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SUMMARY

The emergence of multi- (MDR) and extensive drug-resistant (XDR) bacterial and fungal pathogens
constitutes a major public health concern and has led to the prioritisation of research into the
discovery of novel bioactive compounds. Microbial secondary metabolites serve as promising
alternative antimicrobial and antifouling agents, with Serratia species representing a potential
untapped source of novel and structurally diverse bioactive compounds. Chapter one (abbreviated
version published in Applied Microbiology and Biotechnology) focused on the classification,
biosynthesis, production and application of secondary metabolites produced by Serratia species.
The primary focus of this dissertation was subsequently to identify secondary metabolites produced
by environmental Serratia species that display antimicrobial and antifouling activity, and elucidate

the secondary metabolic profiles and chemical structures of these compounds.

In Chapter two (published in Microbiological Research), various environmental sources were
screened for Serratia isolates capable of biosurfactant production during secondary metabolism. A
total of 569 presumptive Serratia strains were subsequently isolated from wastewater treatment
plants, an oil refinery, winery and olive oil estates, river water and rainwater samples. Preliminary
screening methods (i.e. oil spreading method, emulsification assay and surface tension
measurements) and molecular typing identified twenty-two pigmented (n = 11; P1 to P11) and non-
pigmented (n = 11; NP1 to NP11) Serratia marcescens (S. marcescens) presumptive biosurfactant
producers. Based on the physico-chemical analysis, molecular analysis and preliminary
antimicrobial testing, ultra-performance liquid chromatography (UPLC) linked to electrospray
ionisation mass spectrometry (ESI-MS) was used to identify the secondary metabolites produced by
S. marcescens strains P1, NP1 and NP2. Strains P1 and NP1 produced serrawettin W1
homologues (also known as serratamolides) as well as prodigiosin (P1) and glucosamine derivative
A (NP1). In contrast, serrawettin W2 analogues were predominantly identified in the NP2 extract.
Antimicrobial analysis then indicated that the P1 and NP1 crude extracts exhibited broad-spectrum
antimicrobial activity against opportunistic pathogens, such as MDR Pseudomonas aeruginosa
(P. aeruginosa), methicillin-resistant Staphylococcus aureus and a clinical Cryptococcus
neoformans strain. While an XDR Acinetobacter baumannii strain was susceptible to the NP2
extract, a narrower spectrum of antimicrobial activity was observed in comparison to the other two
strains. The compounds produced by the P1 (pigmented) and NP1 (hon-pigmented) S. marcescens
strains could thus serve as a promising source of antimicrobial agents for therapeutic application.

An integrated approach involving the use of reverse-phase high-performance liquid chromatography
(RP-HPLC), ESI-MS, UPLC linked to tandem mass spectrometry (UPLC-MS®) and molecular
networking (using the Global Natural Products Social molecular network platform), was applied in
Chapter three to unravel the secondary metabolic profiles and structures of the bioactive

compounds produced by S. marcescens P1 and NP1l. The mass spectrometry-based molecular
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networking guided the structural elucidation of 18 compounds for the P1 strain (including 6
serratamolides, 10 glucosamine derivatives, prodigiosin and serratiochelin A) and 15 compounds for
the NP1 strain (including 8 serratamolides, 6 glucosamine derivatives and serratiochelin A) using
the UPLC-MS® fragmentation profiles. It was proposed that the serratamolide homologues consisted
of two L-serine residues (cyclic or open-ring) linked to two fatty acyl chains (lengths of Cy4, C, OF
Ci121). The glucosamine derivative homologues consisted of four residues, including glucose /
hexose, valine, butyric acid (or oxo-hexanoic acid for derivative at m/z 627.4192) and a saturated or
unsaturated fatty acyl chain (lengths of Cy3 to Cy7). The putative structures of a novel open-ring
serratamolide homologue and eight novel glucosamine derivative congeners were described. The
minimum inhibitory and bactericidal concentrations revealed that prodigiosin exhibited potent activity
against Enterococcus faecalis (E. faecalis), followed by glucosamine derivative A and
serratamolides A, B and C. The integrated approach thus provided insight into the secondary

metabolic profile and structures of novel congeners produced by the S. marcescens strains.

In Chapter four, the biofilm disruption and antiadhesive potential of the P1 and NP1 crude extracts
was evaluated using the Minimum Biofilm Eradication Concentration (MBEC) Assay® against
single- and dual-species biofilms. Plate count and viability-quantitative polymerase chain reaction
indicated that the P1 and NP1 extracts significantly reduced (= 2 logs) biofiims formed by
E. faecalis, while the single-species P. aeruginosa biofilm was more susceptible (= 2 logs) to the P1
extract. The Pl and NP1l extracts significantly reduced the dual-species P.aeruginosa and
E. faecalis biofilm; however, in comparison to the single-species E. faecalis biofilm, increased
concentrations of both extracts were required to reduce E. faecalis by = 2 logs. Moreover, pre-
absorption of the P1 and NP1 extracts (at 50 mg/mL) onto the pegs of the MBEC Assay® reduced
the adhesion of mono-culture P. aeruginosa and E. faecalis cells by = 80% based on cell counts and
gene copies. In contrast, for the co-culture experiments, significant reductions (= 90% based on cell
counts and gene copies) in the adhesion of only E. faecalis to the P1 and NP1 coated pegs were
observed. Serratamolides and glucosamine derivatives present in the P1 and NP1 extracts were
subsequently covalently immobilised onto high-density polyethylene (HDPE) and polyvinyl chloride
(PVC) discs. The P1 and NP1 coated HDPE reduced the adhesion of P. aeruginosa cells by = 87%
based on plate counts and = 64% based on gene copies, while the E. faecalis cells were reduced by
2 96% based on plate counts and = 87% based on gene copies. The P1 and NP1 coated PVC also
effectively reduced the adhesion of P. aeruginosa cells by = 81% based on plate counts and = 99%
based on gene copies however, minor reductions in E. faecalis adhesion were observed. While it is
recommended that the antifouling potential of the biomaterials be tested against mixed microbial
communities and that the serratamolides and glucosamine derivatives be immobilised onto various
other piping materials frequently used in the water, food and medical industries; this preliminary
analysis indicates that the P1 and NP1 extracts could potentially be applied as a preventative

strategy to delay the onset of biofilm formation on polymeric materials.
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OPSOMMING

Die ontstaan van multi- (MDR) en ekstensiewe (XDR) antibiotika weerstandige bakterieé en
swamme is ‘n groot bekommernis vir gemeenskapsgesondheid. Dit het dus gelei tot die
prioritisering van navorsing wat fokus op die ontdekking van nuwe bio-aktiewe verbindings.
Sekondére metaboliete van mikrobiese oorsprong is belowende alternatiewe antimikrobiese en
antibesoedelings verbindings en Serratia spesies dien as 'n ongetapte bron van nuwe en struktureel
diverse bio-aktiewe verbindings. Hoofstuk een (verkorte weergawe gepubliseer in “Applied
Microbiology and Biotechnology”) het dus op die klassifikasie, biosintese, produksie en toepassing
van sekondére metaboliete wat deur Serratia spesies geproduseer word, gefokus. Daaropvolgend
was die primére doel van hierdie dissertasie om die sekondére metaboliete wat deur
omgewingstamme van Serratia spesies geproduseer word, en antimikrobiese en antibesoedeling
aktiwiteit toon, te identifiseer, om die stamme se sekondére metaboliet profiele te bepaal en die

chemiese samestelling van die metaboliete te ontleed.

In Hoofstuk twee (gepubliseer in “Microbiological Research”), is verskeie bronne in die omgewing
ondersoek vir Serratia isolate wat biosurfaktante tydens sekondére metabolisme kan produseer. In
totaal is 569 voornemende Serratia stamme uit water van riool aanlegte, 'n olieraffinadery, wyn- en
olyf-plase, asook rivier- en reénwater, geisoleer. Voorlopige toetse (soos die olieverspreidingstoets,
emulsifikasie toets en oppervlak spanning metings) en molekulére tipering het twee-en-twintig
gepigmenteerde (n = 11; P1 tot P11) en ongepigmenteerde (n = 11; NP1 tot NP11) Serratia
marcescens (S. marcescens) stamme, wat moontlike biosurfaktant produseerders is, geidentifiseer.
Na aanleiding van die fisiese en chemiese analises, die molekulére analises en voorlopige
antimikrobiese toetse, is ultraprestasie vloeistofchromatografie (UPVC) wat aan elektronsproei
ionisasie massaspektrometrie (ESI-MS) gekoppel is, gebruik om die voornemende sekondére
metaboliete wat deur S. marcescens P1, NP1 en NP2 geproduseer word, te identifiseer. Die P1
stam het serrawettin W1 homoloé (wat ook bekend staan as serratamoliedes) en prodigiosien
geproduseer, terwyl NP1 serrawettin W1 homoloé en glukosamien afstammelinge geproduseer het.
In teenstelling hiermee, is serrawettin W2 analoé hoofsaaklik in die NP2 ekstrakte geidentifiseer.
Die antimikrobiese analises het aangedui dat die P1 en NP1 kru-ekstrakte breé spektrum
antimikrobiese aktiwiteit teen opportunistiese patogene soos Pseudomonas aeruginosa
(P. aeruginosa), metisillien weerstandige Staphylococcus aureus en ‘n kliniese Cryptococcus
neoformans stam gehad het. Daarteenoor was 'n XDR Acinetobacter baumannii stam sensitief vir
die NP2 ekstrak, waarvoor ‘n nouer spektrum van antimikrobiese aktiwiteit opgemerk is. Die
verbindings wat deur die P1 (gepigmenteerd) en NP1 (ongepigmenteerd) S. marcescens stamme
geproduseer word, kan dus as belowende bron van antimikrobiese middels vir terapeutiese verbruik

dien.
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'n Geintegreerde benadering wat omgekeerde fase hoéprestasie vloeistofchromatografie (OF-
HPVC), ESI-MS, UPVC gekoppel aan tandem massaspektrometrie (UPVC-MS®) en molekulére
netwerking (deur gebruik van die “Global Natural Products Social” molekulére netwerk) insluit, is
toegepas in Hoofstuk drie om die sekondére metaboliese profiel en die strukture van die bio-
aktiewe verbindings wat deur S.marcescens P1 en NP1 geproduseer word, te ontrafel. Die
massaspektrometrie gebaseerde molekulére netwerking het die ontleding van 18 verbindings wat
deur P1 geproduseer word (insluitend 6 serratamoliedes, 10 glukosamien verwantes, prodigiosien
en serratiochelin) en 15 verbindings wat deur NP1 geproduseer word (insluitend 8 serratamoliedes,
6 glukosamien verwantes, prodigiosien en serratiochelin) begelei met die gebruik van die UPVC-
MS® fragmentasie profiele. Dit is voorgestel dat die serratamoliede homoloé uit twee L-serienreste
(siklies of oop-ring) wat aan twee vet asielkettings (met lengtes van Ci,, C1, en Ciz1) gekoppel is,
bestaan. Dit is ook voorgestel dat die glukosamien verwante homoloé& uit vier reste wat
glukose/heksose, valien, bottersuur (of okso-heksanoésuur vir die verwante verbinding by m/z
627.4192) en 'n versadigde of onversadigde vet asielketting (met lengtes van C; tot Cy7), bestaan.
Die voorlopige struktuur van ‘n nuwe oop-ring serratamolied homoloog en agt nuwe glukosamine
verwante kongenere is ook beskryf. Die minimum inhibitoriese en bakterisidiese konsentrasie is
bepaal en het aangedui dat prodigiosien kragtige aktiwiteit teen Enterococcus faecalis (E. faecalis)
toon, gevolg deur glukosamien verwante verbinding A en die serratamolieded (A, B en C). Die
geintegreerde benadering het dus insig gelewer aangaande die sekondére metaboliese profiel en

die strukture van die nuwe kongenere wat deur S. marcescens stamme geproduseer word.

In Hoofstuk vier is die vermoé van P1 en NP1 om biofilms af te breek en die anti-aanhegtings
potensiaal van hierdie kru-ekstrakte geévalueer deur gebruik te maak van die “Minimum Biofilm
Eradication Concentration (MBEC) Assay®” op enkel spesie en tweeledige biofiims. Plaattellings en
lewensvatbaarheid-kwantitatiewe polimerase kettingreaksie analises het aangedui dat die P1 en
NP1 ekstrakte biofims wat deur E. faecalis gevorm is, beduidend afgebreek het (= 2 log
vermindering), terwyl die enkel spesie biofilm wat deur P. aeruginosa gevorm is, meer sensitief (= 2
log vermindering) was vir die P1 ekstrak. Die P1 en NP1 ekstrakte het die tweeledige biofilm wat uit
P. aeruginosa en E. faecalis bestaan beduidend verminder, maar vir die biofilm wat slegs uit
E. faecalis bestaan, moes hoér konsentrasies van beide ekstrakte gebruik word om E. faecalis met
2 2 logs te verminder. Verder het die absorpsie van die P1 en NP1 ekstrakte (teen 50 mg/mL) aan

¢t

die penne van die “MBEC Assay®”, die aanhegting van die monokultuur P. aeruginosa en
E. faecalis selle met 80% verminder na aanleiding van die seltellings en geen kopieé wat verkry is.
In teenstelling hiermee, vir die tweeledige kultuur eksperimente, is daar ‘n beduidende vermindering
(= 90% gebaseer op seltellings en geen kopieé) in die aanhegting van die E. faecalis selle aan die
penne wat met die P1 en NP1 ekstrakte bedek is, opgemerk. Serratamoliede en glukosamien
verwante verbindings wat in die P1 en NP1 ekstrakte voorgekom het, is kovalent geimmobiliseer op

hoé digtheid poli-etileen (HDPE) en poliviniel chloried (PVC) skyfies. Die P1 en NP1 ekstrakte wat

4



Stellenbosch University https://scholar.sun.ac.za

op die HDPE skyfies aangebring is, het die aanhegting van die P. aeruginosa selle met = 87%
(plaattellings) en = 64% (geen kopieé€) verminder, terwyl die aanhegting van die E. faecalis selle met
> 96% (plaattellings) en = 87% (geen kopie€) verminder is. Die P1 en NP1 ekstrakte wat op die
PVC skyfies aangebring is, het die aanhegting van die P. aeruginosa selle met = 81% (plaattellings)
en = 99% (geen kopieé) verminder, maar vir E. faecalis is daar slegs ‘n minimale vermindering van
die selle opgemerk. Terwyl dit aanbeveel word dat biomateriale getoets moet word vir
antibesoedeling potensiaal teen gemengde mikrobiese gemeenskappe en dat serratamoliede en
glukosamien verwante verbindings geimmobiliseer moet word op materiaal wat gebruik word in die
water, kos en mediese industrie, wys hierdie voorlopige resultate ook dat die P1 en NP1 ekstrakte
aangewend kan word as n voorkomings maatreél wat moontlik die vorming van biofiims op

polimeriese materiaal kan vertraag.
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Chapter 1:

Literature Review

An abbreviated version of the literature review
was published in Applied Microbiology and
Biotechnology (2019), Volume 103: pages 589-
602

(This chapter is compiled in the format of Applied Microbiology and Biotechnology and UK

spelling is employed)
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1.1. General Introduction

Biosurfactants play important physiological roles in cellular metabolism, motion and the defence
mechanisms of microorganisms (Banat et al. 2014). Accordingly, genera, such as Acinetobacter,
Alcanivorax, Arthrobacter, Bacillus, Candida, Corynebacterium, Flavobacterium, Lactobacillus,
Mycobacterium, Nocardia, Pseudomonas, Rhodococcus, Rhodotorula, Serratia, Streptomyces and
Thiobacillus, amongst others, secrete various classes of biosurfactants as secondary metabolites
(Rahman and Gakpe 2008; Zhang et al. 2012; Santos et al. 2016). The production of biosurfactants
by microorganisms is often triggered by the presence of hydrophobic substrates and aids in the
survival of these microorganisms in nutrient poor or highly contaminated environments (Bodour et
al. 2003; Silva et al. 2014). This is achieved by increasing the bioavailability of nutrients, thus
promoting the uptake and metabolism of less soluble substrates (Fiechter 1992). Furthermore, it has
been hypothesised that anionic biosurfactants are able to protect microbial cells by forming
complexes with positively charged toxic heavy metals present in the environment (Mulligan et al.
2001; Ron and Rosenberg 2001). Therefore, biosurfactant producing microorganisms are routinely
isolated from highly contaminated sites, such as metal or hydrocarbon contaminated soil and water

environments, and wastewater treatment plants (Bodour et al. 2003; Ndlovu et al. 2016).

Of the numerous biosurfactant producing genera isolated from different environments,
biosurfactants produced by members of the Serratia genus are gaining increased scientific interest
as they have been shown to display emulsification-, surface-, antifouling-, antitumor- and
antimicrobial activity (Escobar-Diaz et al. 2005; Dusane et al. 2011; Nalini and Parthasarathi 2014;
Su et al. 2016). They are also able to modify the hydrophobicity of the cell surface, which plays an
important role in the adhesion of these bacteria to various surfaces and contributes to enhancing the
surface spreading of bacteria in nutrient poor environments (Bar-Ness et al. 1988; Wei et al. 2004;
Matsuyama et al. 2011; Su et al. 2016). Various biosurfactant producing Serratia marcescens
(S. marcescens), Serratia rubidaea (S. rubidaea) and Serratia  surfactantfaciens
(S. surfactantfaciens) strains as well as a Serratia liquefaciens (S. liquefaciens) strain (recently
reclassified as a S. marcescens strain) have subsequently been isolated from hydrocarbon
contaminated soil and rhizosphere soil, surface water, marine environments and wastewater
treatment plants (Matsuyama et al. 1985, 1990; Lindum et al. 1998; Anyanwu et al. 2010; Dusane et
al. 2011; Nalini and Parthasarathi 2013, 2014; Ndlovu et al. 2016; Su et al. 2016; Almansoory et al.
2017).

Serratia species predominantly produce various glycolipid and lipopeptide biosurfactants, which
have been reported to display antibacterial, antifungal and antiprotozoal activity (Desai and Banat
1997; Dusane et al. 2011; Kadouri and Shanks 2013; Su et al. 2016; Ganley et al. 2018). In

addition, glycolipids produced by Serratia species display biofilm disrupting and antiadhesive activity
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against bacterial and fungal strains (Dusane et al. 2011). The glycolipids and lipopeptides produced
by this genus are thus of interest due to their potential biomedical and therapeutic applications
(Cameotra and Makkar 2004). Moreover, the robustness and environmentally friendly nature of
biosurfactant compounds in general allows for several potential applications in a number of different
industrial fields, such as the petroleum, agricultural, food, cosmetic and pharmaceutical industries
(Aparna et al. 2012).

The focus of the current study was to identify environmental Serratia species that produce
antimicrobial secondary metabolites, elucidate their metabolic profiles and metabolite structures,
and apply these bioactive compounds as antifouling and biofilm disrupting agents. In the current
study, this was achieved by collecting various environmental water samples, and isolating and
screening for Serratia spp. capable of producing secondary metabolites with broad-spectrum
antimicrobial activity and subjecting the crude extracts to ultra-performance liquid chromatography
(UPLC) coupled to electrospray ionisation mass spectrometry (ESI-MS) to detect and putatively
identified the bioactive secondary metabolites. An integrated approach involving reverse-phase high
performance liquid chromatography (RP-HPLC), ESI-MS, ultra-performance liquid chromatography
coupled to tandem mass-spectrometry (UPLC-MS®) and mass spectrometry-based molecular
networking was used to identify secondary metabolites and elucidate the putative structures of
various congeners produced by pigmented (P1) and non-pigmented (NP1) S. marcescens strains.
In addition, the susceptibility of a clinical Enterococcus faecalis (E. faecalis) strain to fractions
collected during RP-HPLC analysis was evaluated using disc diffusion assays (all fractions). Broth
microdilution assays were also used to determine the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of selected fractions. Thereafter, the biofilm disrupting
and antiadhesive potential of the crude extracts produced by S. marcescens P1 and NP1 strains
was investigated against single- and dual-species biofilms of E. faecalis S1 and Pseudomonas
aeruginosa (P. aeruginosa) S1 68, using the MBEC™ assay coupled with standard plate count
methods and ethidium monoazide bromide quantitative polymerase chain reaction (EMA-qPCR;
viability-gPCR) analysis. The secondary metabolites present in the P1 and NP1 crude extracts were
then covalently immobilised onto the surface of high-density polyethylene PE300 (HDPE) and
polyvinyl chloride (PVC) and subjected to antifouling testing against E. faecalis S1 and P.

aeruginosa S1 68.
1.2. The Genus Serratia

Serratia species are Gram-negative, facultative anaerobic bacteria that belong to the
Enterobacteriaceae family (Su et al. 2016). The genus is comprised of 22 species, including the
type species S.marcescens which is used as a biological marker because of its easily

distinguishable red colonies (Khanna et al. 2013; Su et al. 2016). Although S. marcescens was first
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assumed to be non-pathogenic, it was later found to be an opportunistic pathogen associated with
nosocomial infections, such as urinary tract, respiratory tract, surgical wound and blood stream
infections (Khanna et al. 2013). Other species within the Serratia genus such as Serratia plymuthica
(S. plymuthica), S.rubidaea and Serratia nematodiphila (S. nematodiphila), are also capable of
producing the non-diffusible red pigment, prodigiosin, during secondary metabolism (Su et al. 2016).
Prodigiosin has been reported to display antimalarial, antibacterial, antifungal, antiprotozoal,
antitumor and immunosuppressant activities (Stankovic et al. 2014). In addition to prodigiosin,
various members of the genus Serratia are known to produce other secondary metabolites, such as
biosurfactants, glucosamine derivatives, oocydin A, carbapenem, althiomycin, bacteriocins and
serratin (Foulds 1972; Srobel et al. 1999; Dwivedi et al. 2008; Matsuyama et al. 2011; Gerc et al.
2012; Wilf and Salmond 2012; Luna et al. 2013).

