.A gener al name for the reduced ¢
metabolomicgGeladi, 2003

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

pattern of observations in the sesiplot(Geladi, 2003

Latent variable 2

Cluster A
]
@ Gradient
luster B

@Outlier

Latent variable 1

Figure 2.14 Examples of scores plots for two P@eladi, 2003 As the figure depicts
cluster A shows less variation, as it is denser than the sprgad cluster B whicl
reveals morevariation. In some situations, outliers and a gradient between the
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 valR0EH.llnes i n
contrast, the PL®A 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 resporfsibtbe observation groups in the scores

plot (Covington et al.,, 2007 Enhanced sepdran between predictive and nonpredictive
variations, can be done by applying orthogonal signal corrections to PLS regréBgieng

et al., 2008

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 produ@n of secondary metabolites. Both PCA and Ofl&Scould 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
compoundgRaheenet al., 2019 Tawfike et al., 2019Mazlan et al., 2020This effect is a

result of the ability of a metabolomics processesompare 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 extrddtis would aid in tracking the possible novel and bioactive
metabolites and biomarkers present from the early stages of research to (Bebatdet al.,

202Q Stuart et al., 202@®antiago et al., 2021 Then, such biomarkers could be isolated, and
their structural infrmation (provided by NMR or LEIRMS) are compared with database or
library information to serve as a dereplication process and conserve time in defining the target
metabolitegWu et al., 201} If the core structure of the biomarker is known, but its functional
groups are not, then tadimensional NMR and fragmentation patterns from MS/MS spectra
combined with molecular networking evaluation processes could be used to identify the
compound in gestion. However, if its nucleus is novel, then a full de novo NMR structural

characterisation is needé€Bawfike et al., 2018

Furthermore, metabolomics processes could be used to optimise fernmectatitions and
to detect and sustain the production of interesting secondary metabolites during theugcaling

process(Schulz et al., 20Q2Harvey 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 reattimetabolomicg¢Jorda et al., 2012

Zhu et al., 2013Abdelmohsen et al., 201#ubert et al., 2014 When certain fermentation
parameters are changed, the secondary metabolite production could be checked by
metabolomics pcesses. This gives the metabolomics processes the ability to work as quality
control tools(Tawfike et al., 2013Toya and Shimizu, 2013Vu et al., 201k Metabolomics
processes could also beed 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 resultiatedsol
compounds. Any change of these could be detected by(PPdiana et al., 201)1 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 chemad constituents. In such cases, the combination of these
constituents is monitored to maintain the biological actifiMuliana et al., 201)1 Further,
metabolomics data can be mined in searches for biosynthetic precursors, which could be used

to increase the production of a certain bioactive secondary metgbtalitecy et al., 2015

2.4.3. Multivariate analysis of spectral data

The LGHRMS files were splitted into positive or negative ionisation mode files with
MassConvert by Proteowizard before theyevenported 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 togetkeluskal et al., 2010

Mzmine parameters followed those put together bgcivityre et al, 2014, the centroid mass
detector was used for peak detection where the noise level set foahdEhe 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 1.0Eand m/z tolerance of 0.00dm/z or 5.0 ppm. Local
minimum search algorithm was used for chromatogram deconvolution. The chromatographic
threshold was set to 5.0%, the search minimumrartge to 0.4 minutes, the minimum relative
height to 5.0%, the minimum absolute height to 100 nimimum ratio of peak top/edge to

3 and the peak duration range to 0.2.0 min. Isotopic peak grouper was used for detecting
isotopes. The tolerances of battahdm/zwere set to @ minand 0.00In/z respectively. The

maximum charge was set to 2ahe representative isotope chosen was the most intense. After
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that, the chromatograms were cropped toi540.0 min using the peak list row filtering
function. Then, join aligner was used to align the peak list, in whi¢htolerance was set to
0.001m/zor 5 ppm, weight fom/zto 20, & tolerance to 5 relative % and weight feandm/z

to 20. Later, gap filling took place where the m/z tolerance was set to1®/@@do, intensity
tolerance to 30%grttolerance to 0.5 minutes andztolerance to @01 m/zor 5 ppm. Adduct
search was performed with tolerance of 0.2 minm/ztolerance of 0.00in/zor 5 ppm and
maximum relative adduct peak height of 30%. The adducts searched for were Na i, NH
positive mode and format in negative mode. ACN wvsasrched for in both modes.
Furthermore, a complex searched was performed using [MeHihe positive mode and [M

H] for the negative mode. The toleranceroivas set to 0.2 mimm/ztolerance of 0.00in/zor

5 ppm and maximum complex peak height téd0loreover, the formula prediction function

was used to search for unknowns where ags#rtolerance was 0.00h/zor 5 ppm. Finally,

the data was exported as a CSV excel file for further clean up usimghibesedeveloped
macro. The exported parametewere 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 andsolvent effects and dereplication. This resulted in a data set prepared to be
analysed using SIMC# software. The data was imported into SIMCA. Polarity and MZmine
ID were merged and set to be the primary identifier amg tr, molecular formula and
molecular weight (MWt) were selected as secondary identifiers. Both Principal Component
Analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis (DR} %as
performed depending on the purpose of the study. Scores, loadingsphots #ere then
generatedMacintyre et al., 2014 Permutation test was performed for OPD& models. This

test calculates the model's fitnesg)(Bnd predictive power @ A strong model has its’R

and @ values close to 1, its?R intercept must be less th@m and @Y intercept less than
0.05(Ali et al., 2013.
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3 Isolation and Screening of Fungal Endophytes
3.1Literature background on selected seaweeds for this study

3.1.1.Ascophyllum nodosunsource of natural products

Ascophyllum nodosuifA. nodosunmis a brown seaweed that belongs to Fuealesfamily
(Jiménez et al2010. Previous reports indicated the presence of bioactive metabolites, which
affect different macro and micimrganismgJiménez et al., 20)OMacroalgaederived extracts

have been used extensively by the cosmetic industry for skincare prédiouésez et al.,
2010. Extracts ofA. nodosunexhibited antioxidant and immunomodulatory activities both in
vitro and invivo (Turner et al., 2002 The crude extract k. nodosunwas alsashown to be

a good food additive to reduce the growth of pathogens and has improved the performance of
livestock grazing animal§Allen et al., 2001 The acetone crude extractfafnodosunexerted

good antioxidant, antimcrobial and tyrase inhibitor activities(Jiménez et al., 20)0A.
nodosumwas also a good source of fucoidan, alginates, ascophyllan, laminarins and
polyphenolic compound@&adam et al., 200)5Some of these examples are shown in Figure
3.1.