The primary lipopeptides produced by Serratia species, include serrawettins (W1, W2 and W3) and
stephensiolides (A to K) (Matsuyama et al. 1985; Dwivedi et al. 2008; Su et al. 2016; Ganley et al.
2018). Serratia species have also been reported to produce the glycolipids, rubiwettins (R1 and
RG1) and rhamnolipids (Matsuyama et al. 1990; Nalini and Parthasarathi 2014). A few additional
glycolipids, including a sucrose lipid, an arabinolipid and a glycolipid composed of a glucose
attached to a palmitic acid, have also been detected (Pruthi and Cameotra 2000; Bidlan et al. 2007;
Dusane et al. 2011). In addition, a study conducted by Ndlovu et al. (2016) isolated S. marcescens
ST29 from a wastewater treatment plant sample and found the strain to contain genes encoding for
the biosynthesis of both surfactin and iturin. However, the chemical characterisation of the
biosurfactant compounds produced by this strain was not investigated. Finally, Dwivedi et al. (2008)
reported on the production of bioactive glucosamine derivatives (A to C) by a Serratia strain.
Although Serratia species produce a number of bioactive secondary metabolites, this review will
focus on the glycolipid and lipopeptide biosurfactant compounds, as well as prodigiosin and

glucosamine derivatives produced by members of this genus.

1.2.1. Lipopeptides Produced by Serratia species

Lipopeptides represent a class of low molecular weight compounds composed of a hydrophilic
peptide attached to a hydrophobic lipid or fatty acid (Banat et al. 2014). A wide range of lipopeptide
structures have been identified which display variation in the length and conformation of the lipid
moiety resulting in different homologues, while analogues exist due to variation in amino acid
composition within the peptide moiety (Banat et al. 2014). As indicated, lipopeptides produced by
Serratia species, include serrawettin W1 (initially referred to as serratamolide A) with identified
homologues serratamolide B to G (Wasserman et al. 1961; Matsuyama et al. 1985; Dwivedi et al.
2008; Zhu et al. 2018). In addition, studies have identified serrawettin W2 (and its analogues)

(Matsuyama et al. 1992; Su et al. 2016) and serrawettin W3 has been partially characterised
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(Matsuyama et al. 1986). In addition to serrawettins, Ganley et al. (2018) discovered antimicrobial

lipodepsipeptides known as stephensiolides A to K.

1.2.1.1. Serrawettin Family

Serrawettins are solely produced by members of the Serratia genus; serrawettin W1 is produced by
strains of S. marcescens, serrawettin W2 is produced by S. marcescens and S. surfactantfaciens
strains, and the partially characterised serrawettin W3 was also produced by a S. marcescens strain
(Matsuyama et al. 1985, 1992; Matsuyama and Nakagawa 1996; Su et al. 2016). The first
serrawettin was isolated in 1985 from a S. marcescens strain and was found to be identical to
serratamolide A that was previously identified by Wasserman et al. (1961) (Matsuyama et al. 1985).
The general structure of serrawettin W1 (also known as serratamolide A) includes a symmetric
dilactone structure composed of two L-serine amino acids linked to two B-hydroxy fatty acids
(comprised of 3-hydroxydecanoic acids) (molecular weight is 514.66 Da) (Fig. 1.1a) (Eckelmann et
al. 2018). The diversity in the structure of serrawettin W1 (serratamolide A) exists due to the
variation in the length of the fatty acid chain (Cs to Cy4) and the presence or absence of double
bonds, resulting in homologues of serrawettin W1 (serratamolide A), namely serratamolide B to G
(Dwivedi et al. 2008; Zhu et al. 2018). The molecular weight of the homologues range from 486.61
to 665.40 Da (Dwivedi et al. 2008; Zhu et al. 2018). In contrast to serrawettin W1, the general
structure of serrawettin W2 includes five amino acids, (D-leucine/isoleucine-L-serine-L-threonine-D-
phenylalanine-L-isoleucine/leucine) bonded to a B-hydroxy fatty acid moiety (molecular weight of
731.93 Da) (Fig. 1.1b) (Matsuyama et al. 1992; Motley et al. 2016).
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Fig. 1.1 The chemical structure of serrawettin (a) W1 [cyclo(D-3-hydroxydecanoyl-L-seryl),]
(adapted from Matsuyama et al. 1985) and (b) W2 [D-3-hydroxydecanoyl-D-leucyl-L-seryl-L-
threonyl-D-phenylalanyl-L-isoleucyl lactone] (adapted from Su et al. 2016).

The diversity in the structure of serrawettin W2 results from variation at the first, second or fifth
amino acid positions or the length of the fatty acid chain (Cg or Cyp), resulting in the detection of

analogues with a molecular weight ranging from 703.3 to 759.3 Da (Matsuyama et al. 1986; Motley
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et al. 2016; Su et al. 2016). While the exact chemical composition of serrawettin W3 has yet to be
elucidated, the cyclodepsipeptide was found to be composed of a fatty acid (one dodecanoic acid)
and five amino acids, including threonine, serine, valine, leucine and isoleucine (Matsuyama et al.
1986). Serrawettins are described as non-ionic biosurfactants as they have no amino acid residues

with ionic hydrophilicity (Matsuyama et al. 2011).

1.2.1.2. Stephensiolide Family

A Serratia strain that was isolated from the midgut and salivary glands of an Anopheles stephensi
mosquito was able to produce stephensiolide lipodepsipeptides (A to K) (Ganley et al. 2018).
Although stephensiolide mimics the overall structure of serrawettin W2 (as both structures are cyclic
pentapeptides), the peptide sequence of the stephensiolides differs. The general chemical structure
of stephensiolide includes five amino acids (threonine-serine-serine-valine/isoleucine-
isoleucine/valine) attached to a long alkyl chain. The diversity in the structure of stephensiolides
exists due to variation in the length of the acyl chain, variation in amino acid residues (presence of
either isoleucine or valine at the fourth and fifth amino acid residues) or the presence or absence of
a double bond in the fatty acyl chain, resulting in congeners of stephensiolide A to K (Ganley et al.
2018). This results in the molecular masses of the stephensiolides ranging from 599 to 695 Da

depending on the congener (A to K).

1.2.2. Glycolipids Produced by Serratia species

Glycolipids are a class of low molecular weight biosurfactants, which are comprised of a hydrophilic
carbohydrate attached to a hydrophobic aliphatic or hydroxyl-fatty acid (Banat et al. 2010; Shekhar
et al. 2015). A number of structurally diverse glycolipid structures have been identified and are
produced by a wide range of bacterial and fungal genera. A microorganism can produce
homologues of the same glycolipid due to variation in the length and conformation of the fatty acid
moiety, while the carbohydrate moiety is comprised of mono-, di-, tri- or tetra-saccharides (de Jesus
Cortes-Sanchez et al. 2013; Banat et al. 2014). Previous studies have isolated glycolipids produced
by Serratia species, including rubiwettin R1, rubiwettin RG1 and rhamnolipids (Matsuyama et al.
1990; Nalini and Parthasarathi 2014). In addition, a number of studies have detected glycolipids
such as a sucrose lipid (Pruthi and Cameotra 2000), a glycolipid composed of glucose and palmitic
acid (Dusane et al. 2011) and an arabinolipid (Bidlan et al. 2007).

1.2.2.1. Rubiwettin Family

Serratia rubidaea ATCC 27593 is currently the only strain reported to produce rubiwettins and was
found to produce both rubiwettin R1 and rubiwettin RG1 (Matsuyama et al. 1990). The general

structure (undetermined carbohydrate moiety) and molecular weight of rubiwettin R1 has yet to be
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fully elucidated. However, a mixture of linked 3-hydroxy fatty acids comprised of major components,
including 3-(3’-hydroxytetradecanoyloxy) decanoate and 3-(3’-hydroxyhexadecanoyloxy) decanoate
and minor molecular isomers have been identified and a proposed structure of the fatty acid moiety
(Fig. 1.2a) was provided by Matsuyama et al. (1990). The general structure of rubiwettin RG1 (Fig.
1.2b) was also proposed and consists of [(-b-glucopyranosyl 3-(3’-hydroxytetradecanoyloxy)
decanoate minor fatty acid isomers (molecular weight of 576.77 Da) (Matsuyama et al. 1990).
Therefore, RG1 was found to have a rhamnolipid-like glycolipid structure; however, rhamnose is

substituted with a glucose moiety (Matsuyama et al. 1990).

a HO o

Fig. 1.2 The chemical structure of rubiwettin (a) R1 [3-(3’-hydroxytetradecanoyloxy) decanoate and

3-(3’-hydroxyhexadecanoyloxy) decanoate] and (b) RG1 [B-p-glucopyranosyl  3-(3’-
hydroxytetradecanoyloxy) decanoate minor fatty acid isomers] (adapted from Matsuyama et al.
1990).

1.2.2.2. Rhamnolipid Family

Rhamnolipids consist of one (mono-rhamnolipid) or two (di-rhamnolipid) rhamnose sugars bonded
to lipid moieties by an O-glycosidic linkage. Although rhamnolipids are primarily produced by
Pseudomonas species, studies by Nalini and Parthasarathi (2013, 2014) isolated a S. rubidaea
SNAUO2 strain from hydrocarbon contaminated soil that was found to produce this class of
glycolipid. Chemical characterisation of the compounds indicated that S. rubidaesa SNAUO2 was
able to produce eight rhamnolipid congeners with varying B-hydroxy fatty acid chains ranging from
Cg to Cy6 (Nalini and Parthasarathi 2013, 2014) (Fig. 1.3). Among the detected mono- and di-
rhamnolipids, the di-rhamnolipid rha-rha-C;-C¢ (B—a rhamnosyl (1 — 2) rhamnosyl-3-
hydroxydecanoyl-B-hydroxyoctadecanoic acid) (Fig. 1.3b) was found to be the most abundant
(Nalini and Parthasarathi 2014). The chemical structure of another major component, a mono-
rhamnolipid produced by S.rubidaea SNAUO2 was also determined, which was rha-C;,-Cio
(rhamnosyl-B-hydroxydecanoyl-B-hydroxydecanoic acid) (Fig. 1.3a) (Nalini and Parthasarathi 2014).
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Fig. 1.3 The proposed chemical structures for the (a) mono-rhamnolipid (Rha-C4,-C;0) and (b) di-
rhamnolipid (Rha-Rha Cg-C,) produced by S. rubidaesa SNAUO2 (adapted from Nalini and
Parthasarathi 2014).

1.2.3. Prodigiosin

Prodigiosin is a red, linear tripyrrole pigment and is produced by several bacterial species, including
S. marcescens, S. plymuthica, S. rubidaea, S. nematodiphila, Hahella chejuensis, Streptomyces
variegatus, Zooshikella rubidus, Vibrio psychroerythreus and Pseudomonas magnesiorubra,
amongst a few others (Lee et al. 2011; Stankovic et al. 2014; Darshan and Manonmani 2015; Su et
al. 2016). Prodigiosin is the primary member of the prodiginine family, which is a group of structural
isomers that contain a tripyrrole core with varying alkyl chains (Lee et al. 2011; Darshan and
Manonmani 2015). The structure of the red pigment is 2-methyl-3-amyl-6-methoxyprodigiosene
(molecular weight of 323.4 Da) and it is comprised of three rings that are typically referred to as
pyrrolic ring A, B and C (Yip et al. 2019). The A and B rings are linked in a bipyrrole unit, while the C
ring is linked to the A and B rings (methoxy bipyrrole) by a methylene bridge (Yip et al. 2019) (Fig.
1.4).

Fig. 1.4 The chemical structure of prodigiosin produced by S. marcescens (adapted from Yip et al.
2019).

1.2.4. Glucosamine Derivatives

Glucosamine derivatives are a group of secondary metabolites previously described by Dwivedi et
al. (2008). Currently, three glucosamine derivatives (A to C), produced by S. marcescens
SHHREG645, have been identified and these metabolites were co-produced with serrawettin W1

homologues (Dwivedi et al. 2008). The general structure of glucosamine derivatives involves a core
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of N-butyl-a-glucopyranosylamide that is acylated with a valine amino acid at the C-1 oxygen. They
are thus also referred to as N-butylglucosamine ester derivatives. These derivatives are comprised
of four residues, including glucose, valine, butyric acid and a saturated or unsaturated B-fatty acid
residue (Fig. 1.5). Homologues of glucosamine derivatives exist due to the varying length of the
fatty acid moiety (including Cis3, Cys, Or Cy4) attached to the N-terminus of the valine and the
presence or absence of double bonds in the B-fatty acid residue, thus resulting in a molecular
weight range of 559.4 to 585.4 Da (Dwivedi et al. 2008).

Fig. 1.5 The chemical structure of a glucosamine derivative produced by S. marcescens (adapted
from Dwivedi et al. 2008).

1.3. Biosynthesis of Secondary Metabolites

The mechanisms involved in the biosynthesis of serrawettin W1, serrawettin W2, stephensiolides
and prodigiosin have been identified, while the mechanisms involved in the biosynthesis of
serrawettin W3, glucosamine derivatives and glycolipids produced by Serratia species have not
been fully elucidated. The biosynthesis of lipopeptides produced by Serratia species will be

discussed first, followed by the biosynthesis of prodigiosin.

The biosynthesis of lipopeptides involves multistep processes mediated by various non-ribosomal
peptide synthetase (NRPS) enzymes which catalyse the condensation and selection of amino acid
residues to yield various metabolites (including lipopeptides). Investigation into the biosynthesis of
serrawettin W1, serrawettin W2 and stephensiolides revealed open reading frames (ORF) namely
swrW, swrA and sphA (Fig. 1.6), respectively, that displayed high homology with the NRPS family
(Marahiel et al. 1997; Li et al. 2005; Ganley et al. 2018). The swrW gene (encoding for a unimodular
synthetase) is composed of four domains including, condensation, adenylation, thiolation, and
thioesterase in functional order (Fig. 1.6a), which are commonly found in the NRPS family (Marahiel
et al. 1997; Li et al. 2005). The systematic functioning of non-ribosomal peptide synthetases
(NRPSSs) involved in the biosynthesis of secondary metabolites has been determined and indicates
that the precursor molecules (e.g. amino acids) are linked to the phosphopantetheinyl moiety of

each thiolation domain in the multimodular enzyme (Matsuyama et al. 2011).
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Fig. 1.6 Comparison of the proposed biosynthetic pathways for the biosynthesis of (a) serrawettin
W1 encoded by swrW, (b) serrawettin W2 encoded by swrA and (c) stephensiolide encoded by
sphA with their respective domain regions [condensation (C), adenylation (A), thiolation (T), and
thioesterase (TE)] and general structures produced by each gene cluster (adapted from Ganley et
al. 2018).

A previous study by Sunaga et al. (2004) revealed a novel gene, pswP, in S. marcescens that
encodes for 40-phosphopantetheinyl transferase (PPTase). PPTase is the activator of peptidyl
carrier protein (PCP) (also known as the thiolation domain in the NRPS family) and was shown to be
essential for the biosynthesis of serrawettin W1 (Sunaga et al. 2004). The PPTase is presumed to
be involved in the incorporation reaction of L-serine as a molecular component of serrawettin W1
(Sunaga et al. 2004). Therefore, the thiolation domain must be activated by acquiring the
phosphopantetheinyl moiety by the action of PPTase for the accurate functioning of serrawettin W1
synthetase (Li et al. 2005). After the activation by PPTase, the adenylation domain is able to
adenylate L-serine to an activated form. This activated L-serine will then bind as a thioester to the
thiolation domain (that has already been phosphopantetheinylated by PPTase) (Li et al. 2005). The
amino group of the L-serine bound to the thiolation domain will react and create an amide linkage
with the 3-D-hydroxydecanoyl moiety by detaching from the acyl carrier protein (ACP). This reaction
results in the formation of a serratamic acid linked to the thiolation domain (Li et al. 2005). The
serratamic acid is transferred to the thioesterase domain and the biosynthesis of a second

serratamic acid bound to the free thiolation domain will follow. The two neighbouring serratamic
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acids will form an intramolecular linkage which results in the release of a symmetric and circular
product, serrawettin W1, from the swrW gene region (Li et al. 2005). The serrawettin W2
biosynthetic pathway has a similar mechanism; however, it is encoded by the swrA gene (Su et al.
2016).

The biosynthesis of serrawettin W2 was investigated in S. surfactantfaciens sp. YD25" and a hybrid
polyketide synthases (PKS)-NRPS gene cluster putatively involved in the biosynthesis of serrawettin
W2 was identified (Su et al. 2016). The biosynthetic pathway was determined based on the
presence of PKS and NRPS encoding genes. The precursor molecule, a C,q fatty acid (FA), is
synthesised by the PKS SwrEFG gene cluster and additional undetermined proteins and is released
as a fatty acyl-CoA (Su et al. 2016). The NRPS gene cluster encodes the core W2-peptide chain (5-

amino acid peptide moiety) and contains five modules (Fig. 1.6b) (Su et al. 2016).

Similar to serrawettin W1 and serrawettin W2, the biosynthesis of stephensiolides was investigated
in a Serratia strain using bioinformatic analysis (sequencing of the Serratia sp. genome) and a
NRPS gene cluster encoded by the sphA gene putatively involved in the biosynthesis of
stephensiolides was identified (Fig. 1.6c) (Ganley et al. 2018). Further bioinformatics analysis
indicated that seven sequenced S.marcescens strains contained a homologue with identical
predicted domain regions as the sphA gene (Ganley et al. 2018). Stephensiolides contain D- and L-
amino acids and these lipopeptides are cyclised through a macrolactone ring. Both characteristic
properties provide an indication that the peptides are synthesised by NRPSs. Although both
serrawettin W2 and stephensiolide are cyclic pentapeptides and are similarly biosynthesised, they
are cyclised in a different manner. Serrawettin W2 is cyclised through a 3-hydroxyl group of the fatty
acid, while stephensiolides are cyclised through a hydroxyl group of the threonine (Ganley et al.
2018). Therefore, serrawettin W1, serrawettin W2 and stephensiolides are synthesised by various

NRPS enzymes.

In contrast, the biosynthesis of prodigiosin has been described in S. marcescens ATCC 274 (Sma
274) and Serratia sp. ATCC 39006, amongst a few others (Darshan and Manonmani 2015; Yip et al.
2019) and is depicted in Fig. 1.7. The biosynthesis of prodigiosin involves a bifurcated pathway
which terminates in the enzyme condensation of the individual products from the two precursor
pathways, including 4-methoxy-2,2-bipyrrole-5-carboxyaldehyde and 2-methyl-3-n-amyl-pyrrole
(MAP) (Darshan and Manonmani 2015; Yip et al. 2019) (Fig. 1.7). The pigment (pig) gene cluster
responsible for prodigiosin biosynthesis is comprised of 14 genes in the Sma 274 strain and
encodes for various enzymes in the two pathways. These 14 genes are arranged in the order of
pigA-N, of which only pigK and pigL have not been characterised and their function is not yet
clarified. The genes pigB, pigD and pigE are responsible for the MAP synthesis, while pigA, pigF,
pigG, pigH, pigl, pigd, pigM and pigN are responsible for the production of MBC (Fig. 1.7). In order
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to produce prodigiosin, a terminal condensing enzyme encoded by the pigC gene condenses MAP
and 4-methoxy-2,2-bipyrrole-5-carboxyaldehyde (Fig. 1.7) (Williamson et al. 2006; Yip et al. 2019).
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Fig. 1.7 The bifurcated pathway responsible for prodigiosin biosynthesis (adopted from Williamson
et al. 2005).