CH,OH
HsC OH OH 0-_OH s I
s e on ST as
0408 2 -0 2 o o) TN OH
0,08  © - HO& HO o~
008 o, i o OH n OH OH
m

.| OH OH

fucoidan alginate m
laminarin

Figure 3.1: Examples ofompounds isolated from. nodosuniKadam et al., 2015

3.1.2Laminaria hyperboreasource of natural products

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

various alginatéike compoundss shown in Figure 3@Verner and Kraan, 2004
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Figure 3.2: Chemical structure of alginate hydrocolloidal compounds isolatedlfrom

hyperborea

In addition, the crude extractslofhyperborear e ri ch wi th phalncad i ¢ co
polysaccharide, known as laminarins which can enhance various biological adiitigsy

et al.,, 2013 Kadam et al., 2015 Laminarins consist of1,3)}b-D-glucopyranose residues

(Figure 3.3withsome 60-br anchi ng i n t he m&a6)intrachdinainke and/
(Rioux et al., 2007 Kadam et al., 2005 The physicochemical progg of laminarin
compounds depends on the degree of branching of each compound, which can also affect the

biological activity of these polysaccharidgdoux et al., 200/Kadam et al., 2015

OH
OH

0
OH

Figure 3.3: Chemical structure of (1,3)}-D-glucanbuilding unit of laminarin compound

O _____ - —-—

isolated fromL. hyperborea
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3.1.3Ulva intestinalissource of natural products

Ulva intestinaliss a marine green microalga growing in rockpg@blrsson et al., 1997Crude
extracts ofU. intestinaliswas also found to exhibit anticrobial activity (Sahnouni et al.,
2016. U. intestinaliswas describe tgield ulvan polysaccharides with building blocks such as
glucouronic acid, rhamnosestilfate, xylose, xylose-2ulfate and idunaic acid, as presented
in Figure3.4 (Brading et al., 1954Tavernier 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 frddn intestinalis
3.1.4Ulva lactucasource of bioactive metabolites

Ulva lactuca (U. lactucg is a green edible seaweed under Wgaceaefamily and is
commonly known asea lettucgFotedar, 2011 U. lactucawas able to produce metabolites
that can be used by the seaweed itself and/or by its endopgigied et al., 201 As
illustrated in Figure 3.5, gtabolites found iJ. lactucawere related to different families of
compounds like amino acids, polyphenolics, polgkacides, and fatty acid¥aich et al.,
20117).
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Figure 35: Chemical structure of some compounds produced.dgctuca
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3.1.5Fucus vesiculosisource of natural products

Fucusvesiculosiss a brown alga usually found in the north Atlantic ocean, Balti¢Geagie

et al.,, 197). Brown alga has been widely reported in the literature to produce active
antimicrobial metaboliteBuedenbender et aR020Q. These reported compounds were found

to exhibit inhibitory effect against gram+ bacteria li8e aureusand Bacillus subtilis(B.
subtilis) (Narayani et al., 2011Pérez et al., 2036 Antimicrobial compounds from various
chemical groups have been isolated from brown alga such as phenolics, carotenoids,
polysaccharide and lipiddérez et al., 20360nly a few number of research papers have
reported the biological activity of the isolated pure compoy(Rdgsire 3.6) while the majority

of the publications described the biological activity of the crude extf@oedenbender et al.,
2020. From the reported compounds, a polyhydroxylated fucophlorethol was found to be
active againsk. coliandS. aureugrowing on the surface of the seawegsisndsdalen et al.,
2003. Another compound under the carotenoidugravas fucoxanthin that e to be active
exhibited antimicrobial activity against four different types of bactd?se(doalteromonas

sp., Ulvibacter littoralis, Bacillus aquimaris, Cytophag&T0804) growing on algal surface at

a concentration d.9-10mg/cni (Saha et al., 2031In addition, galactolipid compounds were
also found to be active againSt aureus(DSM346) (Buedenbender et al., 2020The
production of phenolic compounds was higher in the summer, while galactolipids production

was higher in the winter and botrere active again§. aureus(Buedenbender et al., 2020
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Figure 3.6: Chemical structures of some reported bioactive compounds isolate& dicra

vesiculosis

3.1.6Fucus spiralissource of bioactive metabolites

Fucus spiraligF. spiralis) is a brown algae that usually thrives at the intertidal zones of marine
environmentgSchmid et al., 2017 F. spiralis has been reporteds a valubale source of
nutritional and bioactive metabolit€bdleto et al., 2006 These bioactive metabolites like
phlorotannins have a potential impact on human héRélva et al., 201 &atarino et al., 2017
Paiva et al., 2007 F. spiralis displayed good antioxidant activity due to the polyphenolic
compounds produced by these seawdasva et al., 20)8 Many phenolic compounds have
been reported to be produced Byspiralis, like gallic acid, caffeic acid, anillic acid and

gentistic acid, as presentedrigure 3.7 (Fernando et al., 2016
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3.1.7Fucus serratussource of natural products

Fucus serratugF. serratu$ is a brown alga that belongs to the same familyFasus
vesiculosisand spiralis (Major, 1977). F. serratusis usually found at the Atlantic coast of
EuropearCanary Islandand on the shores of nor#astAmerica (Taylor and Rao, 1957
Ryzhik et al., 2014 Most of the compounds producedAynodosunandF. vesiculosihave

also been described ih serratug(Le Tutour et al., 1998

3.1.8Himanthalia elongatasource of natural products

Himanthalia elongatgH. elongatd, also known as thongweed, seathongea spaghetti, is

also a brown algae that belongs to the Oidarales(Costello et al 2013. H. elongata
flourishes in the north east Atlantic Ocean and the NortfiGestello et al., 2003 The soluble

lipids produced by. elongatawere found to increase the antioxidant activity of vitamin E by

at least 45%Le Tutour et al., 1998H. elongatayieldedh -tocopheroland other compounds,

like ethylenecholestrol and cholestrak presented ikigure3.8(S8nchez Machado
2009). These chemical compod® can be used as a precursor for the synthesis of new

secondary metabolites, either Hyelongataor its microbial endophytes.
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Figure 3.8: Chemical structure of some compounds produceld.lsiongata.

3.2Seaweed collection

Seaweeds used in this study as a source of endophytic fungi were collected from Culzean coast,
Ayr, Scotland, United KingdomA photograph of each seaweed is presented in Table 3.
Collection and identification were done in May 20W8th Kirsty Black, the Product
Development Manager from Marine Biopolymer (MBL) Limited.

Table 31: Seaweeds used to isolate endophytes for the study.

Seaweed # Seaweed name
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 Fucusvesiculosis

7 Ulva lactuca

8 Fucus spiralis

3.3lsolation 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 fustireenical 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 slathesis of secondarynetabolites
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 acekterilised 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 mksthe 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 momghaldeatures. 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 betvszgates 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 otteerd, 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 naturgroducts 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 rgeated inoculation, and coded according to seaweed source as well as their

morphological features as listed in Tabl2.3.

Table 32: Fungal endophytes isolated from collected seaweeds.

Seaweed # Seaweed name Fungal morphology Code
1 Fucusserratus Green fasggrowing 1/1
2 Laminaria hyperborear Brown powdered 2/1
Fluffy white with brown dots 2/2
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Brown mass with obvious gland 213
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 i
Green fasgrowing 4/2

Green fasgrowing large biomass 5/1

Grey small biomass 5/2

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 backgrounc  7/1

White with grey background 712

7 Himanthalia elongata Orange with white hair like shape 713
Green fasgrowing biomass 714

Small green mass with white dots 715

White biomass 8/1

8 Ulva intestinalis . Lig.ht brown .biomass 8/2
White biomass with orange dots 8/3

Grey mass with brown dots 8/4

3.4Fungal extraction.

Due to the growth rate differences between isolated fungal strains, tsmerfiyngi were
classified as fasandslow-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.

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 ©. saling 7.5mg
2/2 6.6mg 2/3 6.2mg
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2/4 8.2mg 2/5 (G. candidum 4.8mg

216 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. elegancg 16.9mg 5/4 H. rubiginosun 22.1mg
5/5 6.7mg 6/1 6.8mg
6/2 7.4mg 711 6.1mg
712 5.1mg 713 4.7mg
714 6.3mg 715 6.1mg
8/1 5.1mg 8/2 7.2mg
8/3 7.1mg 8/4 5.7mg
Blank 5.3mg

105| Page



Extract Yield (mg)

(1/1) (2/1) (2/3) (4/11) (4/2) (5/2) (6/1) (7/1) (7/2) (7/3) (8/1) (8/4)
Endophyte Code

Extract yield

(212) (2/14) (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 fuAgiFast andB: slow
growing fungi. The red coulmns represent the bioactive extracts against both b
forming S. aureusaandP. aeruginosa

The slowgrowing 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 biomasgrowth, 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 16m malt extract agar plates. Tlemdophytes 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 biofifiorming S. aureusaandP. aeruginosa

3.5Bioassay screening of fungal extracts.

The extracts were tested to screen their biologidality against bacterial growth of biofikm
forming bacteriés. aureusindP. aeruginosaDue to the high possibility for the presence of a
biofilm forming bacteria on seaweedSteinberg and De Nys, 2002which is the host
organism in this study, antimicrobial assays were chosen for biological activity screening of
the extracts of the isolated endophytic fungal strainamakrBlue® 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 biof formation.

3.5.1Alamarblue® Assay of fungal extracts:

After applying 100ug/mL of each of the fungal extracts invw@8l plates inoculated with
biofilm-forming S. aureusand P. aeruginosafour of the extracts exhibited more than 90%
biological activity. These four bioactive extracts were afforded by endaphytgi M.
elegance(5/3), D. salina (2/1), G. candidum(2/5), andH. rubiginosum(5/4). The highest
biological activity was obtained frol. salinaextracts with a biological activity of 97% and
98% againss. aureusindP. aeruginosarespectivelyOn the other hand, extré&@f displayed

no antimicrobial activity again&. aureusndP. aeruginosat-3% and 1% growth inhibition,
respectively. Somm 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 34: AlamarBlu€ bacterial viability assy results of 100ug/mL of fungal extraci
Highlighted rows represent the bioactive extracts.

% of bacterial % of bacterial
viability viability
Liguid media S.aureus & Solid media S.aureus&
extract P. aeruginosa extract P. aeruginosa
1/1 78.82& 84.12 D. salina(2/1) 2.79& 1.76
2/2 67.69& 72.10 2/3 70.49& 68.84
2/4 86.75& 92.68 G. candidun{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. elegancg5/3) 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 7/1 56.93& 55.41
714 66.21& 70.50 7/3 80.71& 78.97
8/1 55.15& 58.56 7/5 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 biof
forming S. aureugndP. aeruginosa

3.5.2Planktonic 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 I8, aureusand P.
aeruginosa These extracts were from. elegancg5/3), D. salina(2/1), G. candidum(2/5),
and H. rubiginosum(5/4). The highest % of anliiofilm activity was obtained withH.

rubiginosumat 98 and 95% inhibition againSt aureusndP. aeruginosarespectively.
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Table 35: Planktonic biofilm viability assayesults for 100ug/mL of fungal extract
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
2/2 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. elegance5/3) 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
72 93.87 & 101.33 713 55.25 & 61.16
7/4 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: Planktonicassayesults after applying 100ug/mL of each fungal extracts
against both biofilrforming S. aureusaindP. aeruginosa
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3.5.3Minimum inhibitory concentration (MIC) and Minimum biofilm eradication

bacteria (MBEC) assay.