1.4. Physicochemical Characterisation of Biosurfactants Produced by Serratia species

In recent years, there has been an increased scientific interest in the isolation of microorganisms
that produce biosurfactants with unique physicochemical properties due to their potential application
in diverse industries and in bioremediation processes (Fracchia et al. 2012). The amphiphilic nature
of biosurfactants allows for their accumulation at the interface between immiscible fluids or between
a fluid and a solid, thereby reducing surface (liquid-air) tension and interfacial (liquid-liquid) tension
(Varjani and Upasani 2017). The accumulation of these compounds at surfaces or interfaces also

decreases the repulsive forces (cohesive forces that hold water molecules together) between two
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immiscible phases, such as water and oil (Peele et al. 2016; Varjani and Upasani 2017). This results
in the dispersion of one liquid into another leading to the emulsification of the two immiscible liquids
(Soberén-Chavez and Maier 2011). The physicochemical properties of biosurfactants thus include
their ability to reduce surface tension, form hydrocarbon emulsions (emulsification) and enhance the

water solubility of hydrophobic compounds (Desai and Banat 1997).

Surface tension is considered to be the measure of free energy per unit area associated with a
surface or interface and is measured using a tensiometer (DuNouy ring method). This is a common
screening method to detect the presence of biosurfactant compounds produced by a microorganism
(Satpute et al. 2010). Typically, a biosurfactant is considered effective if it can reduce the surface
tension between water and air from 72 to 35 mN/m and the interfacial tension between water and n-
hexadecane from 40 to 1 mN/m (Soberdn-Chavez and Maier 2011). Furthermore, a bacterial strain
is considered to be a good biosurfactant producer if it is able to reduce the surface tension of a
growth medium by =220 mN/m compared to distilled water (Walter et al. 2010). Previous studies
have identified lipopeptides and glycolipids capable of reducing the surface tension of a growth
medium. For example, Dusane et al. (2011) isolated a S. marcescens strain that produced a
glycolipid that was able to reduce the surface tension of the growth medium from 52.0 to 27 mN/m.
Similarly, previously characterised serrawettin W1, serrawettin W2 and serrawettin W3 produced by
S. marcescens ATCC 13380, NS 25 and NS 45 strains, respectively, were capable of reducing the
surface tension of water to 32.2, 33.9 and 28.8 mN/m, respectively (Matsuyama et al. 2011). In
addition, Matsuyama et al. (2011) indicated that rubiwettin R1 and rubiwettin RG1 produced by
S. rubidaea ATCC 27593 reduced the surface tension of water to 25.5 and 25.8 mN/m, respectively.

Biosurfactants are also known to increase the solubility and bioavailability of hydrophobic organic
compounds (Mnif and Ghribi 2015). Emulsification activity is thus an indirect method often used to
screen for biosurfactant producing microorganisms and the emulsification index can be calculated
by measuring the emulsion height divided by the total height of the solution (equal volume of
hydrocarbon to cell-free broth culture). Although kerosene is the most commonly used to test for
emulsification, previous studies have tested the ability of biosurfactants produced by Serratia
species to emulsify various hydrocarbons, such as diesel and crude oil (Pruthi and Cameotra 2000;
Wei et al. 2004; Ibrahim et al. 2013). For example, Wei et al. (2004) identified a pigmented
S. marcescens SS-1 strain that was able to emulsify both kerosene (72 %) and diesel (40 %). The
amphiphilic nature and structure of these compounds thus confers a diverse range of useful
properties, such as emulsification activity, wetting, foaming, dispersion traits, surface activity and the
reduction in viscosity of heavy liquids, allowing for their application in many industrial and

commercial processes (Satpute et al. 2010; Aparna et al. 2012).
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1.5. Industrial Production of Secondary Metabolites by Serratia species

Biosurfactants are promising alternatives to synthetic surfactants and have been incorporated into
commercialised products, such as Bio Surfactants ACS-Sophor® (sophorolipids) produced by Allied
Carbon Solutions Co., Ltd., NatSurFact (rhamnolipids) produced by Logos Technologies, LLC and
Yashinomi Vegetable Wash (sophorolipids) produced by Saraya Co. Ltd., amongst others (Geetha
et al. 2018). However, the increased global biosurfactant market has resulted in the need for cost-
effective, industrial-scale production and purification processes that result in maximum biosurfactant
yield (Nitschke and Silva 2018). Biosurfactant production is dependent on the producer strain,
physicochemical conditions (temperature, pH, agitation and aeration) and medium compaosition
(carbon source, nitrogen source and salinity). Table 1.1 indicates various biosurfactant producing
Serratia species, the type of biosurfactant produced by each strain and the media and culture

conditions used for small-scale biosurfactant production (excluding production in bioreactors).

The production of biosurfactants and prodigiosin by Serratia species occurs during the late log and
early stationary phase of growth (Pruthi and Cameotra 2000; Bidlan et al. 2007; Dusane et al.
2011). It is noteworthy that the production of secondary metabolites, including biosurfactants and
prodigiosin, by Serratia species is temperature-dependent (Matsuyama et al. 2011; Eckelmann et al.
2018). Matsuyama et al. (1986, 1990) investigated the production of secondary metabolites by
Serratia species at varying temperatures and found that while the bacterial strains grew well at both
30 °C and 37 °C, serrawettin (W1, W2 and W3), rubiwettin (R1 and RG1) and the pigment
(prodigiosin) were produced at 30 °C and were significantly reduced or absent when the bacterial
suspension was grown at 37 °C. Numerous studies have subsequently utilised 30 °C as the
optimum growth temperature for the production of biosurfactants and prodigiosin by Serratia species
(Pruthi and Cameotra 2000; Anyanwu et al. 2010; Dusane et al. 2011; Kadouri and Shanks 2013;
Su et al. 2016; Almansoory et al. 2017; Yip et al. 2019).

Another physicochemical condition that influences production is oxygen transfer during cell growth.
Several factors may contribute to the transfer of oxygen from the gas phase to the aqueous phase
within the growth medium, such as agitation speed and aeration, amongst others, thereby affecting
cell growth and, ultimately, biosurfactant production (Fakruddin 2012). Various agitation speeds
ranging from 100 rpm to 250 rpm have been used during the growth and production of
biosurfactants by Serratia species (Table 1.1). In addition, the media composition, pH values (5 to
9) and cultivation times (24 h to 168 h) similarly influence the quality and quantity of the
biosurfactants produced. Almansoory et al. (2017) investigated the effects of varying cultivation
times (24 h to 168 h), agitation speeds (100, 125, 150, 180 or 200 rpm) and pH (5 to 9) for the
production of biosurfactants by a Serratia strain. Results indicated that the optimum cultivation time,

agitation speed and pH for maximum biosurfactant production and surface tension reduction was
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after 120 h at 200 rpm with the pH of the growth medium at 8.0. However, for the small-scale
production of biosurfactants by Serratia species an agitation speed of 200 rpm, pH of 7.2 and a
cultivation time of 72 h is extensively used (Table 1.1). The salt concentration within the growth
medium was also hypothesised to influence microbial growth and biosurfactant production by
Serratia species (Almansoory et al. 2017). Almansoory et al. (2017) further indicated that the growth
and production of a biosurfactant by a S. marcescens strain was reduced in the absence of salt. The
authors additionally tested varying salt concentrations (ranging from 1 % to 5 %), with 1 % recorded

as optimum for biosurfactant production.

The production of biosurfactants can also be improved by the presence of different carbon and
nitrogen sources, as these factors strongly influence cell growth and the accumulation of metabolic
products (Santos et al. 2016). Moreover, research has indicated that the concentration and type of
biosurfactant compounds synthesised by the producer strain are influenced by the type of carbon
substrate (Rahman and Gakpe 2008; Ndlovu et al. 2017). Water miscible substrates, such as
glucose, sucrose, fructose, mannitol and glycerol, and water immiscible substrates, such as mahua
oil and olive oil, have been used for biosurfactant production by Serratia species (Table 1.1;
Almansoory et al. 2017). At low nitrogen levels, bacterial growth is also limited, which favours cell
metabolism towards the production of secondary metabolites (Santos et al. 2016). Numerous
nitrogen sources have subsequently been used for the production of biosurfactants by Serratia
species, including peptone, yeast extract, tryptone, ammonium sulphate, ammonium nitrate and
casamino acids. Of the various carbon and nitrogen sources utilised for the production of
biosurfactants by Serratia species, the most widely used are glycerol and peptone (Table 1.1),
respectively. Almansoory et al. (2017) also investigated the effects of different carbon (glycerol,
olive oil, glucose, sucrose and fructose) and nitrogen sources (ammonium sulphate, yeast extract,
peptone, and combinations of these three nitrogen sources) on lipopeptide production by
S. marcescens by measuring the biosurfactant yield and the reduction of surface tension. Results
indicated that of the five carbon sources used, glycerol resulted in the highest yield of 1.05 g/L and
the lowest surface tension, with a value of 30.4 mN/m recorded. Furthermore, the combination of
ammonium sulphate and peptone (shown in Table 1.1) as nitrogen sources resulted in the highest
yield of the biosurfactant compounds (1.33 g/L) and the lowest reduction in surface tension, with a
value of 29.9 mN/m recorded. Although biosurfactant production by Serratia species is strongly
dependent on the producer strain, in summary the most widely used growth conditions and media
composition for the small-scale production include an incubation temperature of 30 °C in a medium
containing glycerol as a carbon source and peptone as a nitrogen source at a pH of 7.2 with
agitation at 200 rpm.
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Serratia species Strain Metabolite gglrﬁ’gg Nitrogen source Culii%aetion Aggggccj)n pH Reference

S. marcescens A‘I’\'I(;(é‘,813287§10 Serrawettin W1 Glycerol Peptone 72 h n/a 7.2 Matsuyama et al. (1985, 1986)

S. marcescens SHHREG645 Serratamolide A - F Glucose Tryptone and Soytone 120 h n.s 7.0 Dwivedi et al. (2008)

S. marcescens H30 Serrawettin W1 Sucrose Yeast extract 24 h 200 rpm 7.2 Zhang et al. (2010)

S. marcescens MSRBB2 Serratamolides Glucose Peptogit?;g yeast 168 h n.s n.s Eckelmann et al. (2018)

S. marcescens S823 Serratamolide A and G n.s Yeast extract 48 h 180 rpm 7.0-7.2 Zhu et al. (2018)

S. marcescens DSM12481 Serrawettin W1 L(llj_réa) ?n(gé?gi LB media 24 h 11%% rr[;r:] n.s Tmﬁlss rita?:ﬁ (;O ;Il.l)(;zlgig)e )

S. marcescens NS 25 Serrawettin W2 Glycerol Peptone 72 h n/a 7.2 Matsuyama et al. (1986, 1992)

S. marcescens n.s Serrawettin W2 Glycerol Ammonium chloride 168 h 135 rpm 7.0 Motley et al. (2016)

(g :Lq:ri?scgi:z) MG1 Serrawettin W2 Glucose Casamino acids 48 h n/a n.s Lindum et al. (1998)

S. surfactantfaciens YD25" Serrawettin W2 Glycerol Protease peptone 72 h n.s 7.2 Su et al. (2016)

S. marcescens NS 45 Serrawettin W3 Glycerol Peptone 72 h n/a 7.2 Matsuyama et al. (1986)

S. marcescens HDB Lipopeptide Glycerol* Amr;: dni;g:);t:}lgb ate 120 h 100rp_m200 50-9.0 Almansoory et al. (2017)

S. marcescens NSK-1 Lipopeptide Glycerol Ammonium sulphate 72 h 180 rpm 7.0 Anyanwu et al. (2010)

S. marcescens n.s Lipopeptide n.s Ammonium nitrate 168 h n.s 7.2 Ibrahim et al. (2013)
Serratia sp. n.s Stephensiolides LB media LB media 24 h 250 rpm 7.0 Ganley et al. (2018)

S. marcescens MTCC 86 Glycoli[IJiiF()jid()sucrose Sucrose Ammonium sulphate 24 h 200 rpm 7.2 Pruthi and Cameotra (2000)

S. marcescens n.s Glycolipid n.s tiiﬂgcaﬂgisgac; Zr)](itrpaeélt 48 h 120 rpm n.s Dusane et al. (2011)
S. rubidaea SNAUO02 Rhamnolipid Mannitol Yeast extract 72 h 200 rpm 6.97 Nalini and Parthasarathi (2013)
S. rubidaea SNAUO02 Rhamnolipid Mahua oil Ammonium nitrate 168 h n.s 7.0 Nalini and Parthasarathi (2014)
S. rubidaea ATCC 27593 RubiweFt{tgllRl and Glycerol Peptone 72 h n/a 7.2 Matsuyama et al. (1990)

n/a — not applicable (agar used); n.s — not specified; * various carbon and nitrogen sources tested.
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In addition to the small-scale production of biosurfactants, studies have evaluated the use of
bioreactors for the large-scale production of biosurfactants by Serratia species. A study by Granada
et al. (2018) investigated the effects of dissolved oxygen on the large-scale production of bioactive
metabolites, including serratamolide A, prodigiosin and haterumalide NC (a cytotoxic molecule), by
Serratia sp. ARP5.1 using a 7 L stirred tank bioreactor. The strain was inoculated into 4 L of mineral
medium (with glucose as a carbon source) and incubated at 28 °C for 96 h. Additionally, three
agitation speeds (150, 300, 450 rpm) and three aeration rates (0.5, 1.0 and 1.5 vvm) were tested for
optimal production. It was found that oxygen was a crucial factor for the biosynthesis of these
secondary metabolites in a bioreactor, with the best combination of agitation speed and aeration
observed at 450 rpm and 1.5 vvm, respectively. It was therefore recommended that dissolved
oxygen be included as a parameter for the large-scale production of secondary metabolites by
Serratia species. In addition, Roldan-Carrillo et al. (2011) utilised a Box-Behnken experimental
design to evaluate the effect of nutrient ratios (C/N, C/Mg and C/Fe) on biosurfactant production by
a S. marcescens strain. The results indicated that a nutrient ratio of C/N =5, C/Mg = 30 and C/Fe =
26 000 was optimal for biosurfactant production. This media composition was then utilised for large-
scale production in a 3 L bioreactor. The large-scale production of the biosurfactant by this strain
was conducted in a volume of 1.5 L of the growth medium within the 3 L bioreactor. After 48 h, the
biosurfactant was extracted using 2 volumes of ethanol after acid precipitation from the cell-free
broth and the crude extract was freeze-dried and weighed. It was thus found that the nutrient ratios
optimised by the Box-Behnken experimental design for biosurfactant production by this strain
successfully yielded 21.6 g/L of crude extract after 48 h. Although studies have used various
methods to recover biosurfactants, further optimisation of the large-scale production process and

downstream recovery of biosurfactants produced by Serratia species is still required.

1.6. Applications of Secondary Metabolites Produced by Serratia species

Biosurfactants have several advantages over chemical surfactants as they exhibit a low toxicity,
high biodegradability, can be produced from cost-effective materials and exhibit stability at extreme
temperature, pH and salinity (Satpute et al. 2010; Santos et al. 2016). Thus, due to their diverse
chemical properties and biological activity, biosurfactants have the potential to replace their
chemical counterparts in a number of industries, such as the petroleum, medical, pharmaceutical,
food, agriculture, beverage, cosmetics, textiles and mining industries as well as in bioremediation
strategies. Furthermore, biosurfactants produced by Serratia species have the potential to be
applied as antimicrobial compounds, antifouling agents, and antitumor compounds and as

emulsifying agents of hydrocarbons.
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1.6.1. Medical and Pharmaceutical Industries

1.6.1.1. Seconday Metabolites as Antimicrobial Agents

Microbial secondary metabolites have been identified as a major resource of compounds that exhibit
potent antibacterial and antifungal activity, amongst other biological activities (You et al. 2019).
Numerous studies have reported on the wide range of biological activity of prodigiosin and certain
biosurfactants produced by members of the genus Serratia, while one study has indicated that
glucosamine derivatives display antibacterial activity (Dwivedi et al. 2008; Soenens and Imperial
2019).

Both lipopeptides (including serrawettin W1, serrawettin W2 and stephensiolides) and glycolipids
(rhamnolipid and glucose-palmitic acid glycolipid) produced by Serratia species have been reported
to display antimicrobial activity (Dwivedi et al. 2008; Dusane et al. 2011; Kadouri and Shanks 2013;
Nalini and Parthasarathi 2014; Su et al. 2016; Ganley et al. 2018). Previous studies have reported
on the antibacterial, antifungal and anti-mycotic activity of serrawettin W1 (serratamolide A) (Strobel
et al. 2005; Kadouri and Shanks 2013; Zhu et al. 2018). Kadouri and Shanks (2013) suggested that
Serratia spp. could be a potential source for antimicrobials to combat multidrug-resistant
opportunistic pathogens, as serrawettin W1 has been shown to exhibit an inhibitory effect towards a
broad range of Gram-positive bacteria, including various strains of Staphylococcus aureus
(S. aureus) [including methicillin-resistant S. aureus (MRSA)] and Staphylococcus epidermidis
(S. epidermidis) (Kadouri and Shanks 2013). In addition, Zhu et al. (2018) indicated that serrawettin
W1 produced by a S. marcescens S823 strain displayed antifungal activity against Candida albicans
(C. albicans). Strobel et al. (2005) then showed that serrawettin W1, produced by a S. marcescens
strain, exhibited anti-mycotic activity against oomycete pathogens, which has potential application in
agriculture, especially for crop protection. Similarly, Dwivedi et al. (2008) purified serratamolide
homologues (A to F) and glucosamine derivative homologues (A to C) produced by Serratia sp. and
tested these compounds for antimicrobial activity against Mycobacterium species. It was found that
all the serratamolide and glucosamine derivative homologues exhibited antibacterial activity against

Mycobacterium diernhoferi at a minimum inhibitory concentration (MIC) of 0.18 mM.

Su et al. (2016) also investigated the antimicrobial activity of secondary metabolites produced by
S. surfactantfaciens sp. YD25'. The secondary metabolite was identified as serrawettin W2 and was
found to exhibit inhibitory activity against S. aureus, Pseudomonas aeruginosa (P. aeruginosa) and
Shigella dysenteriae (S. dysenteriae), amongst other bacterial pathogens, at a concentration of
300 pug/mL (Su et al. 2016). The recently discovered stephensiolide F was tested for antibacterial

activity and antiprotozoal activity. This lipopeptide was found to exhibit activity against Bacillus
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subtilis (B. subtilis), Escherichia coli (E. coli) and Plasmodium falciparum with half the inhibitory

concentration (ICso) determined at 15, 200 and 14 pg/mL, respectively (Ganley et al. 2018).

Additionally, a few studies have shown that glycolipid biosurfactants produced by S. marcescens
and S. rubidaea strains exhibit antifungal and antibacterial activity (Strobel et al. 2005; Dusane et al.
2011; Nalini and Parthasarathi 2014). For example, Dusane et al. (2011) investigated the MIC of a
glycolipid produced by a S. marcescens strain against C. albicans, P. aeruginosa and Bacillus
pumilus (B. pumilus). Results indicated that MIC values of > 25 ug/mL of the glycolipid were
required to inhibit the growth of C. albicans and P. aeruginosa, while > 12.5 pg/mL of the glycolipid
was required to inhibit B. pumilus. Similarly, a study by Nalini and Parthasarathi (2014) investigated
a rhamnolipid produced by S. rubidaesa SNAUO2 and found that the strain exhibited antifungal
activity against Fusarium oxysporum and Colletotrichum gloeosporioides (common plant

pathogens).

Research on prodigiosin has received a considerable amount of interest due to the wide range of
beneficial antimicrobial properties, including antibacterial, antifungal and antimalarial activity (Yip et
al. 2019). A study by Ibrahim et al. (2014) isolated a S. marcescens IBRL USM 84 strain from the
surface of a marine sponge, Xestospongia testudinaria, and investigated the antibacterial properties
of the extracted and identified prodigiosin. It was found that prodigiosin displayed activity against
MRSA, S. epidermidis, Staphylococcus saprophyticus, Bacillus licheniformis (B. licheniformis),
B. subtilis, E. coli and Micrococcus spp., amongst others. Results from the study also indicated that
Gram-positive bacterial strains were more susceptible to prodigiosin than the Gram-negative
bacterial strains that were tested. Studies have also indicated that prodigiosin inhibits the growth of
pathogenic fungal strains, such as Cryptococcus spp., C. albicans and Aspergillus niger, amongst
others (Gulani et al. 2012; Shaikh 2016). Hage-Hllsmann et al. (2018) further investigated the
synergistic antibiotic effects of prodigiosin and biosurfactants produced by a S. marcescens
DSM12481 strain against a soil bacterium, Corynebacterium glutamicum (C. glutamicum). As
results indicated that the combination of prodigiosin and serrawettin W1 generated a larger zone of
inhibition compared to the individual compounds, employing a combination of biomolecules may be

a useful strategy for future antimicrobial formulations.