MIC and MBEC were calculated for ttieur antimicrobial extracts. All MIC were less than
35ug/mL. The lowest MIC values were obtained wikh eleganceextract at 18.50 and
23.20pg/mL againsk. aureusandP. aeruginosarespectively While highest MIC values of
29.78 and 32.61pg/mL, respealy were acquirefrom H. rubiginosunmextract. On the other
hand, the lowest MBEC values of 15.52 and 22.43ug/mL were obtaine®wetmdidunand

M. eleganceagainstS. aureusandP. aeruginosarespectively. The highest MBEC values of
28.72 and 31.61ug/mL were attained widh salinaandH. rubiginosumextracts againss.

aureusandP. aeruginosarespectively.

Table 36: MIC of active fungal extractagainstS. aureusandP. 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 . 1001
% 80- - M. elegance % 804 - D. salina
2 -+ H. rublgl.nosum 8 -+ M. elegance
< 601 -+ G. candidum > o
= 3 60+ -o- H. rubiginosum
5 404 n=3 ) - G. candidum
g 5 404 -3
5 207 8 n=
< 5 207
[ S— R S
05 00 05 10 15 20 25 01 i i i i i .
Concentration (log(mg/ml)) -05 00 0.5 1.0 15 2.0 25

Concentration (log(rmg/ml))

Figure 3.12: MIC results of active fungal extracts against biofflonming S. aureugandP.
aeruginosa

Table 37: MBEC of active fungal extractagainst biofilmforming S. aureusand P.

aeruginosa.
Medial extract MBEC pg/ml againstS.  MBEC pg/ml againstP.
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

111l Page



MBEC of Active Fungal Extract MBEC of Active Fungal Extract

1004 1004

ey . 2 .
= g80- -# D. salina = g0 -& D. salina
o) Qo
© -+ M. elegance © -+ M. elegance
> . > ..
o 601 -o- H. rubiginosum o 601 -o- H. rubiginosum
E -+ G. candidum E -+ G. candidum
5 401 - 5 40 n=3
5 n=3 S =
5 204 5 204
R S

04 0

-0.5 0.0 0.5 1.0 15 2.0 25 -0.5 0.0 0.5 1.0 15 2.0 25

Concentration (log(mg/ml)) Concentration (log(mg/ml))

Figure 3.13: MBEC results of active fungal extracts against biofibrming S. aureusand
P. aeruginosa

3.6NMR analysis of fungal extracts

As illustrated in Figure 34, there was quite a small change between NMR spectra of the fungal

and blank media extracts. Maajor 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 300pl
of DMSQys to improve NMR spectrunesolution.

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 acid®evi et al., 200b However, according to the
stackedH NMR spectra of the fungal extracts with the blank media presented in Figére 3.

there was an obviousifférence between spectrum of the blank extract and those of the
bioactive extracts especially those produce®bgalinaandH. rubiginosumH. rubiginosum

seems to deplete the medium in comparison with the rest of the other active extracts where
resonanes belonging from the media blank could be perceived. How@&esalinaafforded

higher intensity resonances in the region between 0.5 and 4.5 ppm when compared to the media

peaks.
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Figure 3.15: Stacked H NMR spectrum of bioactive fungal extracts along with MA ble
in the bottom. Sample concentration was at 5mg/600ul of DMS@OMHZ). Highlighted
peaks are resonances belonging to the MA medium.

In general, the NMR spectral data of the various fuegabcts 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 foD. saling which was positioned as an outlier. In additibh elegancend

H. rubiginosunproduced different chemical profile from most of the other extracts and located
on the right quadrants of the plot. On the other h&dandidumwhichproduced a low yield

of extract was more similar to the inactive extracts and the media blank. R@&r gdot of

the NMR data is presented on Figure63.1
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Figure 3.16: PCA scatter plot of the NMR spectral data of the respective fungal extra

When incorporating the antimicrobial assay results to the multivariate analysis data, the active
secondry metabolites were located at the right side of the GPAScatter plot (Figure 3.20),

while the inactive extracts accumulated at the left side of the plot. The chemical profiles
afforded by the activ®. salinaandG. candidumextractswere quite sim#r as indicated by

their close proximity on upper right quadrant of the scatter plot (Figud &8s well as
signified by their relativelyvery comparable spectra (Figure 9.1The NMR spectral
similarity of extracts obtained froi. salinaandG. candiduncould be due to their low yield

being masked by the signals exhibited by the media blank (Figuse 3.1

On the other hand, albeit a natentical spectra (Figure 3.18) fdvl. eleganceand H.
rubiginosumextracts, their respective chemical profilesre more comparable to each other
as displayed by their position on the lower right quadrant of the scatter plot. TheBZPLS
scatter plot of the NMR spectral data showethe gnilarities in the entire range of chemical
shifts (0.007 10.00 ppm) exhibited by the extracts provided My eleganceand H.

rubiginosum

As presented by the OPLZA loadings plot in Figure 28, a higher ratio of aromatic signals
at 6.00 to 10.00 pm eve produced bg. candidumandD. salinaextracts. AlternativelyH.
rubiginosumandM. eleganceextracts yielded a higher ratio of aliphatic signals at chemical

shifts between 0.00 and 5.50 ppm.
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3.7 Multivariate analysis of LC-HRMS data

The PCA scatter plot of the -BRMS data for the fungaéxtracts, as shown in Figurels,
displayedH. rubiginosumandD. salina as outliers indicating their uniqudemical profiles.

The rest of the fungal extracts overlappingly clustered together that indicated high similarity
and with nohuge 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
extracts.