1.6.1.1.1. Mechanism of Antimicrobial Action of Serratia Metabolites

Studies have indicated that serrawettins, glucosamine derivatives and prodigiosin, amongst other
metabolites produced by Serratia, display antimicrobial activity (Dwivedi et al. 2008; Kadouri and
Shanks 2013; Su et al. 2016; Yip et al. 2019). However, the exact mechanism or mode of action of
serrawettins and glucosamine derivatives against microbial strains has not been extensively

studied. The general mode of action of other members of the lipopeptide class of biosurfactants has
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however, been proposed and involves the adhesion of the antimicrobial compound to the microbial
membrane due to hydrophobic interactions and electrostatic charges, where they are able to
accumulate on the surface of the cell membrane until a threshold concentration has been reached
(Fracchia et al. 2015). Thereatfter, it is hypothesised that the fatty acid moiety (hydrophobic) of the
lipopeptide is inserted into the cell membrane, which results in the disruption or disorganisation of
both bacterial and fungal membranes leading to metabolite leakage and ultimately growth inhibition
or cell lysis (Banat et al. 2010; Mnif and Ghribi 2015). In addition, biosurfactants may alter the
structure of the membrane and disrupt the conformation of membrane bound proteins, leading to

changes in membrane functions, such as transport or energy production (Fracchia et al. 2015).

Research has indicated that the mode of action of a biosurfactant is dependent on the type and
concentration of the biosurfactant and their structural properties, including hydrophobicity and
electrostatic charge (Sapute et al. 2016). A study conducted by Deol et al. (1973) investigated the
action of serratamolide (serrawettin W1) produced by a Serratia strain on the ion movement in lipid
bilayers and biomembranes and found that at a concentration of 10 pg/mL, the serratamolide
significantly increased the rate of movement of K* and H* across the membrane of S. aureus.
However, no leakage of ‘260 nm-absorbing products’ (such as nucleic acids) was observed at this
concentration and thus the serratamolide neither altered membrane permeability nor inhibited cell
growth (Deol et al. 1973). It is thus possible that a higher concentration of serrawettins will be
required to display significant leakage of 260 nm-absorbing products. Detailed research to elucidate

this theory will however, need to be conducted.

Danevcic et al. (2016a) investigated the general mode of action of prodigiosin, produced by Serratia
species, against B. subtilis and found that the metabolite disrupts the cell membrane, interferes with
the cytoplasmic membrane function and increases membrane permeability during the exponential
phase of bacterial growth. It was also found that this mode of action was dependent on the growth
phase of the bacterial cell, as prodigiosin displayed bacteriolytic activity during the exponential
growth phase and bacteriostatic activity during the stationary growth phase (Danevci€ et al. 2016a).
The same research group also found that prodigiosin may interfere with de novo protein and
ribosomal ribonucleic acid (rRNA) synthesis and inhibit the production of CO, in E. coli, providing
evidence that the pigment may interfere with cellular respiration (Danevéi¢ et al. 2016b). An
additional study by Darshan and Manonmani (2015) indicated that treating E. coli and B. cereus with
prodigiosin resulted in a significant increase in the level of reactive oxygen species, leading to
deoxyribonucleic acid (DNA) damage in both bacterial species. The oxidative damage of DNA by
prodigiosin may contribute to a programmed cell death-like activity in these bacterial pathogens
(You et al. 2019). A follow up study by Suryawanshi et al. (2016) investigated the mode of action of
prodigiosin against S. aureus. The study indicated that prodigiosin is a hydrophobic stressor that is
able to disrupt the plasma membrane and cause leakage of intracellular substances, such as K*
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jons, sugars, amino acids, and proteins from S. aureus. Therefore, prodigiosin has multiple
mechanisms of action that result in the potent antimicrobial activity observed for this secondary

metabolite.

16.1.1.2. Development of Antimicrobial Resistance

Literature has reported on the resistance of microorganisms to conventional antibiotics (Robbel and
Marahiel 2010). As secondary metabolites produced by Serratia spp. are not available for
therapeutic use for the treatment of pathogenic infections, limited research has reported on the
acquired resistance of microorganisms to serrawettins, prodigiosin or glucosamine derivatives.
Although the ability of the target microbial cell to gain resistance to lipopeptides is substantially
reduced due to the difficulty of reorganising their cell membranes (Fracchia et al. 2015), a few
studies have indicated microbial resistance to conventional lipopeptides (Robbel and Marahiel 2010;
Palmer et al. 2011; Hoefler et al. 2012; Lasek-Nesselquist et al. 2019). For example, acquired
resistance of microorganisms to a Food and Drug Administration approved cyclic lipopeptide,
daptomycin, available for therapeutic use has been reported (Palmer et al. 2011). Daptomycin is
produced by Streptomyces roseosporus and was released onto the market for treatment of
intravenous infections caused by Gram-positive bacteria, such as S. aureus [methicillin-susceptible
S. aureus and MRSA], Streptococcus spp. and Enterococcus species. The lipopeptide interacts with
the bacterial cells via electrostatic charge interactions with the phosphatidylglycerol (PG)-rich
(negative charge) region of the bacterial cell membrane. However, a few studies have reported on
the development of resistance of Enterococcus spp. and S. aureus to daptomycin (Bayer et al.
2013; Palmer et al. 2011). This is due to mutations in the mprF gene responsible for catalysing the
lysinylation of PG (negatively charged) and generating lysylphosphatidylglycerol (Lys-PG) (positively
charged). The increased synthesis and translocation (“flipping”) of the Lys-PG from the inner to the
outer leaflet of the cell membrane results in an interference with the daptomycin-membrane charge

interaction and ultimately results in resistance to daptomycin (Palmer et al. 2011; Bayer et al. 2013).

1.6.1.2. Biofilm Disrupting Activity

A biofilm is described as a community of microorganisms that have colonised a surface and are
embedded within an extracellular matrix (Simfes et al. 2010). Biofilms are the major cause of
biofouling in the medical, food and water industries due to the ability of microorganisms to populate
and proliferate on materials used in these environments, such as metals, plastics, rubber and glass
(Donlan 2002; Moritz et al. 2010; do Valle Gomes and Nitschke 2012). The occurrence of biofilms in
these industries is a serious human health concern as biofilms are known to harbour a variety of
potentially pathogenic microorganisms, such as Klebsiella spp., Listeria spp., Salmonella spp.,

Staphylococcus spp., Pseudomonas spp., Legionella spp., E. coli, etc. (Donlan 2002; Moritz et al.
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2010; Simdes et al. 2010). Strategies aimed at disrupting existing biofilm communities on industrial

surfaces are thus essential (Ludensky 2003).

Biosurfactants are considered promising antifouling agents as they have been reported to exhibit
antiadhesive and biofilm disruption activity (Banat et al. 2014). McLandsborough et al. (2006)
hypothesised that a surfactant is able to penetrate the biofilms extracellular matrix (possibly through
the water channels) and adhere to the surface interface, thereby reducing the interfacial tension
between the substratum surface and the biofilm. The interactions involved in bacterial adhesion are
also reduced, ultimately leading to the removal of biofilms. It was additionally proposed that
biosurfactants act as wetting agents, which favours the solubility of the extracellular matrix in an
aqueous medium (Nitschke and Silva 2018). Numerous studies have subsequently investigated the
biofilm disrupting properties of biosurfactants, such as surfactin and rhamnolipids (Dusane et al.
2010, 2012; do Valle Gomes and Nitschke 2012; Banat et al. 2014; Loiseau et al. 2015; Silva et al.
2017). For example, Dusane et al. (2010) reported that 100 mM of rhamnolipids was able to disrupt
a preformed B. pumilus biofilm on polystyrene microtiter plates by 93 % (Dusane et al. 2010).
Rhamnolipids have also been reported to be more effective at disrupting preformed biofilms of
Yarrowia lipolytica on glass surfaces in comparison to the synthetic surfactants cetyl-trimethyl
ammonium bromide and sodium dodecyl sulphate (Dusane et al. 2012). A study by Loiseau et al.
(2015) also demonstrated that 66 ug/mL of surfactin produced by a B. subtilis strain successfully
eliminated 90 % of a preformed Legionella pneumophila biofilm on polystyrene. Furthermore, do
Valle Gomes and Nitschke (2012) investigated the biofilm disrupting properties of surfactin
produced by B. subtilis and rhamnolipids produced by P. aeruginosa against individual and mixed
culture biofilms of foodborne pathogenic bacteria formed on a polystyrene surface. The study found
that after a 2 h exposure to a 0.1 % concentration of surfactin, the preformed pure culture biofilms of
S. aureus were reduced by 63.7 %, Listeria monocytogenes (L. monocytogenes) by 95.9 %,
Salmonella Enteritidis (S. Enteritidis) by 35.5 % and the preformed mixed culture biofilm of all three
strains was reduced by 58.5 % in comparison to the untreated controls. Following 2 h of exposure to
a 0.25 % concentration of rhamnolipids, preformed pure culture biofilms of S. aureus was reduced
by 58.5 %, L. monocytogenes was reduced by 26.5 %, S. Enteritidis was reduced by 23.0 %, and
the preformed mixed culture biofilm of all three strains was reduced by 24.0 % in comparison to the

untreated control.

Although limited research is available on the biofilm disrupting capabilities of lipopeptides produced
by Serratia species, it is possible that biosurfactants produced by Serratia species display similar
antifouling properties to other lipopeptides, such as surfactin. As previously indicated, Dusane et al.
(2011) investigated the antifouling activity of a glycolipid, composed of palmitic acid esterified to
glucose, produced by a S. marcescens strain against a biofilm formed on polystyrene microtitre
plates. Results indicated that 50 ug/mL of the glycolipid disrupted preformed biofilms of B. pumilus
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TiOl, P. aeruginosa PAO1l and C. albicans BH by 55 %, 62 % and 55 %, respectively, on

polystyrene microtitre plate surfaces (Dusane et al. 2011).

Prodigiosin has also been reported to display biofilm disrupting activity against P. aeruginosa
(Kimyon et al. 2016). A study conducted by Kimyon et al. (2016) found that 500 uM of prodigiosin is
able to disrupt preformed P. aeruginosa PA14 biofilms (reduction of approximately 70 %) through
the removal of extracellular DNA (eDNA). Extracellular DNA integrates into the biofilm matrix of
various bacterial species, including P. aeruginosa, and is able to bind to various biomolecules, as
well as increase bacterial adhesion and aggregation strength, thereby acting as a scaffold for the
biofilm. The cleavage of eDNA by prodigiosin thus leads to the disintegration of the biofilm matrix
and subsequent reduction in bacterial adhesion, aggregation and biofilm formation, thereby

disrupting preformed biofilms.

1.6.1.3. Antiadhesive Activity

The initial step in biofilm formation involves microbial adherence to a surface and is influenced by
various factors, including the microbial species, hydrophobicity and electrical charge of the surface,
environmental conditions and the production of extracellular polymers that aid in the anchoring of
microbial cells (Donlan 2002; Nitschke and Silva 2018). In recent years, there has been an
increased interest in the application of antimicrobial compounds as coating agents to various
materials to prevent biofilm formation (Nitschke and Silva 2018). The adsorption or coating of
biosurfactant compounds to the surface of a material modifies the surface hydrophobicity (Nitschke
and Silva 2018). Therefore, a reduction in the surface hydrophobicity and subsequent hydrophobic
interactions with microbial cells occurs, effectively reducing or preventing microbial adhesion and
colonisation (Gudifia et al. 2010; Rufino et al. 2011). Additionally, it has been hypothesised that
biosurfactants influence the development of flagella, thus affecting the ability of bacteria to attach to
surfaces (Rivardo et al. 2009). The prior absorption of biosurfactant compounds to surfaces can
thus be used as a preventative measure to delay the onset or formation of pathogenic biofilms on
medical devices and various other surfaces used in the food, medical and water industries (Gudifia
et al. 2010; Nitschke and Silva 2018). A number of coating strategies have subsequently been
employed to condition the surface of a material with antimicrobial compounds, such as
biosurfactants. These coating strategies include simple absorption methods, the incorporation of
volatile and non-volatile antimicrobial agents as part of the polymer composition and the
immobilisation of antimicrobials, such as lipopeptides and glycolipids, to polymers by ion or covalent
linkages, amongst others (Mohor¢i¢ et al. 2010; Alves and Pereira 2014; De Zoysa and Sarojini
2017).
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Simple absorption of a biosurfactant to the surface of the material involves immersing the desired
material into the biosurfactant in solution for a selected time period; thereby allow the compounds to
adhere to the surface (Meylheuc et al. 2001). Numerous studies have demonstrated the significant
reduction or prevention of microbial adhesion of a solid surface after adsorption of a biosurfactant to
the surface (Meylheuc et al. 2001; Rodrigues et al. 2004, 2006; Rivardo et al. 2009; Zeraik and
Nitschke 2010; Dusane et al. 2011). A study conducted by Rodrigues et al. (2004) investigated the
ability of a biosurfactant produced by a Lactococcus lactis 53 strain to inhibit the microbial adhesion
of S. epidermidis, Streptococcus salivarius (S. salivarius) and S. aureus. The biosurfactant was
absorbed to the surface of silicone rubber and the changes in hydrophobicity and microbial
adhesion were investigated. The change in hydrophobicity was characterised using water contact-
angle measurements and indicated that the coated silicone rubber surface was more hydrophilic
(with a contact angle of 48°) than uncoated silicone rubber (with a contact angle of 109°). The study
further investigated the adhesion of microbial cells to the hydrophobic and hydrophilic silicone
rubber (with an adsorbed biosurfactant layer) using a parallel-plate flow chamber, and found that the
biosurfactant effectively reduced the initial deposition rates of S. epidermidis, S. salivarius and
S. aureus by 90 %. In addition, Rivardo et al. (2009) explored the antiadhesive capability of two
lipopeptides produced by B. subtilis VO9T14 and B. licheniformis V19T21 to inhibit biofilm formation
of S. aureus ATCC 29213 and E. coli CFT073 on polystyrene. The biosurfactant produced by the
B. subtilis V9T14 strain displayed antiadhesive activity against E. coli CFT073 by inhibiting 97 % of
biofilm formation using a precoating concentration of 2560 pg/mL, while the biosurfactant produced
by the B. licheniformis V19T21 strain displayed antiadhesive activity against S. aureus ATCC 29213
by inhibiting 90 % of biofilm formation using a precoating concentration of 160 to 320 ug/mL
(Rivardo et al. 2009).

To date, two studies have investigated the antiadhesive activity of biosurfactants produced by
Serratia spp. using simple absorption coating methods. Dusane et al. (2011) coated polystyrene
microtitre plate and glass surfaces with a glycolipid composed of palmitic acid and glucose
produced by a marine S. marcescens strain by simple absorption methods and found that it
effectively prevented the adhesion of 82 % C. albicans BH, 88 % P. aeruginosa PAO1 and 94 %
B. pumilus TiO1 at a 100 pg/mL of biosurfactant (Dusane et al. 2011). A similar study conducted by
Motley et al. (2016) investigated the ability of serrawettin W2 produced by a Serratia sp. to inhibit
the microbial adhesion of C. albicans to a 96-microwell plate. This was conducted by incubating the
test compound with the inoculum in the wells of the 96-microwell plate and determining the ICxg
value using a tetrazolium salt (XTT) reduction assay. An ICsg, value of 7.7 + 0.7 uM for serrawettin
W2 inhibited the biofilm formation of C. albicans and it was concluded that the cyclic
lipodepsipeptides produced by the Serratia sp. may be used to control C. albicans infections

associated with biofilm modulation. It is thus recognised that when a biosurfactant is absorbed to the
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surface of a material, the material becomes more hydrophilic and is thus expected to decrease or
prevent microbial attachment (Rodrigues et al. 2004; Gudifia et al. 2010; Zeraik and Nitschke 2010).
Although limited research has been conducted on the immobilisation of prodigiosin onto the surface
of materials, Kimyon et al. (2016) demonstrated that prodigiosin exhibits biofilm inhibition properties
against P. aeruginosa (Kimyon et al. 2016). The authors investigated the effects of prodigiosin on
non-established biofilms of P. aeruginosa PA14 by growing the cultures on either glass or
polystyrene in the presence of prodigiosin (100 to 500 uM). As the prodigiosin concentration
increased, significant reductions in biofilm formation were observed due to the production of reactive

oxygen species when prodigiosin undergoes oxidation.

Another approach to develop biomaterials involves the incorporation of antimicrobial compounds
into a material during manufacturing and allows for the slow release of the compound into the
surrounding medium (Alves and Pereira 2014; Coad et al. 2015; De Zoysa and Sarojini 2017). A few
drawbacks to both the incorporation and adsorption coating methods have however been described,
as both methods may lead to reduced activity over an extended period of time and may exhibit
potential toxicity due to the rate of release of the compounds, which in turn may lead to the
development of resistance if the compound is released at low concentrations (Mohorci¢ et al. 2010).
The covalent immobilisation of antimicrobial compounds onto various surfaces has thus been
deemed advantageous in comparison to other strategies as this method prevents peptide leaching,
enhances long-term stability, does not significantly reduce antimicrobial activity and increases the

duration of antimicrobial efficacy (Alves and Pereira 2014; De Zoysa and Sarojini 2017).

The covalent immobilisation of biosurfactants or antimicrobial peptides to the surface of materials
has previously been described (Gabriel et al. 2006; Mohor¢&i¢ et al. 2010; De Zoysa and Sarojini
2017). Materials such as plastics, metals or ceramics have inert surfaces and can be functionalised
by the addition of a silane polymeric layer bearing reactive groups, which enable the covalent
binding of antimicrobial compounds to the surface. A study by Mohor¢i¢ et al. (2010) successfully
demonstrated that a lipopeptide (polymyxin B) can be covalently immobilised to the surface of an
indium-tin-oxide glass via silane coating with epoxy groups, with the bioactive material exhibiting
activity towards E. coli, without the lipopeptide leaching into the environment. Similarly, De Zoysa
and Sarojini (2017) covalently immobilised a lipopeptide (battacin) to glass, silicon and titanium
surfaces to prevent or reduce surface colonisation by P. aeruginosa and E. coli cells. The three
surfaces were functionalised by silanization followed by the addition of the heterobifunctional cross-
linker, succinimidyl-[N-maleimidopropionamido]-poly(ethylene glycol) ester, whereafter the
lipopeptide (with an added N-terminal cysteine) covalently attached to the functionalised surfaces.
The ability of the battacin-immobilised surfaces to prevent microbial adhesion was subsequently

investigated, and a significant reduction (98.6 to 99.9 % reduction) in adhesion of P. aeruginosa and

24



Stellenbosch University https://scholar.sun.ac.za

E. coli cells to the surface of all three materials was observed (in comparison to the uncoated
control). Lipopeptides therefore have the potential to be utilised as coating agents for the

development of biomaterials, which can be utilised in various industries to reduce biofouling.
1.6.2. Other Medical and Pharmaceutical Applications

In addition to antimicrobial activity, Tomas et al. (2005) filed a patent for the use of a serratamolide
(serrawettin W1) produced by a S. marcescens 2170 strain as a chemotherapeutic agent. The
serratamolide was found to reduce the cell viability (induce apoptosis) of various cancer cell lines
(Jurkat, Molt-4, NSO, HGT-1, HT-29 and GLC-4S), while displaying no effect on non-malignant cell
lines (NIH-3T3, NRK-49F and IEC-18). In addition to serratamolides (serrawettin W1), serrawettin
W2 produced by S. surfactantfaciens sp. YD25' was also shown to exhibit anticancer activity by
suppressing the growth of cancer cell lines (HeLa and Caco-2 cell lines), while not significantly
affecting the viability of non-malignant cells (Vero and HEK293 cell lines) (Su et al. 2016). Based on
this research, serrawettins have the potential to be used as anticancer chemotherapeutic agents
against leukemia, lymphoma, myeloma, carcinoma, melanoma and sarcoma (Tomas et al. 2005).
Similarly, substantial research into prodigiosin has been conducted over the last decade due to its
ability to induce apoptosis in cancer cell lines, including acute human T-cell leukemia, promyelocytic
leukemia, and human and rat hepatocellular cancer, human breast cancer and TNF-stimulated
human cervix carcinoma, while displaying little to no toxicity to normal cell lines at an average

inhibitory concentration of 2.1 uM (Darshan and Manonmani 2015).
1.6.3. Bioremediation and Petroleum Industries

Chemically synthesised surfactants have been used for the bioremediation of oil contaminated sites
as well as to enhance the recovery of oil from oil reservoirs in the petroleum industry (Banat 1995).
However, as synthetic surfactants are not biodegradable and can be toxic to the environment,
biosurfactants provide an environmentally friendly alternative and have been shown to exhibit
equivalent emulsification properties. In addition to emulsifying hydrocarbons, studies have indicated
that biosurfactants produced by Serratia species have the potential for application as microbial
enhanced oil recovery agents (Pruthi and Cameotra 2000; Ibrahim et al. 2013; Nalini and
Parthasarathi 2013). Microbial enhanced oil recovery is considered a tertiary recovery method that
could recover the residual oil using microorganisms or their products (biosurfactants) and can be
evaluated using a sandpack technique (sand previously saturated with oil in a column) (Pruthi and
Cameotra 2000; Amani et al. 2010). A study by Ibrahim et al. (2013) isolated a S. marcescens strain
that was found to produce a lipopeptide and investigated the effects of the lipopeptide to enhance
the recovery of crude oil from a sandpack column. The lipopeptide was able to recover 76 % of the

crude oil from the column and was earmarked as a potential enhanced oil recovery agent. In
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addition, a sucrose lipid (glycolipid) produced by a S. marcescens strain was found to exhibit
excellent emulsification activity against a wide range of hydrocarbons and effectively recovered
90 % of residual oil from an oil-saturated sandpack column (Pruthi and Cameotra 2000). Pruthi and
Cameotra (2000) further indicated that the glycolipid displayed a strong ability to recover oil from the
walls of containers and therefore could possibly be applied in cleaning operations. Similarly, Nalini
and Parthasarathi (2013) demonstrated that a concentration of 0.05 % rhamnolipid solution
produced by a S. rubidaea SNAUO2 strain was able to recover 92 % of used engine oil previously
absorbed to a sand sample, while the commercially available surfactant (sodium dodecyl sulphate)

only removed 60 % of the oil from the contaminated sand sample.

1.7. Project Aims

Antimicrobial resistance is a major threat to global public health and needs to be prioritised (Liu et
al. 2016). Although numerous countries worldwide have implemented strategies to reduce the
misappropriation of antibiotics [World Health Organisation (WHO) 2018], the situation is
exacerbated as pharmaceutical research and development have failed to meet the clinical demand
for the discovery of novel antimicrobials. The WHO has thus released a priority list of antibiotic-
resistant bacteria to support research and development of effective antimicrobial agents against
multidrug-resistant (MDR) microorganisms (WHO 2017). In this regard, secondary metabolites are a
well-known source of alternative antimicrobials and investigating these compounds as novel and

effective antimicrobial compounds is a priority.

Of interest are the secondary metabolites produced by Serratia species as this genus is a relatively
unexploited source of bioactive compounds (Strobel et al. 2005; Kadouri and Shanks 2013; Su et al.
2016). Serratia species produce secondary metabolites, such as serrawettins, prodigiosin and
glucosamine derivatives, that display antibacterial and antifungal activity. Furthermore, serrawettins
and prodigiosin have shown promise as antimicrobials against MDR Gram-positive bacteria, such
as MRSA. However, limited research exists on the broad-spectrum antibacterial and antifungal
activity of the serrawettins and glucosamine derivatives and their effectiveness against clinical

Gram-negative bacteria, including MDR and extensive drug-resistant (XDR) bacteria.

Microorganisms are however, rarely found as planktonic cells in the natural environment, but rather
aggregate as biofilms on various surfaces in the food, water and health-related industries. It is well-
known that biofilms display greater resistance to antimicrobial agents and detergents and there is an
urgent need for the discovery of agents that are effective as antimicrobial and antifouling agents that
prevent biofilm formation and remove or disrupt established biofilms. While serrawettin W2 has

been shown to prevent the formation of a C. albicans biofilm (Motley et al. 2017), limited research
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has been conducted on the biofilm disrupting or antiadhesive potential of serrawettin W1 and

glucosamine derivatives produced by Serratia species.

The primary aim of this study was thus to identify environmental Serratia species that produce

antimicrobial secondary metabolites, elucidate their metabolic profiles and metabolite structures,

and apply these bioactive compounds as antifouling and biofilm disrupting agents. This aim was

achieved as outlined in the research chapters as follows:

Chapter 2: Broad-spectrum antimicrobial activity of secondary metabolites produced by Serratia

marcescens strains (published in Microbiological Research):

Various environmental water samples, including wastewater treatment plant (WWTP)
samples, olive oil and wine effluent samples, oil refinery effluent samples, river water
samples and rainwater samples, were screened for pigmented and non-pigmented Serratia
spp. capable of producing biosurfactants by measuring the surface tension reduction (Du
Nouy tensiometer) and emulsification (against kerosene, mineral oil and sunflower oil)
abilities of the cell free supernatant.

All biosurfactant producing isolates were identified using Serratia genus primers by the
polymerase chain reaction (PCR) followed by sequencing and analysis of PCR products.
The Serratia spp. isolates were then screened for the gene (swrW) responsible for the
biosynthesis of serrawettin W1, while primers were designed to amplify the swrA gene,
involved in the biosynthesis of serrawettin W2, using PCR analysis.

The secondary metabolites produced by a pigmented (P1) and two non-pigmented (NP1 and
NP2) S. marcescens strains were solvent extracted and subjected to ultra-performance
liquid chromatography coupled to electrospray ionisation mass spectrometry (UPLC-ESI-
MS) to detect and putatively identify the secondary metabolites present in the crude extracts.
The crude extracts obtained from S. marcescens P1, NP1 and NP2 strains were tested for
antimicrobial activity against pathogenic and opportunistic bacterial and fungal strains,

including MDR and XDR clinical isolates.

Chapter 3: A metabolomics and molecular networking approach to elucidate the structures of the

secondary metabolites produced by Serratia marcescens strains:

The S. marcescens P1 and NP1 strains were selected for further testing due to the broad-
spectrum antimicrobial activity exhibited by these crude extracts.

Upscaled production and solvent extraction of the P1 and NP1 crude extracts was
conducted and both of the extracts were purified using reverse-phase high-performance
liquid chromatograph (RP-HPLC).
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e All of the fractions collected after the purification of the P1 and NP1 crude extracts by RP-
HPLC analysis were subjected to electrospray ionisation mass spectrometry (ESI-MS) and
ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS®).

e The UPLC-MS® data for P1 and NP1 was then subjected to molecular networking using the
Global Natural Products Social platform to elucidate the structural similarities between
compounds. The combined use of molecular networking and UPLC-MS® was thus utilised to
elucidate the full chemical structure of detected secondary metabolites.

e The collected fractions were subjected to antimicrobial testing against the clinical E. faecalis
S1 strain using a disc diffusion assay. Five fractions were then selected based on the activity
and quantity of each fraction, and were subjected to minimum inhibitory and bactericidal

concentration assays.

Chapter 4: Biofilm disruption and antiadhesive activity of secondary metabolites produced by

Serratia marcescens strains:

¢ The secondary metabolites produced by S. marcescens P1 and NP1 strains were solvent
extracted and the P1 and NP1 crude extracts were investigated for their biofilm disruption
and antiadhesive activity against single- and dual-species biofilms of E. faecalis S1 and
P. aeruginosa S1 68, using the MBEC Assay® (also known as Calgary Biofilm Device)
coupled with the standard plate count method and ethidium monoazide bromide quantitative
polymerase chain reaction (EMA-gPCR) analysis.

e Based on the MBEC Assay® results, the P1 and NP1 crude extracts were covalently
immobilised onto the surface of the selected polymers, i.e. high-density polyethylene PE300
(HDPE) and polyvinyl chloride (PVC).

e Surface characterisation of the coated and uncoated materials was then conducted to
confirm the successful immaobilisation of the P1 and NP1 crude extracts, using water contact
angle measurements, attenuated total reflectance fourier transform infrared (ATR-FTIR)
spectroscopy and scanning electron microscopy (SEM) coupled to backscattered electron
imaging-energy dispersive X-ray spectroscopy (BSE-EDX).

e The potential leaching of the compounds immobilised onto the surfaces of the various
materials was also determined using UPLC-ESI-MS.

e The coated materials (and uncoated controls) were then exposed to E. faecalis S1 or
P. aeruginosa S1 68 to investigate the antifouling properties of the bioactive materials. This
was analysed using standard culture-based techniques, EMA-gPCR and confocal laser
scanning microscopy (CLSM) in conjunction with the LIVE/DEAD viability stain to confirm the

reduction of microbial adhesion.
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Abstract

The genus Serratia is a predominantly unexplored source of antimicrobial secondary metabolites.
The aim of the current study was thus to isolate and evaluate the antimicrobial properties of
biosurfactants produced by Serratia species. Forty-nine (n = 34 pigmented; n = 15 non-pigmented)
biosurfactant producing Serratia strains were isolated from environmental sources and selected
isolates (n = 11 pigmented; n = 11 non-pigmented) were identified as Serratia marcescens
(S. marcescens) using molecular typing. The swrW gene (serrawettin W1 synthetase) was detected
in all the screened pigmented strains and one non-pigmented strain and primers were designed for
the detection of the swrA gene (non-ribosomal serrawettin W2 synthetase), which was detected in
nine non-pigmented strains. Crude extracts obtained from S. marcescens P1, NP1 and NP2 were
chemically characterised using ultra-performance liquid chromatography coupled to electrospray
ionisation mass spectrometry (UPLC-ESI-MS), which revealed that P1 produced serrawettin W1
homologues and prodigiosin, while NP1 produced serrawettin W1 homologues and glucosamine
derivative A. In contrast, serrawettin W2 analogues were predominantly identified in the crude
extract obtained from S. marcescens NP2. Both P1 and NP1 crude extracts displayed broad-
spectrum antimicrobial activity against clinical, food and environmental pathogens, such as
multidrug-resistant (MDR) Pseudomonas aeruginosa, methicillin-resistant Staphylococcus aureus
and Cryptococcus neoformans. In contrast, the NP2 crude extract displayed antibacterial activity
against a limited range of pathogenic and opportunistic pathogens. The serrawettin W1
homologues, in combination with prodigiosin and glucosamine derivatives, produced by pigmented
and non-pigmented S. marcescens strains, could thus potentially be employed as broad-spectrum

therapeutic agents against MDR bacterial and fungal pathogens.

Keywords: Serratia marcescens; serrawettin W1; serrawettin W2; secondary metabolites;

antimicrobial activity
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2.1. Introduction

The rapid spread and emergence of multidrug- (MDR) and extensive drug-resistant (XDR) bacteria
and fungi is considered one of the major threats to global public health in the 21> century (Colombo
et al., 2017; McCarthy et al., 2017). This has resulted in organisations, such as the World Health
Organisation (WHO) and the Centres for Disease Control and Prevention (CDC), implementing vital
strategies to combat the misappropriation of current antibiotic therapies and prioritise the research
and development of alternative antimicrobial compounds (CDC, 2013; WHO, 2015). In this regard,
several bacterial species have been reported to produce bioactive secondary metabolites, which are
considered promising alternatives to antibiotics (Bérdy, 2005). Moreover, Serratia spp. represent a
relatively unexploited source of valuable secondary metabolites with potential activity against MDR

and XDR pathogens.

The Serratia genus consists of 18 species that have been isolated from various environmental
sources, such as water and marine environments, contaminated soil, plants, animals or hospitalised
patients (Grimont and Grimont, 2006; Su et al., 2016). The ubiquitous nature of this genus is due to
the synthesis of numerous extracellular products, including exoenzymes, nucleases and secondary
metabolites that aid in the adaption of Serratia to harsh environmental conditions (Harris et al.,
2004). One such secondary metabolite includes a non-diffusible red pigment, identified as
prodigiosin. Prodigiosin is produced by certain strains of Serratia marcescens (S. marcescens),
Serratia rubidaea (S. rubidaea) and Serratia surfactantfaciens (S. surfactantfaciens), amongst
others (Grimont and Grimont, 2006; Su et al., 2016) and displays antibacterial, antifungal,
antiprotozoal, antitumor and immunosuppressant activities (Stankovic et al., 2014). Serratia spp.
are capable of synthesising additional bioactive secondary metabolites, such as biosurfactants
(serrawettins, stephensiolides, rubiwettins and rhamnolipids), althiomycin and bacteriocins
(Clements et al., 2019a).

Two species within the Serratia genus, namely S. marcescens and S. surfactantfaciens, have been
reported to produce the lipopeptide biosurfactant class known as serrawettins (Matsuyama et al.,
1985, 1990; Lindum et al., 1998; Su et al.,, 2016). Three molecular species of serrawettins have
been identified thus far, including serrawettin W1 (also known as serratamolide A), serrawettin W2
and serrawettin W3 (Matsuyama et al., 1985). The general structure of serrawettin W1 includes a
symmetric dilactone structure composed of two L-serine amino acids linked to two (B-hydroxy fatty
acids (comprised of 3-hydroxydecanoic acids) (Eckelmann et al., 2018). Numerous homologues of
serrawettin W1 (serratamolide A) have also been detected, namely serratamolide B to G, which
differ based on the variation in the length of the fatty acid chain (Cg to C14) and the presence of a
double bond (Dwivedi et al., 2008; Zhu et al., 2018). The open reading frame (ORF) responsible for
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the biosynthesis of serrawettin W1 and homologues of this compound was identified as swrwW and

encodes for serrawettin W1 synthetase (Li et al., 2005; Thies et al., 2014).

The general structure of serrawettin W2 includes five amino acids (D-leucine/isoleucine-L-serine-L-
threonine-D-phenylalanine-L-isoleucine/leucine) linked to a B-hydroxy fatty acid moiety (Matsuyama
et al., 1992; Motley et al., 2016). Analogues of serrawettin W2 have been detected and differ based
on the variation at the first, fourth or fifth amino acid positions or the length of the fatty acid chain (Cg
or Cy9) (Motley et al., 2016; Su et al.,, 2016). The open reading frame (ORF) responsible for the
biosynthesis of serrawettin W2, and analogues of this compound, was identified as swrA, encoding
for non-ribosomal serrawettin W2 synthetase (Su et al., 2016). While the full chemical composition
of serrawettin W3 has yet to be determined, the cyclodepsipeptide was found to be composed of a
fatty acid (one dodecanoic acid) and five amino acids, including threonine, serine, valine, leucine

and isoleucine (Matsuyama et al., 1986; Matsuyama et al., 2011).

The most prominent properties displayed by serrawettin W1 and W2 include emulsification activity,
surface activity, antitumor activity, antibacterial activity and antifungal activity (Clements et al.,
2019a). Kadouri and Shanks (2013) investigated the antimicrobial activity of serrawettin W1,
produced by a S.marcescens strain, and found that this compound exhibited activity against
primarily Gram-positive bacteria, such as Staphylococcus aureus (S. aureus) [including methicillin-
resistant S. aureus (MRSA)]. Similarly, serrawettin W2 has been shown to exhibit activity against
Gram-positive bacteria, such as S. aureus and Micrococcus spp., whilst also exhibiting activity
against a few Gram-negative bacteria, such as Pseudomonas and Shigella spp. (Su et al., 2016).
Thus, while studies have indicated that serrawettins are effective against several Gram-positive
bacteria, limited research has been conducted on the broad-spectrum antibacterial and antifungal
activity of the serrawettins and their effectiveness against MDR and XDR Gram-negative bacteria.
Accordingly, the primary aim of this study was to screen various environmental sources for Serratia
isolates capable of biosurfactant production. A second aim was to chemically characterise the crude
extracts produced by selected Serratia strains and assess the broad-spectrum antimicrobial activity
of the extracts against pathogenic and opportunistic bacterial and fungal strains, including MDR and
XDR clinical isolates. To the best of the author's knowledge, this is one of the first studies
investigating the broad-spectrum antimicrobial potential of chemically characterised crude
lipopeptide extracts obtained from Serratia spp. and exploring the activity of these compounds
against MDR and XDR Gram-negative bacteria and fungi.
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2.2. Materials and Methods

2.2.1. Sampling Sites

Various environmental sources were selected as the sampling sites for this study, including three
municipal wastewater treatment plants (WWTPs) with samples collected from the influent point,
aeration tanks, settling tanks and effluent points (n = 12). In addition, olive oil (n = 4) and wine (n =
4) effluent samples were collected at the points following the washing or crushing of olives and two
wine grapes varietals, respectively. Samples (n = 7) were also collected from the inlet point, four
different compartments of a bioreactor, sludge from one of the bioreactor compartments and an
outlet point of an oil refinery treatment plant. Three river water samples (Plankenbrug River, Eerste
River and Krom River) were collected within the Stellenbosch area and a sample of harvested
rainwater was collected from a first flush diverter attached to the rooftop at Welgevallen
experimental farm. Thus, 31 samples were collected in 1 L sterile schott bottles and samples were

processed within 6 h of collection.
2.2.2. lIsolation of Biosurfactant Producing Serratia species

In order to isolate Serratia spp. from each environmental sample, a serial dilution (10 to 10™) in
0.85% saline was prepared. Thereafter, 100 pL of the undiluted and each dilution was spread plated
onto Caprylate-Thallous (CT) agar (Grimont and Grimont, 2006) in duplicate. The plates were
incubated at 30°C for 24 to 48 h. Following incubation, morphologically distinct colonies were
selected and re-streaked onto nutrient agar (NA) (Merck, Biolab Diagnostic, South Africa) to obtain
pure cultures. The isolates obtained were assigned a code identifier, which denoted the
pigmentation of the isolate [P — pigmented (red); NP — non-pigmented] and each isolate was

numbered.
2.2.3. Growth Conditions and Media Composition for Biosurfactant Production

Purified pigmented and non-pigmented isolates were inoculated into 5 mL Peptone Glycerol (PG,
pH 7.2 + 0.2) broth composed of 5 g Bactopeptone (Merck) and 10 mL glycerol (Promega,
Wisconsin, United States) in 1 L distilled water (Matsuyama et al., 1985). For the oil spreading
method, the test tube broth cultures were incubated aerobically on a test tube rotator (MRCLAB,
London, UK) at 30°C for 48 to 96 h. For emulsification, surface tension and antimicrobial analysis, a
seed culture of each biosurfactant producing strain was prepared by inoculation of a single colony
into 5 mL of Luria Bertani (LB) broth (Merck) which was incubated at 30°C for 18 to 24 h. Each seed
culture was subsequently inoculated into a 500 mL baffled flask containing 100 mL PG broth, which
was incubated on an orbital shaker (MRCLAB) at 30°C for 120 h at 120 rpm. After incubation, the

broth culture was centrifuged at 10 000 rpm for 20 min at 4°C to obtain the cell free supernatant.
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2.2.4. Screening for Biosurfactant Production: Oil Spreading Method

The oil spreading method was used to screen the cell free supernatant obtained from the broth
cultures of single bacterial colonies (n = 596) for the presence of biosurfactants as previously
described by Youssef et al. (2004). Briefly, approximately 40 mL of distilled water was added to a
90 mm petri dish. Thereafter, 10 pL of mineral oil was added to the surface of the distilled water to
form a thin layer of oil. Ten microlitres of cell free supernatant was placed in the centre of the petri
dish containing the distilled water and an oil layer. The presence of a biosurfactant in the cell free
supernatant was indicated by the displacement of the oil layer and formation of a clear zone. The oll
spreading analysis for all samples was conducted in duplicate. The bacterial isolates that were able
to produce a biosurfactant based on the results obtained from the oil spreading method were further

subjected to physico-chemical characterisation.

2.2.5. Physico-Chemical Characterisation

2.2.5.1. Emulsification Capacity Assays

Based on the results obtained from the oil spreading method, the cell free supernatant from selected
biosurfactant producing strains (n = 22) were subjected to emulsification capacity assays, as
outlined by Ndlovu et al. (2016). The emulsification index (E.4) of the cell free supernatant obtained
from each bacterial isolate was determined by adding 2 mL of the supernatant to an equal volume of
diesel, kerosene, sunflower or mineral oil. Thereafter, the solution was vortexed for approximately
5 min. For all samples, the emulsification capacity assays were conducted in duplicate. The solution
was left at room temperature for 24 h and the E,, for each substrate was measured and calculated

using Equation 2.1:

Height of the emulsion layer 10
Total height of the solution

Emulsification index (E54)% =

2.2.5.2. Surface Tension Measurements

The surface tension of the cell free supernatant was measured using a Du Nouy ring tensiometer,
as previously outlined by Youssef et al. (2004). The surface tension of the biosurfactant compounds
present in the cell free supernatant of each bacterial isolate was measured at room temperature.
Prior to surface tension measurements of each cell free supernatant sample and sterile PG broth,
calibration was performed using distilled water to ensure validity of the measurements. All samples
were measured in triplicate and an average value was recorded as the surface tension of the

sample.
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2.2.6. Molecular Identification of Biosurfactant Producing Serratia spp.

The extraction of genomic deoxyribonucleic acid (DNA) was performed for the identification of the
biosurfactant producing bacterial strains (n = 22) using the High Pure Polymerase Chain Reaction
(PCR) Template Preparation Kit (Roche Diagnostics, Risch-Rotkreuz, Switzerland) as per the
manufacturer’s instructions. Deoxyribonucleic acid samples were stored at -20°C until utilised for

PCR analysis.

The biosurfactant producing isolates (n = 22) were subjected to PCR amplification of the pfs gene
using Serratia specific primers Fpfs1 (5 CCGGCATCGGCAAAGTCT 3’) and Rpfs2 (5
ATCTGGCCCGGCTCGTAGCC 3) (Zhu et al.,, 2008). The pfs gene encodes for an S-
adenosylhomocysteine nucleosidase enzyme and is involved in quorum-sensing within Serratia spp.
(Zhu et al., 2008). The reaction mixture consisted of 1X Green GoTaq® Flexi buffer (Promega),
2.0mM MgCl, (Promega), 0.1 mM of each dNTP (Thermo Fisher Scientific, Waltham,
Massachusetts, United States), 0.3 yM of each primer, 1.5 U of GoTag® G2 DNA polymerase
(Promega) and 2 pL of template DNA, which was made up to a final volume of 25 pL using sterile
nuclease-free water. Amplification was performed using the T100™ thermal cycler (Bio-Rad
Laboratories, Netherlands) and the PCR cycling parameters consisted of initial denaturation at 94°C
for 5 min followed by 30 cycles of 94°C for 45 s, 55°C for 30 s, and 72°C for 15 s, and then a single
final extension step of 72°C for 5 min. Sterile nuclease free water was used as a negative control,
while genomic DNA extracted from S. marcescens American Type Culture Collection (ATCC) 13880

was used as a positive control.