Integrating the antimicrobial assay results with theHIRMS data in Figure 3@ the active
endophytes were dispersedly distributed at the right side of the-ORLSatter 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 32Extracts produced b§. candidumandM. elegance
signified a more comparable or identical chempalfile. In parallel, thevl. eleganceandG.
candidumextractswere not able to exhibit any discriminating features in the GPAS

loadings plot presented in Figure B.2

Whereas, the outlying extracts afforded Dy salina and H. rubiginosumindicated 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 bioprospediingalinaandH. rubiginosumextracts

were able to categorise their discrimingtmetabolites in the OPLBA loadings plot (Figure
3.21). The outlyingD. salinaextractwas discriminated by metabolites with a wide MW range
between 150 and 2000 Da. Alternativetly,rubiginosumextractwas categorised as an outlier

by metabolites withlower molecular weights between 150 and 698 Da. Discriminating
metabolites encircled in red gapevalues < 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 weround atm/z342.140122 6 5 . 1,&dd271D26112 were dereplicated from
the DNP database as citridonedpsorbicillinol , and griseoxanthone (Broadbent et al.,
1975 Abe et al., 2000Fukuda et al., 20Q5citridone B, oxosorbicillinol , and griseoxanthone

C the three known discriminating features have been isoRgedtillium roseopurpureum,
Penicillium chrysogenungnd Fusarium equisetirom respectivelyBroadbent et al., 1975

Abe et al., 2000Fukuda et al., 20Q5All these three known compounds and their respective
derivatives were earlier described as antimicrobial agéptkda et al., 2014/ Simoben et

al., 2019. The rest of the encircled discriminating metabolites gave no hits. According to the
variable trend histogram in figure 2,2xosorbicillinol was found to be produced Dysalina

while citridone B and griseoxanthone C wer@duced byH. rubiginosumThe encircled

discriminating features are listed in Tabl8.3.
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Figure 3.20: OPLSDA scatter plot of the mass spectral data of the fungal extracts gr«
according to their antimicrobial assay results against both bifditming S. aureusandP.
aeruginosa
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Figure 3.21: OPLSDA loadings plot of the mass spectral data of the fungal ext
grouped according to their antimicrobial assay results against both bfofiinng S.
aureusandP. aeruginosa Encircled in red are the discriminating features for the bioau
extracts found in the respective quadrants of the scatter plot (Figure 3.14).
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Table 38: Dereplication of 3 known possible bioactive metabolites wittalues < 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 C1H2:NO3(10) citridone B
P 9719 12.22  0.0477 0.0423 264.1000 C14H1605 (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 Cr1H16dN14(40) No hit
P_8404 19.70  0.0257 0.0192 1517.0837 CioH113N11(54) No hit
P_13433 19.71  0.0447 0.0346 1085.0400 no prediction No hit
Ce2Ha0N40O4 (45) :
P_12858 16.42 0.0224 0.0153 904.30354 CeiHadO (40) No hit
P_6368 13.67  0.0107 0.0038 855.0792 Cy3H17N7014(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 Cs4H51N9Os (14) No hit

citridone B .
oxosorbicillinol

O OH
480w
HO (6] (0]

griseoxanthone C

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

According to the variable trend results provided by SMICA, citridone B was fouddsalina

extract. While both oxosorbicillinol , and griseoxanthone C were found toHbeibbiginosum

extract as presented in figur@3.
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MZmine ID: P_6368
Rt: 13.673 1
MW: 855.0792
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Rt: 17.7937
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MZmine ID: P_12858
Rt: 16.42
MW: 904.30354

MZmine ID: P_11293
Rt:14.2648
MW: 665.39387

Base peak chromatogram, mz: 149.996 - 1999.968

MZmine ID: P_1343ﬁ§
Rt: 19.7128
MW: 1085.04

A

MZmine ID: N_1962
Rt:19.0527
MW272.068475

MZmine ID: N_2094
Rt: 21.0065
MW: 1702.562

MZmine ID: P_8404
Rt: 19.6929
MW: 1517.0837

MZmine ID: N_1886
Rt:19.0591
MW: 721.02

Figure 3.24: Total lon Chromatdgrarh (TIC) of both pbsitivé and hegative modes proc
from blank and active extracts. Yellow line represents blank media.
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3.8ITS gene sequencing

ITS gene sequencing was used to taxonomically identify each isbllaged 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 aogtaminant, 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 3.2

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 \
blank sample to quality control the DNA amplification procedure.

Depending on the antimicrobial assay results, extracted DNA of four active fungal strains were
submited for ITS gene sequencingesults of the BLAST sequence comparison is presented
under the Appendix in Figures 9.2 and 9The ITS gene sequencing results were processed

using FinshTV then the data was compared with NQIB$t database.
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Table 39: Identified active fungal strains.

Sample ID  Concentration Source Endophyte
ng/ul
2/1 19.7 Laminaria hyperborea Dendryphiella salingD.
saling
5/3 18.3 Fucus vesiculosis Hypoxylon rubiginosum
(H. rubiginosum)
2/6 12.1 Fucus vesiculosis  Galactomyces candidun
(G. candidum)
5/4 8.2 Fucus vesiculosis  Mariannaea elegan@M.
elegancg

3.9Summary of the preliminary screening results

Only four fungal isolated]. salina, H. rubiginosum, M. eleganaadG. candidunm 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 calcutat 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 fastoeed to be considered. Besides the
antimicrobial activity, this also included the extract yield and unigqueness or novelty of the
chemistry of predicted biologically active target metaboli@scandidumwvas excluded due

to the low yield of its extract®oth D. salinaandH. rubiginosumafforded the extracts with

the mostunique 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 valuesD. salinaandM. eleganceavere the most potent.