The 193 bp PCR products were electrophoresed on a 1.0% agarose gel stained with ethidium
bromide (0.5 ug/mL) in 1X tris/acetate/ethylenediaminetetraacetic acid (TAE) buffer and were
visualised through UV illumination, with the images captured using the MiniBIS Pro (Bio-Imaging
Systems, California, USA). All the PCR products (n = 22) were purified using the Wizard® SV Gel
and PCR Clean-Up System (Promega) as per manufacturer’s instructions and were sequenced in
accordance with the BigDye Terminator Version 3.1 Sequencing Kit (Applied Biosystems, USA) at
the Central Analytical Facility (CAF), Stellenbosch University (Stellenbosch, South Africa).
Chromatograms for each sequence were examined using the Finch TV Version 1.4.0 software and
were identified using the National Centre for Biotechnological Information (NCBI) Basic Local
Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov).

2.2.7. Detection of Genes Encoding for the Biosynthesis of Serrawettins

A primer set was designed for the detection of the swrA gene that encodes for non-ribosomal

serrawettin W2 synthetase. The two available gene sequences for swrA were obtained from the
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Genbank (http://www3.nchi.nlm.nih.gov) database (Accession humbers: JX667980.1; AF039572.1)
and were aligned using CLC Main Workbench 7.6.2 software (CLC Bio, Aarhus, Denmark) to obtain
the consensus sequence. Consensus regions were used to design specific primers using the IDT
PrimerQuest Tool software (https://eu.idtdna.com/PrimerQuest/Home/Index). The primers were
further analysed in IDT OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer) and BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure the primer sequences are able to detect the
available genes.

Hereafter, the DNA extracted from all biosurfactant producing isolates (n = 22) was subjected to
PCR amplification using primers to detect the swrW and swrA genes (Table 2.1), known to be
involved in the biosynthesis of serrawettin W1 and serrawettin W2, respectively. The primer
sequences and cycling parameters used to amplify each target gene are indicated in Table 2.1.
For both the swrW and swrA genes, the reaction mixture consisted of 1X Green GoTag® Flexi
buffer (Promega), 2 mM MgCl, (Promega), 0.1 mM dNTP mix (Thermo Scientific), 0.1 uM of each
primer, 1.5 U of GoTag® G2 DNA Polymerase (Promega) and 2.5 pL of template DNA. All reaction
mixtures were made up to a final volume of 25 pL with sterile nuclease-free water. The PCRs were
performed using a T100™ thermal cycler (Bio-Rad Laboratories), with the cycling parameters
outlined in Table 2.1.

Table 2.1 The primer sequences and PCR cycling parameters used for the detection of genes

encoding for the biosynthesis of serrawettin W1 and W2.

Lipopeptide Primer Cycling Size
Primer (5" - 3’) Reference
(gene name) name parameter (Bp)

. 94°C for 5 min;
Serrawettin SW2-F3 GCGACAAAAGCAATGACAAA 30 | 915 to Apao et al.

cycles:
W1 (swrw) SW2-R3 GTCGGCGTATTGTTCCAACT y 975 bp (2012)
94°C for 45 s;

55°C for 45 s;

Serrawettin | SRA-F | ACTTCAGCAGCCAGGAATAC | 72°Cfor 3 min;

0 398 b This stud
W2 (swrA) | SRA-R | GGACGAATAAGGGACGAGTTT | 72°Cforl0 P y
min.

The DNA extracted from S. marcescens ATCC 13880 (swrW gene) and a sequence verified gene
of swrA were used as positive controls in the PCR assays, while sterile nuclease free water was
used as a negative control. After PCR amplification, representative PCR products for the swrwW and

swrA genes were purified, concentrated and sent for sequencing as outlined in section 2.2.6.
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2.2.8. Extraction and Partial Purification of Biosurfactant Compounds

Based on the physico-chemical properties and molecular analysis, two pigmented (P1 and P4) and
five non-pigmented strains (NP1 — NP5) were selected for preliminary antimicrobial testing (using
the methodology outlined in section 2.2.10; results not shown). Thereafter, the P1, NP1 and NP2
strains were selected for further chemical characterisation and broad-spectrum antimicrobial testing,
as the crude extracts obtained from P1 and NP1 strains (containing the gene encoding for
serrawettin W1) displayed the highest antimicrobial activity for the pigmented and non-pigmented
strains analysed, respectively, while the NP2 strain displayed the second highest antimicrobial
activity for the non-pigmented strains (containing the serrawettin W2 gene). Therefore, the S.
marcescens P1, NP1 and NP2 strains were selected for biosurfactant production, purification and
partial chemical characterisation as previously outlined by Ndlovu et al. (2017). Briefly, the cell free
supernatants of P1, NP1 and NP2 obtained in section 2.2.3 were lyophilised and dissolved in 70%
(v/v) acetonitrile (Romil, Darmstadt, Germany). The acetonitrile soluble fraction was transferred into
a sterile McCartney bottle and lyophilised. This step was repeated three times to further purify the
biosurfactant compounds. The weighed extracts were utilised for chemical characterisation and

were stored at -20°C until used for antimicrobial analysis.
2.2.9. Ultra-Performance Liquid Chromatography Coupled to Mass Spectrometry

The compounds present in the crude extracts produced by S. marcescens P1, NP1 and NP2 were
analysed by the Liquid chromatography-mass spectrometry (LC-MS) unit at the CAF (Stellenbosch
University). A Waters Quadrupole Time-of-Flight Synapt G2 (Waters Corporation, Miliford, USA)
mass spectrometer was utilised for the electrospray ionisation mass spectrometry (ESI-MS) for
direct mass analysis and was coupled to an Acquity ultra-performance liquid chromatography
(UPLC) for the UPLC-ESI-MS analysis.

Briefly, 3 uL of the acetonitrile soluble extract obtained from P1, NP1 and NP2 strains were injected
and separated on an UPLC C18 reverse-phase analytical column (Acquity UPLC® HSS T3, 1.8 um
particle size, 2.1 x 150 mm, Waters corporation, Dublin, Ireland) at a flow rate of 0.300 mL/min
using a 0.1% formic acid (A) to acetonitrile (B) gradient (60% A from 0 to 0.5 min for loading,
gradient was from 40 to 95% B from 0.5 to 11 min and then 95 to 40% B from 15 to 18 min) (Ndlovu
et al., 2017). The analytes were subjected to a capillary voltage of 3 kV, cone voltage of 15 V and a
source temperature of 120°C. Data acquisition in the positive mode was performed by MS scanning
a second analyser through the m/z range of 200-3000 daltons. The UPLC-ESI-MS profiles of the
crude extracts were then compared to literature for the partial characterisation of the compounds
produced by the selected strains. The data obtained was analysed using the Masslynx software

version 4.1 (Waters Corporation).
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2.2.10. Antimicrobial and Haemolytic Activity of the Crude Extracts

The crude extracts produced by the S. marcescens P1, NP1 and NP2 strains were subjected to
broad-spectrum antimicrobial testing. The lyophilised P1, NP1 and NP2 crude extracts obtained in
section 2.2.8 were dissolved in 15% (v/v) methanol (Sigma Aldrich, United States) to obtain a 1.00

mg/mL (extract) concentration for antimicrobial disc susceptibility testing.

The antimicrobial activity of the crude extracts produced by the three strains were tested against
various actively growing microorganisms available in the Water Resource Laboratory Culture
Collection, including ATCC, environmental, and clinical bacterial and fungal strains. In addition,
fungal strains isolated from surface water (Benadé et al., 2016) and clinical samples were obtained
from the Environmental Biotechnology laboratory in the Department of Microbiology. All test
microorganisms were inoculated into Mueller Hinton Broth (MHB, Merck) and were incubated at
37°C for 18 to 24 h, with the exception of Legionella spp., Enterococcus spp. and Listeria spp.
Following incubation, 100 pL of the bacterial suspension was spread plated onto Mueller Hinton
agar (MHA, Merck) to create a microbial lawn. The Legionella spp. isolates were grown in Lennox
broth [10 g/L Tryptone (Biolab, Merck), 5 g/L Yeast Extract (Biolab, Merck), 5 g/L sodium chloride
(NaCl; Saarchem, Durban, South Africa)] supplemented with Legionella Buffered Charcoal Yeast
Extract (BCYE) growth supplement [N-(2-acetamido)-2-aminoethanesulfonic acid buffer/potassium
hydroxide (10.0 g/L), ferric pyrophosphate (0.25 g/L), alpha-ketoglutarate (1.0 g/L) and L-cysteine
HCI (0.4 g/L) (Oxoid, Basingstoke, United Kingdom)] and were incubated for 48 h at 30°C. Following
incubation, 100 pL of each Legionella suspension was spread plated onto BCYE agar (Oxoid)
supplemented with Legionella BCYE growth supplement (Oxoid) to create a bacterial lawn. The
Enterococcus and Listeria isolates were grown in Tryptone Soy Broth (Merck) supplemented with
6 g/L yeast extract (Merck) (TSBYEgegs) and were incubated at 37°C for 18 to 24 h. Following
incubation, 100 pL of each Enterococcus and Listeria suspension was spread plated onto Tryptone
Soy agar (Merck) supplemented with 6 g/L yeast extract (Merck) (TSAYEq¢y) tO create a bacterial

lawn.

For all the isolates, 6 mm filter paper discs (Oxoid) were placed onto the respective lawns using a
sterile needle and 50 L of each crude extract (1.00 mg/mL) was pipetted directly onto the filter
paper in order to create an antimicrobial disc. A negative control of 50 pL of 15% (v/v) methanol was
included for each test strain. All tests were performed in triplicate. The MHA and TSAYE ¢y plates
were incubated for 24 to 48 h at 37°C, while the BCYE plates were incubated for 48 h at 30°C.
Thereafter, the diameter of the zone of inhibition around the inoculated paper disc was measured
(Ndlovu et al., 2017). The average of the triplicates and standard deviation of each crude extract

was determined against the selected test microorganism.
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The haemolytic activity of each crude extract was also assessed as described by Das et al. (2008).
The P1, NP1 and NP2 crude extracts (20 uL of 1.00 mg/mL crude extract concentration) were spot
plated onto sheep blood agar (Selecta-Media, Johannesburg, South Africa) plates in duplicate. In
addition, a surfactin standard (20 yL of 1.00 mg/mL; Sigma Aldrich) was included as a positive
control and 15% methanol was included as a negative control. The plates were incubated for 24 h at

30°C and were analysed for the zone of haemolysis following overnight incubation.

2.3. Results

2.3.1. Screening of Serratia spp. for Biosurfactant Production

All the presumptive Serratia strains (n = 569) isolated from the various environmental samples were
screened using the oil spreading method (preliminary screening for biosurfactant production), with
oil displacement observed for 49 isolates (n = 34 pigmented; n = 15 non-pigmented; 8.6%). Of the
49 presumptive Serratia isolates capable of biosurfactant production, 85.7% were isolated from the
WWTP samples, 12.2% were isolated from the river (Eerste River and Krom River) water samples
and 2.1% were isolated from the oil refinery samples. However, no biosurfactant producing strains
were isolated from the Plankenbrug River water sample, wine or olive oil effluent samples and the

first flush diverter rainwater sample.

2.3.2. Physico-Chemical Characterisation

Based on the zone diameter of the dispersed oil (oil spreading method), 11 pigmented and 11 non-
pigmented presumptive Serratia isolates were selected and analysed for their ability to emulsify
diesel, kerosene, sunflower oil and mineral oil. The emulsification indices obtained for the cell free
supernatant of the 22 isolates are indicated in Table 2.2. The overall E,,4 for the pigmented Serratia
isolates (P1 to P11) ranged from 0 to 63.7%, 0 to 58.9%, 0 to 16.3% and 0 to 59.3% with mineral oil,
kerosene, diesel and sunflower oil as substrates, respectively. Similarly, the overall E,4 for the non-
pigmented Serratia isolates (NP1 to NP11) ranged from O to 56.7%, O to 46.5%, 0 to 59.3% and 0O to
61.5% with mineral oil, kerosene, diesel and sunflower oil as substrates, respectively. Twenty (91%)
of the 22 presumptive Serratia isolates screened for biosurfactant production using the
emulsification capacity assay were thus able to emulsify at least one hydrocarbon analysed in this
study (Table 2.2).

The 22 presumptive Serratia isolates (n = 11 pigmented; n = 11 non-pigmented) were then tested
for their ability to reduce the surface tension of sterile PG broth (Table 2.2). The highest reduction in
surface tension for pigmented isolates was from 61.7 £ 0.5 mN/m to 32.0 £ 0.0 mN/m (P2, P4, P7,
P8 and P9), while the highest reduction in surface tension for the non-pigmented isolates was from
61.7 £ 0.5 mN/m to 29.7 £ 0.0 mN/m (NP4 and NP6) (Table 2.2). Based on the results obtained, the
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22 (100%) presumptive Serratia isolates screened for biosurfactant production using the Du Nouy
ring tensiometer were able to reduce the surface tension of the growth medium by = 26.0 +
0.0 mN/m.

Table 2.2 Genus specific sequence identification and emulsification indices of representative

Serratia isolates producing surface-active compounds.

Isolate Organism (Genebank % Surface Emulsification indices (%)
number accession no.) 61D | Source | tension MO K D SO
(mN/m)

P1 S. marcescens (CP005927.1) 100 (O8] 32.7+0.3 | 341 | 246 | 148 3.7
P2 S. marcescens (CP016032.1) 100 | WWTP 32.0+0.0 | 20.3 | 147 | 0.0 0.0
P3 S. marcescens (CP018927.1) 100 | WWTP 35.7+0.3 | 63.7 | 21.0 | 0.0 23.1
P4 S. marcescens (CP016032.1) 99 WWTP 32.0+£0.0 7.3 | 589 | 3.8 59.3
PS5 S. marcescens (CP013046.2) 100 | WWTP 33.0+0.3 | 23.6 | 30.8 1.8 14.3
P6 S. marcescens (CP018927.1) 100 | WWTP 32.7+0.3 0.0 0.0 0.0 33.3
P7 S. marcescens (CP018927.1) 100 | WWTP 32.0+£0.0 0.0 0.0 0.0 0.0
P8 S. marcescens (CP021984.1) 100 | WWTP 32.0+0.0 | 241 | 27.6 | 16.3 0.0
P9 S. marcescens (CP005927.1) 100 | WWTP 32.0+£0.0 | 323 | 214 | 19 0.0
P10 S. marcescens (CP021984.1) 98 WWTP 33.3+0.0 | 30.9 | 16.7 | 5.6 35.7
P11 S. marcescens (CP013046.2) 100 | WWTP 33.8+0.0 | 16.2 | 3.9 1.9 29.6
NP1 S. marcescens (CP021984.1) 100 KR 329+0.0 | 56.7 | 24.1 | 48.2 53.9
NP2 S. marcescens (CP018917.1) 100 | WWTP 30.2+0.0 3.7 16.7 | 52.7 37.7
NP3 S. marcescens (CP018923.1) 100 KR 30.2+0.0 19 259 | 37.0 40.7
NP4 S. marcescens (CP018928.1) 100 KR 29.7+0.0 | 148 | 444 | 59.3 61.5
NP5 S. marcescens (CP018929.1) 100 | WWTP 30.2+0.0 | 16.1 | 46,5 | 421 55.6
NP6 S. marcescens (CP018930.1) 100 | WWTP 29.7+£0.0 00 | 148 | 21.6 7.7
NP7 S. marcescens (CP018929.1) 100 | WWTP 309+0.3 | 140 | 0.0 0.0 0.0
NP8 S. marcescens (CP018930.1) 100 | WWTP 30.6+0.0 3.9 5.6 5.7 53.6
NP9 S. marcescens (LT575490.1) 100 | WWTP 30.3+0.3 | 259 0.0 0.0 46.3
NP10 S. marcescens (CP012639.1) 100 ER 32.9+0.0 7.7 214 19 0.0
NP11 S. marcescens (HG738868.1) | 100 ER 309+05 | 0.0 0.0 0.0 0.0

ID — Identity, OS — Oil sludge from an oil refinery bioreactor, WWTP - municipal wastewater treatment plant,
KR — Krom River, ER — Eerste River, MO — Mineral oil, K — Kerosene, D — Diesel and SO — Sunflower oil.

2.3.3. Molecular Characterisation of the Biosurfactant Producing Bacteria

Sequencing of the pfs PCR product (193 bp) and BLAST analysis identified the 22 bacterial isolates

(screened for emulsification and surface tension properties) as S. marcescens strains (Table 2.2).
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All the identified S. marcescens strains (n = 22) were further screened for the presence of the swrW
and swrA genes encoding for the biosynthesis of serrawettin W1 and serrawettin W2, respectively.
Results indicated that the pigmented strains isolated in this study primarily contained the swrW gene
encoding for serrawettin W1 synthetase (n = 11), while 82% (n = 9) of the non-pigmented strains
contained the swrA gene encoding for non-ribosomal serrawettin W2 synthetase (Appendix A
Table Al). One non-pigmented isolate (S. marcescens NP1) contained the swrW gene encoding for
serrawettin W1. Furthermore, S. marcescens NP10 did not contain the swrW or swrA genes, while

none of the S. marcescens strains (n = 22) contained both the swrW and swrA genes.
2.3.4. Ultra-Performance Liquid Chromatography Coupled to Mass Spectrometry

Based on the physico-chemical properties, molecular analysis, and preliminary antimicrobial testing
(results not shown), three S. marcescens strains (P1, NP1 and NP2) were selected for the
production and extraction of biosurfactant crude extracts. Following solvent extraction, the crude
extracts were subjected to chemical characterisation utilising UPLC coupled to ESI-MS analysis for

identification of potential antimicrobial compounds present in the crude extracts.
2.3.4.1. P1 crude extract

The positive mode ESI-MS analysis of the crude extract obtained from the S. marcescens P1 strain
revealed a cluster of m/z peaks with a difference of approximately 2, 26 or 28 atomic mass units
(amu) in their molecular ion species, revealing four groups of homologues. The spectra in positive
mode revealed the main groups of molecular ions at m/z 487.30, 515.33, 541.35 and 543.37 [M+H]"
(Table 2.3; Appendix A Fig. Al al-5), which corresponded to the protonated singly charged
species. Their corresponding sodium adducts were also detected at m/z 509.27, 537.31, 563.33 and
565.35 [M+Na]* (Table 2.3). Additionally, the detected molecular ions at m/z 487.30, 515.33, 541.35
and 543.37 [M+H]" corresponded to serratamolide E, A, B and C, respectively (Table 2.3), as
previously reported by Dwivedi et al. (2008). The protonated singly charged specie was observed at
m/z 324.21 [M+H]" (Appendix A Fig. Al a5) and corresponded to the m/z of prodigiosin as
previously reported by Eckelmann et al. (2018).

The UPLC-MS analysis revealed five significant peaks between 5 and 10 min (Appendix A Fig.
A2). The five peak clusters observed corresponded to prodigiosin [retention time (Rt) 5.11 min],
serratamolide E (Rt 5.74 min), serratamolide A (Rt 7.14 and 7.36 min), serratamolide B (Rt 8.21 and
8.49 min) and serratamolide C (Rt 8.74 and 9.00 min) (Dwivedi et al., 2008; Thies et al., 2014)
(Table 2.3). The main peak observed at 7.36 min corresponded to serratamolide A, based on the
M, 514.33 corresponding to the detected protonated molecule (m/z 515.33) and sodiated molecule
(m/z 537.31) (Dwivedi et al., 2008), as indicated in Table 2.3.
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Table 2.3 Summary of the compounds identified in the crude extracts obtained from S. marcescens P1 and NP1 strains, detected using high-resolution

mass spectrometry (UPLC-ESI-MS analysis) (< 10 ppm).

Theoretical/

Theoretical/

UPLC Rt UPLC Rt Detected Detected
(min) (min) Proposgd Monoisotopic Protonated specie (m/z) Sodiated specie (m/z)
Compound fatty acid mass
P1crude | NP1crude | chainlength (M) P1 crude NP1 crude P1 crude NP1 crude
extract extract extract extract extract extract
L 324.2077
Prodigiosin 511 N/D - 323.1998 324.2065 N/D N/D N/D
Serratamolide A 7.14 7.14 CoitC 514.3254 515.3333 515.3333 537.3152 537.3152
(Serrawettin W1) 7.36 7.36 10710 ’ 515.3325 515.3325 537.3103 537.3204
. 8.21 8.21 541.3490 541.3490 563.3309 563.3309
Serratamolide B 8.49 8.49 C10+Crzs 540.3411 541.3463 541.3463 563.3271 563.3271
. 8.74 8.74 543.3646 543.3646 565.3465 565.3465
Serratamolide C 9.00 9.00 Cio+Cr2 542.3567 543.3700 543.3598 565.3500 565.3500
. 487.3020 487.3020 509.2839 509.2839
Serratamolide E 5.74 5.74 CstCyp 486.2941 4873048 487 3048 509.2740 509.2740
Glucosamine 585.4116 607.3935
derivative A N/D 9.54 - 584.4073 N/D 585.4073 N/D 607.3953

N/D — not detected
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2.3.4.2. NP1 crude extract

Similar to the crude extract obtained from S. marcescens P1, the positive mode ESI-MS analysis of
the crude extract obtained from S. marcescens NP1 revealed a cluster of m/z peaks with a
difference of 2, 26, or 28 amu in their molecular ion species, revealing four groups of homologues.
The spectra in the positive mode revealed the main groups of molecular ions at m/z 487.30, 515.33,
541.35 and 543.36 [M+H]" (Table 2.3; Appendix A Fig. Al b1-5) which corresponded to the
protonated singly charged species. Their corresponding sodium adducts were also detected at
m/z 509.27, 537.32, 563.33 and 565.35 [M+Na]® (Table 2.3). The detected molecular ions at
m/z 487.30, 515.33, 541.35 and 543.36 corresponded to serratamolide E, A, B and C, respectively
(Table 2.3), as previously reported by Dwivedi et al. (2008). However, m/z 585.41 [M+H]" and
m/z 607.40 [M+Na]" were also detected and corresponded to a protonated and sodiated singly

charged glucosamine derivative A (Dwivedi et al., 2008).

The UPLC-MS analysis revealed five significant peaks between 5 and 10 min (Appendix A Fig.
A3). The peaks eluted corresponded to serratamolide E (Rt 5.74 min), serratamolide A (Rt 7.14 and
7.36 min), serratamolide B (Rt 8.21 and 8.49 min) and serratamolide C (Rt 8.74 and 9.00 min), as
reported in literature (Dwivedi et al., 2008; Thies et al., 2014) (Table 2.3). However, a peak was
observed at a retention time of 9.54 min that corresponded to a glucosamine derivative A (Dwivedi
et al., 2008), while prodigiosin was not detected. The main peak observed at 7.36 min corresponded
to serratamolide A, based on the M, 514.33 corresponding to the detected protonated molecule
(m/z 515.33) and sodiated molecule (m/z 537.32), as indicated in Table 2.3.

2.3.4.3. NP2 crude extract

The positive mode ESI-MS analysis of the crude extract obtained from the S. marcescens NP2
strain revealed a cluster of m/z peaks with a difference of approximately 14 and 16 amu in their
molecular ion species, revealing five groups of homologues. The spectra in positive mode revealed
the main groups of molecular ions at m/z 690.41, 704.42, 718.44, 732.45 and 748.46 [M+H]" (Table
2.4; Appendix A Fig. A4) which corresponded to the protonated singly charged species.
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Table 2.4 Summary of the analogues identified in the crude extract obtained from the S. marcescens NP2 strain, detected using high-resolution mass

spectrometry (UPLC-ESI-MS analysis) (< 10 ppm).

Monoisotopic Theoretical/ Theoretical/
Literature name UPLC Rt Proposed analogue structure P Detected Detected
Compound name ) . mass . - .
of compound (min) (Literature) (M) Protonated specie | Sodiated specie
' (m/z) (m/z)
. . . N/A N/A
Serrawettin W2 E Unidentified 6.34 - N/A 690.4106 712.3941
. . 748.4497 770.4316
Serrawettin W2 D Serrawettin W6 6.88 C100OH-lle/Leu-Ser-Thr-Tyr-lle/Leu 747.4418 748 4564 770.4290
. Serrawettin W5; 6.80 CgOH-lle/Leu-Ser-Thr-Phe-lle/Leu 704.4235 726.4054
Serrawettin W2 C sw-1 7.02 C100H-Abu/Aib-Ser-Thr-Phe-lle/Leu 703.4156 704.4213 726.4014
. SW-2; C100H-Val-Ser-Thr-Phe-lle/Leu 718.4392 740.4211
Serrawettin W2 B Serrawettin W4 781 C100H-lle/Leu-Ser-Thr-Phe-Val 717.4313 718.4441 740.4263
. Serrawettin W2; sw- 8.22 732.4548 754.4367
Serrawettin W2 A 3: sw-4: Sw-5 8.46 C10OH-Leu/lle-Ser-Thr-Phe-lle/Leu 731.4469 732 4514 754 4413

N/A — Not applicable
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Their corresponding sodium adducts were also detected at m/z 712.39, 726.41, 740.43, 754.44 and
770.43 [M+Na]" (Table 2.4). The detected molecular ions were denoted serrawettin W2 C
(m/z 704.42), serrawettin W2 B (m/z 718.44), serrawettin W2 A (m/z 732.45) and serrawettin W2 D
(m/z 748.46) (Table 2.4). Therefore, serrawettin W2 A (m/z 732.45), serrawettin W2 C (m/z 704.42)
and serrawettin W2 D (m/z 748.46) corresponded to serrawettin W2, serrawettin W5 and serrawettin
W86, respectively, as previously reported by Motley et al. (2016), while serrawettin W2 B
(m/z 718.44) corresponded to an analogue, referred to as sw-2 or serrawettin W4 (Motley et al.,
2016; Su et al., 2016). Lastly, a molecular ion species was detected at m/z 690.41 [M+H]"; however,

it did not correspond to the m/z of any previously reported analogues of serrawettin W2.

The UPLC-MS analysis revealed five significant peaks between 5 and 10 min (Appendix A Fig.
A5). The peaks eluted corresponded to serrawettin W2 D (Rt 6.88 min), serrawettin W2 C (Rt 6.80
and 7.02 min), serrawettin W2 B (Rt 7.81 min) and serrawettin W2 A (Rt 8.22 and 8.46 min) as
reported in literature (Motley et al., 2016; Su et al., 2016). In contrast, the peak detected at a
retention time of 6.34 min did not correspond to a serrawettin W2 analogue previously reported in
literature. The main peak observed at 8.46 min corresponded to serrawettin W2, based on the
M, 731.45 corresponding to the detected protonated molecule (m/z 732.45) and sodiated molecule
(m/z 754.44) (Su et al., 2016), as indicated in Table 2.4.

2.3.5. Antimicrobial and Haemolytic Activity of the Crude Extracts

The chemically characterised crude extracts produced by S. marcescens P1, NP1 and NP2 were
subjected to antimicrobial assays against a broad range of bacterial and fungal strains (Table 2.5).
The crude extract produced by the pigmented S. marcescens Pl strain (oil refinery isolate)
displayed activity against 63.6% (n = 7) of the Gram-negative bacteria tested in the current study
(Table 2.5). The Gram-negative bacterial strains that were the most susceptible were P. aeruginosa
S1 68 (environmental strain) and PA3 (clinical strain) with inhibition zones of 18.0 +1.0 mm
recorded, respectively, while the clinical A. baumannii AB3 strain was the least susceptible with an
inhibition zone of 9.7 £ 0.6 mm. The P1 crude extract also displayed activity against 90% (n = 9) of
the Gram-positive bacteria tested in the current study (Table 2.5). The L. monocytogenes G1 food
isolate was the most susceptible with an inhibition zone of 24.7 + 0.6 mm recorded, while the least
susceptible strain was B. cereus ATCC 10876 with an inhibition zone of 12.3 + 0.6 mm. Lastly, the
P1 crude extract displayed activity against 100% (n =6) of the C. albicans and C. neoformans
strains tested. The most susceptible fungal strain was C. albicans ATCC 66027 with an inhibition
zone of 25.0 £ 0.0 mm recorded, while the least susceptible was the environmental C. neoformans
CAB831 strain with an inhibition zone of 12.0 + 0.0 mm.
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Table 2.5 Activity of the biosurfactant extracts (1.00 mg/mL) against a panel of Gram-negative and

Gram-positive bacterial and fungal isolates as determined by agar disc diffusion method.

S. marcescens strain number P1 NP1 NP2
Test microorganism Source Antimicrobial zone of inhil_aiti_on (mm;
mean * standard deviation)
Gram-negative bacteria
Escherichia coli (ATCC 13706) ATCC 17.0+1.0 0.0 0.0
Enterohaemorrhagic E. coli (0157:H7) ATCC 0.0 0.0 0.0
Legionella longbeachae (ATCC 33462) ATCC 0.0 0.0 12.0+0.0
Legionella pneumophila (ATCC 33152) ATCC 12.7+0.6 13.7+0.6 0.0
Pse”domonagfggg?inosa (ATCC ATCC 150+1.0 | 147%12 0.0
P. aeruginosa (S1 68) Environmental 18.0+1.0 15.0+1.7 0.0
*P. aeruginosa (PA3) Clinical 18.0+1.0 11.0+1.0 11.0+1.0
Klebsiella pneumoniae (ATCC 10031) ATCC 0.0 0.0 0.0
*K. pneumoniae KP3 Clinical 0.0 0.0 0.0
Acinetobacter baumannii (ATCC 19606) ATCC 12.3+0.6 12.3+0.6 10.0+1.0
**A, baumannii (AB3) Clinical 9.7+0.6 0.0 14.0+1.0
Gram-positive bacteria
Bacillus cereus (ATCC 10876) ATCC 12.3+£0.6 10.3+£0.6 0.0
B. cereus (S1 77) Environmental 18.3+0.6 15.7 £ 0.6 12.7 £ 0.6
Bacillus sp. (S8 38) Environmental 0.0 0.0 8.7+0.6
Enterococcus faecalis (ATCC 7080) ATCC 15.0+0.0 12.7 £ 0.6 0.0
E. faecalis (S1) Clinical 18.0+ 0.0 16.7 £ 0.6 0.0
Listeria monocytogenes (ATCC 13932) ATCC 20.7+£0.6 21.0+£1.0 0.0
L. monocytogenes (G1) Food 24.7+0.6 0.0 17.7+£15
Staphylococcus aureus (ATCC 25923) ATCC 14.0+0.0 19.0+0.6 0.0
Staphylococcus equorum (SP2) Environmental 22.3+0.6 0.0 0.0
MethiCi”i”'reSis&ag; g'o)a“reus (MRSA) Clinical 193+06 | 14.0+0.0 0.0
Fungal strains
Candida albicans (ATCC 66027) ATCC 25.0+0.0 15.0+0.0 0.0
C. albicans (CAB8911) Clinical 12.3+0.6 11.3+15 0.0
C. albicans (CAB1085) Environmental 14.3+0.6 126+15 0.0
Cryptococcus neoformans (CAB831) Environmental 12.0+0.0 12.0+0.6 0.0
C. neoformans (CAB1055) Clinical 126+1.2 11.3+0.5 7.7+0.6
C. neoformans (CAB844) Environmental 13.0+1.7 150+1.7 0.0

*MDR strain, *XDR strain
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The crude extract produced by the non-pigmented S. marcescens NP1 strain (Krom River isolate)
displayed activity against 45.5% (n = 5) of the Gram-negative bacteria tested in the current study
(Table 2.5). The most susceptible Gram-negative bacterial strain was P. aeruginosa S1 68 with an
inhibition zone of 15.0 + 1.7 mm, while the least susceptible strain was P. aeruginosa PA3 with an
inhibition zone of 11.0 £ 1.0 mm. The NP1 crude extract also displayed activity against 70% (n = 7)
of the Gram-positive bacteria tested in the current study (Table 2.5). The most susceptible Gram-
positive bacterial strain was L. monocytogenes ATCC 13932 with an inhibition zone of
21.0 £ 1.0 mm recorded, while the least susceptible strain was B. cereus ATCC 10876 with an
inhibition zone of 10.3 + 0.6 mm. Lastly, the NP1 crude extract displayed activity against 100%
(n =6) of the C. albicans and C. neoformans strains tested. The most susceptible fungal strains
were C. albicans ATCC 66027 and C. neoformans CAB844 (environmental strain) with inhibition
zones of 15.0 £ 0.0 mm and 15.0 + 1.7 mm recorded, respectively. The clinical C. albicans
CAB8911 and C. neoformans CAB1055 strains were the least susceptible with inhibition zones of

11.3+1.5mm and 11.3 £ 0.5 mm recorded, respectively.

The crude extract produced by the non-pigmented S. marcescens NP2 strain (WWTP isolate)
displayed activity against 36.4% (n = 4) of the Gram-negative bacteria tested in the current study
(Table 2.5). Acinetobacter baumannii AB3 was the most susceptible Gram-negative bacterial strain
with an inhibition zone of 14.0 + 1.0 mm recorded, while the least susceptible strain was
A. baumannii ATCC 19606 with an inhibition zone of 10.0 + 1.0 mm. Similarly, the NP2 crude
extract displayed activity against 30% (n = 3) of the Gram-positive bacteria tested (Table 2.5). The
most susceptible strain was L. monocytogenes G1 with an inhibition zone of 17.7 + 1.5 mm, while
the least susceptible was the environmental Bacillus sp. S8 38 strain with an inhibition zone of 8.7
0.6 mm. Lastly, the NP2 crude extract only displayed activity against one (16.7%) of the fungal

strains (C. neoformans CAB1055), with an inhibition zone of 7.7 £ 0.6 mm recorded.

In addition to antimicrobial activity, the P1, NP1 and NP2 crude extracts were tested for haemolytic
activity on sheep blood agar. The crude extracts were found to be y-haemolytic on sheep blood
agar, indicating that the extracts did not lyse the red blood cells in comparison to the positive

control, surfactin (Sigma-Aldrich), which displayed prominent 3-haemolytic (clear lysis zone) activity.

2.4. Discussion

Based on the physico-chemical and molecular analysis, one pigmented (P1; isolated from oil
refinery effluent) and two non-pigmented [NP1 (isolated from the Krom River) and NP2 (isolated
from a WWTP sample)] S. marcescens strains were selected for UPLC-ESI-MS analysis to identify
potential antimicrobial compounds present in the crude extracts. The major peak detected in both

S. marcescens P1 and NP1 crude extracts corresponded to serrawettin W1 (serratamolide A;
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m/z 515.33 [M+H]"), while homologues of serratamolide A (namely, serratamolide B, C and E) were
also detected. The chemical characterisation of the compounds produced by the S. marcescens P1
and NP1 strains thus correspond to the molecular analysis, where the swrW gene that encodes for
serrawettin W1 synthetase (serratamolides) was detected in both strains. The detected
serratamolides are comprised of a cyclic peptide moiety of two serine amino acids and are linked to
two B-hydroxy fatty acids that vary in chain length, thus resulting in various homologues (Eckelmann
et al., 2018). Thies et al. (2014) identified various serrawettin W1 homologues, including
serratamolide C, D, E and F as well as two novel homologues (m/z of 557 and 571), in a crude
extract obtained from a pigmented S. marcescens DSM12481 strain, while Dwivedi et al. (2008)
found that a pigmented Serratia sp. strain SHHRE645 produced serratamolide A, B, C, D and F
homologues. In the current study, S. marcescens P1 was also found to produce prodigiosin and
previous studies have similarly isolated S. marcescens strains that are capable of co-producing
prodigiosin and serratamolide homologues (serrawettin W1) (Eckelmann et al., 2018; Hage-
Hulsmann et al., 2018). As expected, the non-pigmented strain did not produce prodigiosin;
however, the NP1 strain produced another secondary metabolite referred to as glucosamine
derivative A. This corresponds to literature, where Dwivedi et al. (2008) reported on the co-
production of serratamolides with glucosamine derivatives by a pigmented Serratia sp. strain

SHHRE®645 previously isolated from the rhizosphere of wheat.

In contrast, the major peak detected in the S. marcescens NP2 crude extract corresponded to
serrawettin W2 (m/z 732.45 [M+H]"), while analogues of this compound were also detected. The
detected serrawettin W2 is comprised of a cyclic peptide moiety of five amino acids (D-
leucine/isoleucine-L-serine-L-threonine-D-phenylalanine-L-isoleucine/leucine) linked to a B-hydroxy
fatty acid moiety of varying chain length (Matsuyama et al., 1992). However, further chemical
characterisation is required to determine the exact amino acid composition of each analogue and
confirm the identity of the potential novel analogue of serrawettin W2 with a molecular ion detected
at m/z 690.41 [M+H]". The chemical characterisation of the compounds within the NP2 crude extract
also corresponded to the molecular analysis, where the swrA gene that encodes for non-ribosomal
serrawettin W2 synthetase was detected. Moreover, as the chemical characterisation of the crude
extract indicated that serrawettin W2 and analogues of this lipopeptide were produced, the primers
designed in this study successfully provided an indication of the biosurfactant produced by the
Serratia strain. Serratia spp. capable of producing serrawettin W2 and analogues of this lipopeptide
have been isolated by various research groups (Motley et al., 2016; Su et al., 2016; Heise et al.,
2019). A study by Heise et al. (2019) isolated and identified a S. marcescens strain from the gut of a
burying beetle, Nicrophorus vespilloides and discovered that the S. marcescens strain was able to

produce serrawettin W2 (m/z 732.45 [M+H]"). Similarly, Su et al. (2016) isolated a pigmented
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S. surfactantfaciens YD25" strain from rhizosphere soil and found that the strain produced various
serrawettin W2 analogues, including m/z 704.3, 718.3, 732.2 and 746.4 [M+H]*, amongst others.

The antimicrobial activity of the crude extracts obtained from the three S. marcescens strains was
subsequently assessed against pathogenic and opportunistic bacterial and fungal strains (including
MDR and XDR clinical isolates), using disc diffusion assays. The P1 and NP1 crude extracts were
both effective against a broader range of Gram-positive bacteria (90% and 70%, respectively) in
comparison to Gram-negative bacteria (64% and 45%, respectively), while both crude extracts
displayed activity against all fungal strains tested. These results correlate to previous research
where it was indicated that serrawettin W1 (serratamolide) exhibits antimicrobial activity towards
Gram-positive bacteria, such as MRSA strains (Kadouri and Shanks, 2013) and fungal strains, such
as C. albicans (Zhu et al., 2018). However limited research on the activity of serrawettin W1 (and its
homologues) against Gram-negative bacteria has been reported. In contrast, in the current study,
the NP2 crude extract was effective against 36% of the Gram-negative bacteria and 30% of the
Gram-positive bacteria analysed, and a low antifungal activity was recorded (17%). Thus, in
comparison to the P1 and NP1 crude extracts, a narrow-spectrum of antimicrobial activity was
observed for the secondary metabolites produced by the S. marcescens NP2 strain. Literature has
however, indicated that serrawettin W2 displays antimicrobial activity against Gram-positive and
Gram-negative bacteria, such as S. aureus, P. aeruginosa, Micrococcus luteus and S. dysenteriae,
amongst others (Su et al., 2016). A study by Motley et al. (2016) also reported that serrawettin W2

analogues displayed antifungal activity against C. albicans.

Moreover, despite the fact that serrawettin W1 and serrawettin W2 were discovered more than 30
years ago (Wasserman et al.,, 1962; Matsuyama et al., 1986), limited information is currently
available on the antimicrobial mode of action of these compounds. It is however, well-known that the
primary target of lipopeptides is the cell membrane (Schlusselhuber et al., 2018). The proposed
general mode of action is driven by the interaction of the peptide moiety of the lipopeptide with the
polar head groups of the phospholipids. Thereafter, the hydrophobic moiety of the lipopeptide (fatty
acids) is incorporated into the hydrophilic moiety (lipopolysaccharides) of the cell membrane
(Jenssen, 2006; Schlusselhuber et al., 2018). A few studies have also revealed that the length of
the fatty acid chain affects the antimicrobial potency of the lipopeptide due to the changes in the
hydrophobic interaction of the lipopeptide with the cell membrane (Malina and Shai, 2005; Chu-
Kung et al., 2010; Schlusselhuber et al., 2018). As the P1 and NP1 crude extracts were comprised
of four serratamolide homologues with two fatty acid chains of varying lengths (Cg to Ci,) per
homologue, the combination of the lipopeptides with varying lengths could provide an explanation
for the broad-spectrum activity observed for these crude extracts against both bacteria and fungi. In

contrast, the NP2 crude extract was comprised of serrawettin W2 analogues with one C, fatty acid
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chain (with the exception of one analogue that has a Cg fatty acid chain) attached to a peptide

moiety, which could elucidate the reduced antimicrobial activity.