D. salina, H. rubiginosurandM. elegancevere chosen for further scalg optimization work
based orpotent biological activity, high extract yield, and uniqueness of chemical profiles of

the respectivexgracts.
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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 compoun@®eka and Jha, 2018 Endophytic microorganisms are
considered to be one of the promising sources of potential bioactive metglsobtas et al.,

2013. Since the isolation of penicillin from fungi, by Alexander Fleming in 1928,
microorganisms have been used as a safrnevel bioactive compounds which can offer an
easy way to scale up the production of these bioactive compounds by different types of
cultivation or fermentation method&atima et al., 2006 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 microorgani@ratima et al., 2006 Survival of both organisms can

be aided by the production of secondary metabolites éoenorboth organismsprotecting

each other against the stress provided by their surrounding envirof8trebel, 20030wen

and Hundley, 2004 Various factors like temperature, salinity, incubation periods, and nutrient
source are playing important roles in the production of various bioactive metabbiisdgr

et al., 2009Bhattacharyya and Jha, 2011

The aim of this study is to optimize the production yield of bioactive metabolites afforded by
Dendryphiella salina(D. saling, Mariannaea elegangM. elegancg and, Hypoxylon
rubiginosum(H. rubiginosun). D. salinais a fungi species usually collectedrr an intertidal
zones of both tropical and subtropical co@i&tshimeyer and Kohimeyer, 19Y.D. salinahas

been widely studied for its eqahysical and morphological adaptation to salinity in the marine
environment(Clipson and Jennings, 1992dwards et al., 1998M. eleganceas a harmless
fungi, which is found mainly on rotting wood and soil environm@iderstrom and Baath,
1978. Reports regarding the chemical composition of the extracts affordbthbgnnaea
genus are felshiuchi et al., 2020 Three compounds were recently isolated fMnelegance
namely;mariannaeapyrone and mariannamides A ar{&dbian et al., 20Q1shiuchi et al.,
2020. H. rubiginosumis one of 150 species under the gemigpoxylon (Xylariacea¢
(Mdhlbauer et al., 2002Many compounds have been isolated from various species related to
the genusHypoxylon while three compounds, which are entonaemin A, daldinin C, and
orsellinic acid have been describedorh methanolic extracts of H. rubiginosum
(HASHIMOTO et al., 1994 Buchanan et al., 1993ashimoto and ASAKAWA, 1998
Jayaprakasha and Rao, 200
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Figure 4.1: Chemical structure of compounds earlier isolated from selected func

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

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.salinaextractwas obtained

from oat media without sea salt while the lowest extractyinas 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 frobh salinaCultures on Different Media

Liquid Media
Incubation Period
Type of Media 7 Days 15 Days 30 Days 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 Sali 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 7 Days 15 Days 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 extra€issa#linaat 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 sald, salinahas reached the height of its log growth phase going
into the stationary as shown in Figure 4.1A. fBa 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.

127| Page



From the rice radia 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 optimuih grethe ¥

day of incubation then underwent a fluctuational decrease thereafter as the fungus started to
transition to its death phase on th& #&y. Similarly, on oat media with and without sea salt,
optimum extract yields were also afforded on tiRed@y, 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 Bay 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

media used to incubal® salinaextracts at 7 15, and 30days.
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4.1.2 NMR spectroscopy forD. salina extracts
4.1.2.1Liquid media
4.1.2.1.1 Malt extract broth media with and without sea salt:

'H NMR spectra of extracts afforded By salinagrowing 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 afydroxylated 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,
resonance$or 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 hugecdiffeas
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 #@ereasing 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 thé d#y and decreased at thé"3fy, while there

were no major changes observedrie aliphatic region.
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41212 Wickersham media with and without sea salt:

Proton NMR spectra ob. 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 betwethie blank media and fungal extracts in the aliphatic region at

1.00 to 1.50 ppm as well as in the double bond regid0étto 6.50 ppm. However,

di fferences between the bl ank meéito75aadnd f ur
8.5 to 9.5. The ract 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
incubationperiod and the presence or the absence of sea salt have no major effect on

salinagrowing on Wickersham broth.
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41.2.13 Marine broth media:

'H NMR spectra obtained for the various extracts afforde® byalinaafter 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 noticeabl®thsdlina was
producing high amounts of both saturated and unatgd 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"tl@d7 30" day of
incubation. While a more gnificant variation can be detected at the aromatic region (6.00 to
9.00 ppm) for the extract afforded on the"iday of incubation. It seems that the major

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

After growingD. salinaon 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
between8.50 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 b@®geen

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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412272 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. Resonange$.80 to 6.50
observed in the spectra of #aeractsvere most prominent at th& @nd 3@ days of incubation

of D. salinaon oat media without sea salt as well as at'thigly on oat media with sea salt. In
addition, a small peak started to appdar@i00 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, respectivgl 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 tha¥\fieiigon.
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 grawirsglinafor 7, 15, and

30 days on malt extract broth with and without sea salt inhibited the bacterial growth of-biofilm
forming S. aureusaandP. aeruginosady more than 90%. While threecond highest inhibition
against both biofilms forming bacteria resulted from marine broth exgraecesonly58.3, 57.5

and 55% agains$. aureusfter incubation for 7, 15 and 30 days, respectively. And 52.2, 54.3
and 29.9% again$t. aeruginosa as shown figure 4.7A.

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%. Howeverpsheotent
antimicrobialactivity was attained in the presce 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 100ug/mL of fungal extrac

Liquid media

% inhibition

S.aureus, P. aeruginosa

Solid media

% inhibition
S.aureus P. aeruginosa

Malt extract without se¢
salt 7 days incubation

100%, 100%

Rice media without
sea salt 7 days
incubation

58.4%, 37%

Malt extract without see
salt 15 days incubatior

100%, 100%

Rice media without
sea salt 15 days
incubation

65.1%, 63.9%

Malt extract without see
salt 30 days incubatior

100%, 100%

Rice media without
sea salt 30 days
incubation

32.9%, 27.1%

Malt extract with sea
salt 7 days incubation

99.4%, 100%

Rice media with sa
salt 7 days
incubation

68.6%, 66%

Malt extract with sea
salt 15 days incubatior

100%, 100%

Rice media with sea
salt 15 days
incubation

70.7%, 69%

Malt extract with sea
salt 30 days incubatior

100%, 100%

Rice media with sea
salt 30 days
incubation

68.3%, 64.3%

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%, 85.40

Wickersham without
sea salt 30 days
incubation

50.8%, 31.9%

Oat media without
sea salt 30 days
incubation

90.4%, 89%

Wickersham with sea
salt 7 days incubation

3.4%, 2.4%

Oat media with sea
salt 7 days
incubation

98.5%, 90.2%

Wickersham with sea
salt 15 days incubatior

11%, 16.7%

Oat media with sea
salt 15 days
incubation

98.8%, 93.2%

Wickersham with sea
salt 30 days incubatior

50.1%, 45.3%

Oat media with sea
salt 30 days
incubation

99%, 98.9%

Marine broth 7 days
incubation

58.3%, 52.2%

Marine broth 15 days
incubation

57.5%, 54.3%

Marine broth 30 days
incubation

55%, 29.9%
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Figure 4.8: Percentage bacterial inhibition of biofdfarming S. aureusvith 100ug/mL
of D. salinaextracts obtained from variods liquid andB: solid media

A AlamarBlue® Solution Assay B AlamarBlue® Solution Assay
Pseudomonas aeruginosa Pseudomonas aeruginosa
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Figure 4.9: Percentagebacterial inhibition of biofilmforming P. aeruginosawith
100pg/mL ofD. salinaextracts obtained from variods liquid andB: solid media.

4.1.3.2Planktonicassayof fungal extracts.

Planktonic assay db. salinaextracts after growing on different media confirmed the results
obtained from AlamarBlue® assay. The highest biological activity of more than 97.5% against
both biofilms, formingS. aureusandP. aeruginosavas attained for extracts obtained from

malt extact 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 obtaifter 7 days of
incubation without sea salt. While bioactivity was lost or decreased when the fungus was grown

on other media. Planktonic assaybfsalinaextracts against both biofikforming S. aureus
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and P. aeruginosashowed the ability of each eatt to inhibit biofilm production by both

bacteria §. aureusndP. aeruginosi

Table 4.3:Planktonic assay biofilm viability assay results of 100ug/mD ofalinaextracts

obtained from various media

Liquid media % inhibition

Solid media

% inhibition

S.aureus, P.aeruginosa

S.aureusP. 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 incubatior

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 sei

without sea salt 7
days incubation

2.9%, 0%

salt 7 days incubatior

72.9%, 68%

Wickersham
without sea salt 15
days incubation

11.4%, 6.1%

Oat media without se:
salt 15 days
incubation

88.6%, 85.4%

Wickersham
without sea salt 30
days incubation

48.9%, 45.9%

Oat media without sei
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 incubatior

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
Marl_ne 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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Figure 4.10: Percentage biofilm inhibition foB. aureusdy 100ug/mL ofD. salinaextracts
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Figure 4.11:Percentagéiofilm inhibition of P. aeruginosaacteria against 100ug/mL OX.

salinaextracts obtained from variods liquid and B: solid media



4.1.3.3Minimum inhibitory concentration (MIC) and Minimum biofilm eradication

concentration (MBEC) assays.

D. salinaextracts with strong biological activity against biofiforming S. aureusand P.
aeruginosain both AlamarBlue® angblanktonicassag were subjected to MIC and MBEC
assays. The lowest MIC values agaBisaureusindP. aeruginosavere attained at 17.3ug/mL

for fungal extracts obtained from oat and malt extract meesgpectively, 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 Table 4.5 and Figure 4.16. Extracts yieldedbysalina

grown for 30 days on malt extract broth and oat media, both without sea salt obtained a MBEC
value of 19.7ug/mL again&. aureuswhile a higher MBEC value &6.5pug/mLwas exhibited

for the extacts obtained from oat media with sea salt incubated for 30 Qaythe other hand,

D. salinagrowing 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 agaisteruginosaWhile the highest
MBEC value of 30ug/mL was obtained for the extract afforded by growing the fungus on oat
media with sea salt incubated for 30 day8EC 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 activeD. salinaextractsagainstS. aureusandP. 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 17.5
Oat media without sea salt 7 days 25.9 24.5
Oat mediawithout 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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A MIC of D. salina medial B MIC of D. salina medial
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Figure 4.12: MIC results of activeD. salina extracts againss. aureusA: D. salinamalt
extract without sea salB: D. salinamalt extract with sea sal€: D. salinaoat extract
without sea salt, anld: D. salinaoat extracts with sea sati=3
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Figure 4.13: MIC results of activeD. salinaextracts againd®. aeruginosaA: D. salina
malt extract without sea salR; D. salinamalt extract with sea salt;; D. salinaoat extracts
without sea salt, anld: D. salinaoat extracts with sea sati=3
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Table 4.5:MBEC of activeD. salinaextractsagainst both biofilrforming S. aureus
andP. aeruginosa.

Media MBEC pg/mL MBEC pg/mL against P.
againstS. 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 25.4 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 19.4
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
MBEC of D. salina medial MBEC of D. salina medial
A extract B extract
1004 ® Malt extract -no salt- 7 days 1004 ® Malt extract -salt- 7 days
> m  Malt extract -no salt- 15 days > m  Malt extract -salt- 15 days
% 80+ A Malt extract -no salt- 30 days % 80+ A Malt extract -salt- 30 days
= 601 = 601
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Figure 4.14:MBEC results of activ®. salinaextracts agains$. aureusA: D. salinamalt
extract without sea salB: D. salinamalt extracts with sea salf: D. salinaoat extract

without sea salt, anld: D. salinaoat extract with sea salt.
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Figure 4.15:MBEC results of activ®. salinaextracts againd®. aeruginosaA: D. salina
malt extracts without sea saB®; D. salinamalt extracts with sea salf;: D. salina oat
extracts without sea salt, aBd D. salinaoat extracts with sea salt.

4.1.4 Multivariate analysis of *H NMR spectral data

PCA scatter plot of théH NMR spectral data db. salinaextracts indicated unique chemical
profiles for outlying samples obtained from Wickersham media without sea salt incubated for
7 and 30 days (encircle@d) as shown in Figure 4.16. THEl NMR spectral data of malt
extract with and without sea salt, Wickkeam broth with and without sea salt and marine broth
showed high intensity peaks at the aromatic region betweerl8.00ppm. While extracts
afforded from rice and oat media, both with and without sea salt implied relative similarities in
their chemicaprofiles as they were more closely clustered together in the lower left quadrant
(encircledblue) and this was also confirmed by théit NMR spectra, which showed high
intensity peaks at the olefinic and aliphatic region with chemical shifts betweear{® 550

ppm. On the other hand, except for the outlying extracts, most bf g&inaextracts obtained

from the liquid media on the upper right quadrant acquned marine broth, malt extract and
Wickersham with and without sea salt (encircteenge) had a more comparable chemical
profile. RRX and X values were).79 and 0.53respectively, with a difference of less than

0.3, which indicates a relatively good model.
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Incorporating the results of AlamarBlue

ach media extract acronym followed by its inc

® and planktonic asstyfdamultivariate analysis,

the active were positioned on the left and inactive extracts on the right side of theDBPLS

scatter plot, as shown in Figure 4.17. According to the GPAJoadings plot, the upper left

active quadrant entailing the malt eadt b

and 15days were dominated with res

roth with and without sea salt after incubation for 7

onances between 2.00 and 4.00 ppm indicating the

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

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

incubation and malt extract broth with a

nd 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 acti

ve compounds.
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Figure 4.17:OPLSDA scatter and loadings plots of the NMR spectral data of various ft
extracts classified according to their AlamarBlue® plachktonic 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 inhouse 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 cdigpalemical

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 & (0.997) and &X (0.789) of less tha 0.3 which means that it is

relatively a good model.
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Figure 4.18:PCA scatter plot of LHHRMS data of fungal extracts from various media.

The extracts were grouped according to their antibacterial bioactivity against Hafiftrimg

S. aureusaandP. aeruginosdhen subjected to OPLBA. 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 inoculationDf salinaon oat media with and without sea salt adl we

as marine broth after 30 days of incubation were designated as outliers as shown a0/ OPLS
scatter plot presented in (Figure 4.19 A). As indicated by the results shown in theD@APLS
loadings plot(Figure 4.19 B)D. salinagrowing on oat media for 3@ays was able to afford
discriminating compounds, witp-values of less than 0.05, as listed in Table 4.6. Four ion
peaks withm/zvalues of 478.293, 520.34, 1006.67 and 1020.68, did not give any hit from the
DNP database. The molecular formula represgrhiasen/zvalues looks comparable to NMR
spectra findings, which showed a wide range of resonance betwees @Q@om and higher.

On the other hand, two of the discriminating compounds mitvalues of 520.34 and 496.34
isolated from marine sourceene putatively dereplicated &9-dihydroindanomycin, and
soraphen A (Figure 4.24) earlier described fr@meptomyces galbusgnd Sorangium
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cellulosumrespectively(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@®ldading plot of the

NMR data.
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Figure 4.19:OPLSDA scatter and loading plots of LBRMS data of fungal extracts grouped
according to their antibacterial activity against both biofilms form$gaureusand P.
aeruginosa
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Table 4.6:Dereplication of six target bioactive metabolites found invaatixtracts,
with P values < 0.05 as obtained from the OFLS S-plot.

Chemical
formula Compound hits
Molecular prediction from DNP and
VarID p-value FDR  weight (DBE) biological source

CoeH3sN7O2 (13)

no hit
C21H3sN9O4 (9)

P_40 0.013638 0.005 477.286

8,9
P 61 0.032873 0.02 495.335 C31HasNO4(10)  dihydroindanomycin
Streptomyces galbus

Cs6HasN3 (16)

no hit
C31H45N502 (12)

P_19 0.042269 0.025 519.333

soraphen A

P_3635 0.030293 0.015 520.336 CaeH440s (8) Sorangium cellulosurr
myxobacteria

CseHssN1106 (20) :
N 3742 0.04803 0.03 1007.67 no hit
- CsoHgsN1507 (16)
Cs7Hs7N1105 (20) .
N 3741 0.02339 0.01 1021.69 No hit
- Cs1Hg7N1507 (16)

8,9-dihydroindanomycin (1) soraphen A (2)

Figure 4.20: Putative structures of dereplicated targieactive metabolites foun

in the antimicrobial extracts obtained from the oat media
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Figure 4.21:Total lon Chromatdéjréir“ii (TIC) ofthe active media extracts. The ior
peaks that represent the discriminating features listed in Fableave been labellec

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

Marianna elegance
4.2.1 Extract yields on different media.

M. elegancevas unable to show any sign of growth on theldy 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 alldhiquid media used, malt extract without sea salt

incubated for 30 days provided the highest extract yield of 238mdg. elegancef all liquid
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broth extracts. While the lowest yield was obtained after growing the fungus on marine broth
for 15 days. Orthe other hand, for solid media, the highest yield of 29Wag 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 exldst yi
afforded byM. elegancencreased with time in all media except on rice with sea salt and oat
without sea salt. This indicated thdt elegancavason its log growth phase for 15 days. The
extract yields oM. elegancebtained from various media greesented in Table 4.7 and Figure
4.25.

Table 4.7:Weights ofM. elegansextractsobtained by cultivation on various media
different incubation periods

Liquid Media
Incubation Period Yield
Type of Media 7 Days 15 Days 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 S - 16.5mg 29.4mg 7.41mg
Wickersham Media with Sea Sall - 19.4mg 38.5mg 12.3mg
Marine Broth - 15.1mg 21.1mg 3.35mg
Solid Media
Incubation Period
Type of Media 7 Days 15 Days 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 frajigid
and B) solid media on 15 and 30 days of incubation periods at 27C°.
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4.2.2 NMR spectroscopy forM. elegancesxtracts
4.2.2.1Liquid media
4.2.2.1.1Malt extract broth with and without sea salt

The stacked proton NMR spectra M eleganceextracts obtained a5 and 30 days of
incubation periods on malt extract with and without sea aatig with media blankare
presented in Figure 4.23. few low intensity peaks were observed in the aromatic region at
6.00 to 10.00 ppmPeaks produced by the extract frora tllank 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 an@ 8ays either with or without sea salt showed the presence

of high intensity peaks in the aliphatic and hydroxylated regions; d.00 to 5.50 ppm,
respectively. LikeD. saling M. elegancewas 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 extracithwvsea 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 \&re shown.
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Figure 4.23:StackedH NMR spectra of fungal extracts obtained from malt ext
liquid media with A) and without sea salBj. Spectrum 1 at thieottom of each o
the stack represents the blank followed by those incubated at 15 and 3(
respectively. The differences are highlighted in blue boxes
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