As indicated, an additional secondary metabolite, prodigiosin, was detected in the P1 crude extract
and has been reported to display antimicrobial activity against S. aureus, B. subtilis and
Streptococcus pyogenes, amongst others (Darshan and Manonmani, 2015). Danev¢ic et al. (2016)
investigated the mode of action of prodigiosin and found that this compound interacts with the
cytoplasmic membrane and increases the membrane permeability in B. subtilis, as well as
uncouples proton transport and disrupts energy generation, ultimately leading to cell lysis and
death. Hage-Hilsmann et al. (2018) further found that prodigiosin and serrawettin W1, produced by
a S. marcescens DSM12481 strain, displayed greater antimicrobial activity in combination against a
soil bacterium, C. glutamicum, compared to the individual activity of these two compounds.
Moreover, the NP1 crude extract was found to contain a secondary metabolite known as
glucosamine derivative A, which could have contributed to the observed antibacterial and antifungal
activity. Although limited information is available on the antifungal activity of glucosamine derivatives
produced by Serratia spp., Dwivedi et al. (2008) has indicated that all compounds, including
serratamolides A to F, open ring-serratamolides B and D and glucosamine derivatives A to C,
produced by a pigmented Serratia sp. SHHRE645 strain, exhibited antimycobacterial activities.
Based on the results obtained in the current study, many of the water- and foodborne pathogens
and opportunistic pathogens selected as test organisms, e.g. L. monocytogenes, S. aureus, Bacillus
spp. virulent E. coli, Enterococcus spp., Legionella spp. and Pseudomonas spp. (Sharma et al.,
2003; Mayrhofer et al., 2004; Moritz et al., 2010; Clements et al., 2019b), were susceptible to the
metabolites present in the P1 and NP1 crude extracts. Moreover, MDR and XDR bacteria frequently
associated with  hospital-acquired infections, such as A. baumannii, P. aeruginosa,
Enterococcus spp. and MRSA (Khan et al., 2015; Khan et al., 2017), as well as fungal opportunistic
pathogens, such as C. albicans and C. neoformans were also inhibited by the P1 and NP1 crude
extracts. It is thus hypothesised that the broad-spectrum antimicrobial activity observed for the P1
and NP1 crude extracts was due to the synergistic effect of serratamolide homologues and
prodigiosin (P1) and the glucosamine derivative A (NP1), which effectively inhibited the proliferation
of these water- and foodborne opportunistic pathogens and clinical strains. In comparison, a narrow
or limited activity against the test strains was observed for the NP2 crude extract, where serrawettin

W2 analogues only were identified.

Previous studies have however, indicated that serratamolides exhibit cytotoxic and haemolytic
activity (Shanks et al., 2012; Petersen et al., 2017). A study by Shanks et al. (2012) investigated the
haemolytic and cytotoxic activity of purified serratamolide A and found that the lipopeptide
haemolysed sheep and murine red blood cells and was cytotoxic to human airway and corneal

limbal epithelial cells in vitro. Furthermore, Su et al. (2016) demonstrated that serrawettin W2
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exhibits cytotoxicity to cancer cell lines (such as Hela cells), while reduced activity towards non-
malignant cell lines (such as Vero cells) was recorded. Results obtained in the current study
however, indicated that at a concentration of 1.00 mg/mL, the P1, NP1 and NP2 crude extracts did
not display haemolytic activity on sheep blood agar. While further analysis of the purified
compounds and crude extracts’ cytotoxicity and haemolytic activity against human red blood cells is
required, the secondary metabolites produced by S. marcescens P1, NP1 and NP2 strains may still

have the potential to be applied as broad- or narrow-spectrum antimicrobial agents.

2.5. Conclusions

The crude extracts obtained from S.marcescens P1 and NP1 exhibited broad-spectrum
antibacterial and antifungal activity against MDR P. aeruginosa, MRSA and clinical C. neoformans,
amongst others. Although the mode of action of serrawettins has not yet been fully elucidated,
secondary metabolites produced by specifically S. marcescens strains P1 and NP1 have thus
emerged as promising candidates for the treatment of infections caused by Gram-negative and
Gram-positive pathogens and opportunistic pathogens as well as fungal pathogens of clinical and
industrial significance. In comparison, whilst displaying activity against MDR P. aeruginosa and XDR
A. baumannii, the crude extract obtained from S. marcescens NP2 exhibited a narrow-spectrum

antimicrobial activity.

It is also important to note that limited information on the acquired resistance of pathogens and
opportunistic pathogens to these secondary metabolites has been recorded. This implies that these
bioactive compounds could serve as promising antibacterial and antifungal agents for therapeutic
application. It is however, recommended that the crude extracts be further purified to elucidate the
detailed structure of each homologue of serrawettin W1 and analogue of serrawettin W2. It is further
recommended that the biofilm disruption and antiadhesive potential of the extracts against bacterial
and fungal strains be investigated for application as antifouling agents in the food, water and

medical industries.
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Abstract

This study aimed to elucidate the metabolic profiles and chemical structures of the secondary
metabolites produced by pigmented (P1) and non-pigmented (NP1) Serratia marcescens
(S. marcescens) strains. Additionally, the inhibitory potential of the selected compounds against a
clinical Enterococcus faecalis (E. faecalis) S1 strain was assessed. An integrated approach that
combines reverse-phase high-performance liquid chromatography (RP-HPLC), electrospray
jonisation mass spectrometry, ultra-performance liquid chromatography coupled to tandem mass
spectrometry (UPLC-MS®) and molecular networking (using the Global Natural Products Social
molecular network platform) was utilised. A molecular network of the metabolites produced by the
P1 and NP1 strains was generated using the UPLC-MS® data and revealed four major clusters,
including two known families [serratiochelin and prodigiosin (P1)] that corresponded to spectral
library databases and two unknown families. The molecular network then guided the elucidation of
the unknown metabolites in combination with the UPLC-MS® fragmentation patterns. Similar
metabolic profiles were observed between the P1 and NP1 strains, where the structures of 18
compounds were elucidated for the P1 strain (including 6 serratamolides, 10 glucosamine
derivatives, prodigiosin and serratiochelin A) and the structures of 15 compounds were elucidated
for the NP1 strain (including 8 serratamolides, 6 glucosamine derivatives and serratiochelin A). The
serratamolide homologues were comprised of a peptide moiety of two L-serine residues (cyclic or
open-ring) linked to two fatty acid chains (lengths of Ci,, Ci, or Ci,y chains). Moreover, the
putative structure of a novel open-ring serratamolide homologue was described. The glucosamine
derivative homologues (i.e N-butylglucosamine ester derivatives) consisted of four residues,
including glucose/hexose, valine, a fatty acid chain (lengths of Cy;3 to Cy7 and varying from
saturated to unsaturated) and butyric acid. The putative structures of seven novel glucosamine
derivative homologues and one glucosamine derivative congener (containing an oxo-hexanoic acid
residue instead of a butyric acid residue) were described. Moreover, seven fractions collected
during RP-HPLC, with major molecular ions corresponding to prodigiosin, serratamolides (A, B and
C), and glucosamine derivatives (A, C and E), displayed antimicrobial activity against the clinical
E. faecalis S1 strain using the disc diffusion assay. The minimum inhibitory and bactericidal
concentration assays however, revealed that prodigiosin exhibited the greatest antimicrobial
potency, followed by glucosamine derivative A and then the serratamolides (A, B and C). These
results provide crucial insight into the secondary metabolic prolife of pigmented and non-pigmented
S. marcescens strains and confirms that S. marcescens strains are a promising natural source of

novel antimicrobial metabolites.

Keywords: Serratamolide; glucosamine derivative; Serratia; molecular network; UPLC-MS¢;

antimicrobial
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3.1. Introduction

Serratia are facultatively anaerobic, Gram-negative rods that are classified into the
Enterobacteriaceae family (Grimont and Grimont 2015). The type species of this genus, Serratia
marcescens (S. marcescens), is widely known to produce a distinctive red pigment referred to as
prodigiosin (Su et al. 2016). Serratia plymuthica (S. plymuthica), Serratia rubidaea (S. rubidaea)
and Serratia nematodiphila (S. nematodiphila) have also been reported to synthesise this pigment,
while non-pigmented strains of these species have been identified (Su et al. 2016). In recent years,
pigmented and non-pigmented Serratia species have been recognised as a potential source of
novel and structurally diverse bioactive secondary metabolites (Soenens and Imperial 2019).
These bioactive metabolites include the pigment prodigiosin as well as biosurfactants (lipopeptides
and glycolipids), glucosamine derivatives, oocydin A, siderophores, bacteriocins, carbapenem,
althiomycin and serratin, amongst others (Clements et al. 2019a; Khilyas et al. 2019). Prodigiosin
and serrawettins are two of the more extensively studied secondary metabolites due to their
diverse biological activity and application as antitumor, antibacterial and antifungal agents
(Stankovic et al. 2014; Eckelmann et al. 2018; Clements et al. 2019a).

Prodigiosin is a red, tripyrrole pigment (family of prodiginines) that is produced by several bacterial
genera, such as Serratia, Hahella, Streptomyces, Zooshikella, Vibrio and Pseudomonas, amongst
others (Darshan and Manonmani 2015). Prodigiosin has a general structure of 2-methyl-3-pentyl-6-
methoxyprodiginine and is composed of three rings referred to as pyrrolic ring A, B and C (Hage-
Hulsmann et al. 2018; Yip et al. 2019). Research has indicated that it is synthesised via a
bifurcated pathway encoded in a pigment (pig) gene cluster comprised of 14 genes
(pigABCDEFGHIJKLMN) (Williamson et al. 2006). In contrast, serrawettins are non-ribosomally
synthesised cyclodepsipeptides solely produced by several members of the Serratia genus.
Serrawettins are classified as lipopeptides as they are composed of a hydrophilic peptide moiety
and a hydrophobic fatty acid moiety. Three unique structures of serrawettins were initially
identified, including serrawettin W1 (also referred to as serratamolide A), serrawettin W2 and
serrawettin W3 (Wasserman et al. 1961; Matsuyama et al. 1985, 1986, 1992), while various
analogues and homologues of serrawettin W1 and W2 have since been described (Dwivedi et al.
2008; Motley et al. 2016; Su et al. 2016). Serratamolide A and homologues of this lipopeptide
(including serratamolide B to G) are comprised of a cyclic peptide moiety of two L-serine amino
acids linked to two B-hydroxy fatty acid moieties that may vary in length (Cg to Cy4) of the fatty acyl
chain and may be saturated or unsaturated (Dwivedi et al. 2008). In comparison, serrawettin W2
and W3 are comprised of five amino acids linked to one B-hydroxy fatty acid (Matsuyama et al.
1986, 1992).
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Glucosamine derivatives (also referred to as N-butylglucosamine ester derivatives) are non-
ribosomally synthesised diacylated peptoglucosamine derivatives (Dwivedi et al. 2008; Khilyas et
al. 2019) produced by Serratia species. They have not been extensively studied and to date only
Dwivedi et al. (2008) characterised glucosamine derivatives produced by a pigmented
S. marcescens SHHREG645 strain. The identified glucosamine derivative homologues (A to C) were
comprised of four residues, including glucose, valine, butyric acid and a saturated or unsaturated
B-fatty acid residue of varying length. It was observed that the glucosamine derivatives were co-
produced with serratamolide homologues. Although extensive research into the biological
properties of glucosamine derivative homologues (A to C) is still required, Dwivedi et al. (2008)

reported on the anti-mycobacterial activity observed for each homologue.

To date, several analytical methods have been utilised to elucidate the detailed structures and
composition of secondary metabolites produced by Serratia species, including mass spectrometry
(MS), liquid chromatography (LC), gas chromatography and nuclear magnetic resonance (NMR)
(Dwivedi et al. 2008; Thies et al. 2014; Eckelmann et al. 2018). Chromatography methods are
commonly coupled with mass spectroscopy for the reliable separation and identification of
bioactive compounds (Fu et al. 2019). Moreover, tandem MS analysis allows for the detection and
structural characterisation of a broad range of compounds and distinguishes between closely
related forms of the same compound produced by a bacterial strain (Knolhoff et al. 2015). For
example, a study by Eckelmann et al. (2018) unravelled the secondary metabolic profile of a
pigmented S. marcescens strain MSRBB2 using high performance liquid chromatography (HPLC)
linked to high resolution mass spectrometry (HRMS) and HRMS" analysis. The characteristic
fragmentation patterns produced by HRMS" analysis allowed for the identification and elucidation

of 33 compounds, including 7 prodiginines and 26 serratamolides (Eckelmann et al. 2018).

Recently, a novel approach has been developed to analyse large data sets from tandem MS
spectra of natural product extracts. This approach involves the Global Natural Products Social
Molecular Network (GNPS) platform (http://gnps.ucsd.edu) as an open-access tool that employs a
computational algorithm to compare the degree of similarity between tandem MS spectra and
generates a molecular network comprised of clusters of structurally related metabolites. Thus, a
visual representation of the structural relationships between natural compounds within crude
extracts is generated, where a node within the network represents a compound and the
relatedness between two compounds (nodes) is referred to as an edge. Moreover, GNPS allows
for the comparison of the tandem MS spectra to the publicly available spectral library for rapid

identification of known compounds (Wang et al. 2016; Philippus et al. 2018).

Here, we present an integrated approach to identify and structurally elucidate the naturally

produced complex of secondary metabolites of a pigmented (P1) and non-pigmented (NP1)
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S. marcescens strain using reverse-phase high performance liquid chromatography (RP-HPLC),
electrospray ionisation mass spectrometry (ESI-MS), ultra-performance liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS®) and molecular networking (using the GNPS
molecular network platform) analysis. In addition, the susceptibility of a clinical Enterococcus
faecalis (E. faecalis) strain to fractions collected during RP-HPLC analysis was evaluated using
disc diffusion assays (all fractions) and broth microdilution assays to determine the minimum

inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of selected fractions.

3.2. Materials and Methods

3.2.1. Bacterial Strains

A previous study by Clements et al. (2019b; chapter two) outlined the isolation of the P1 and NP1
S. marcescens strains from an oil refinery effluent sample and a river water sample, respectively
as well as the molecular identification of the strains. The two S. marcescens strains were streaked
from the glycerol stocks onto Nutrient agar (Merck, Johannesburg, South Africa) and were
incubated at 30°C for 18 to 24 h. The clinical E. faecalis S1 strain, used for the disc diffusion and
MIC assays, was streaked from the glycerol stock onto tryptone soy agar (Biolab, Merck,
Johannesburg, South Africa) supplemented with 6 g/L yeast extract (Biolab, Merck, Johannesburg,
South Africa) (TSAYEq.e%) and was incubated at 37°C for 18 to 24 h.

3.2.2. Production and Extraction of Secondary Metabolites

The production and partial purification of secondary metabolites was performed as described by
Clements et al. (2019b; chapter two), with slight modifications to the scale of production (increased
volume) and the peptone powder (Biolab, Merck, Johannesburg, South Africa) utilised. Briefly,
seed cultures were grown overnight by inoculating the S. marcescens P1 and NP1 strains into
10 mL Luria Bertani broth (Biolab, Merck, South Africa) in triplicate and incubating on a test tube
rotator (MRCLAB, London, United Kingdom) at 30°C. Each seed culture was subsequently
inoculated into a 2 L baffled flask containing 500 mL Peptone Glycerol (PG, pH 7.2 + 0.2) broth
[composed of 5 g peptone powder and 10 mL glycerol (Promega, Wisconsin, United States) in 1 L
distilled water] in triplicate, which was incubated on an orbital shaker (VRCLAB, London, United
Kingdom) at 30°C for 120 h at 120 rpm. Following a 5 day incubation period, the P1 and NP1 broth
cultures were centrifuged at 10 000 rpm for 20 min at 4°C to obtain the cell free supernatant. The
cell free supernatants were lyophilised and dissolved in 70% HPLC-grade acetonitrile (Romil,
Darmstadt, Germany) in analytical quality water (milliQ water) (v/v). The acetonitrile soluble fraction

was transferred into a sterile McCartney bottle and lyophilised. This step was repeated thrice to
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further purify the crude extracts. The triplicate crude extracts were then pooled, lyophilised,

analytically weighed and stored at -20°C until further use.

3.2.3. Purification and Detection of Secondary Metabolites

The P1 and NP1 crude extracts were subjected to RP-HPLC (Finnigan Survey UV-VIS Plus
detector, Thermo-Scientific, Waltham, MA, USA) analysis in order to obtain purified fractions. The
lyophilised P1 and NP1 crude extracts were dissolved in 40% acetonitrile in milliQ water (v/v) to a
concentration of 10.00 mg/mL and were injected into a Discovery BIO Wide Pore Ci3 HPLC
column (10 pm, 250 x 10 mm; Sigma-Aldrich, St. Louis, USA). Liquid chromatography was
conducted with milliQ water containing 0.1% trifluoroacetic acid (TFA; v/v; Sigma-Aldrich, St. Louis,
USA) as solution A and acetonitrile containing 0.1% TFA (v/v) as solution B. An isocratic flow at
40% B from 0 to 2 min for sample loading was followed by a linear gradient from 40 to 95% B from
2 to 36 min. The column was washed for 2 min with 95% B and then regenerated with a reversed
gradient from 95 to 40% B from 38 to 45 min. Chromatographic peaks were detected by measuring
the absorbance at 230 and 254 nm.

The fractions collected from the RP-HPLC were analysed using a Waters Synapt G2 high
resolution mass spectrometer (Waters Corporation, Milford, USA). For direct mass analysis, 3 uL
of the sample [250 pg/mL; dissolved in 50% acetonitrile in milliQ water (v/v)] was injected into a Z
spray ionisation source at a flow rate of 0.3 mL/min. The analytes were subjected to a capillary
voltage of 2.5 kV, cone voltage of 15 V, a source temperature of 120°C, desolvation gas (N,) flow
of 650 L/h and desolvation temperature at 275°C. Data acquisition in the positive mode was
performed by MS scanning a second analyser through the m/z range of 300 to 1500 in centroid
mode. The high resolution mass calibration was done with sodium formate and in analysis single
point lock spray using leucine enkephalin (m/z = 556.2771). The ESI-MS data was processed
using MassLynx software version 4.1 (Waters Corporation, Milford, USA). The accurate masses
and molecular formula of the detected compounds were used to search online databases, such as
Norine (https://bioinfo.lifl.fr/norine/) and PubChem (https://pubchem.ncbi.nim.nih.gov/), of known
natural products and an extensive literature search was conducted for the putative identification of

the metabolites.

3.2.4. Ultra-performance Liquid Chromatography Tandem Mass Spectrometry Analysis

In order to elucidate the structure of the detected compounds, all fractions were subjected to ultra-
performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS)
analysis at the LCMS unit at the Central Analytical Facility (CAF, Stellenbosch University). The RP-

HPLC purified fractions obtained from the P1 and NP1 crude extracts were prepared in 70%
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acetonitrile in milliQ water (v/v) to a concentration of 250 pg/mL and were subjected to the Waters
Synapt G2 high resolution mass spectrometer linked to an Acquity UPLC™ for UPLC-MS analysis.
Three microlitres of each fraction (1.00 mg/mL) was separated on an UPLC Cgy5 reverse-phase
analytical column (Acquity UPLCe HSS T3, 1.8 ym particle size, 2.1 x 150 mm, Waters
Corporation, Dublin, Ireland). The UPLC-MS was conducted with milliQ water containing 0.1% (v/v)
formic acid as solution A and acetonitrile containing 0.1% (v/v) formic acid as solution B. The
gradient was developed at a flow rate of 0.300 mL/min as follows: 60% A from 0 to 0.5 min for
loading, linear gradient from 20 to 80% (B) from 0.5 to 14 min and 0 to 100% (B) from 14 to 15 min.

The instrument settings were as described for the direct mass analysis.

High resolution collisionally induced dissociation (CID) analysis was conducted in the MS® mode
(MS/MS) during the UPLC-MS analysis and was monitored on a second MS channel. The CID was
conducted at a collision energy gradient of 20 to 70 eV at 1 s MS/MS scan time. Data was collected
in the second mass analyser (MS2) through m/zrange of 40 to 1500 in centroid mode. The rest of
the instrument settings were as described above. The UPLC-MS® data was processed using

MassLynx software version 4.1 (Waters Corporation).
3.2.5. Molecular Networking Analysis

The Waters RAW files for the P1 and NP1 fractions obtained after UPLC-MS® analysis were
converted into an Analysis Base File (ABF) format using Reifycs Analysis Base File Converter
before data processing. lon chromatogram extraction, alignment and peak deconvolution of the
ABF converted files was then conducted using MS-DIAL software version 4.24. The aligned results
were exported as a mascot generic format (mgf) file for P1 and NP1 (Tsugawa et al. 2015).
Thereafter, the mgf files for the two strains were uploaded to the GNPS platform
(http://gnps.ucsd.edu) and a molecular network was created using the workflow published by Wang
et al. (2016). Briefly, the data was filtered by removing all MS/MS fragment ions within +/- 17 Da of
the precursor m/z. The MS/MS spectra were window filtered by selecting only the top 6 fragment
ions in the +/- 50 Da window throughout the spectrum. The precursor ion mass tolerance was set
to 0.03 Da and a MS/MS fragment ion tolerance of 0.02 Da. A network was then created where
edges were filtered to have a cosine score above 0.6 and more than 10 matched peaks. Further,
edges between two nodes were kept in the network only if each of the nodes appeared in each
other's respective top 10 most similar nodes. Finally, the maximum size of a molecular family was
set to 100, and the lowest scoring edges were removed from the molecular families until the
molecular family size was below this threshold. The spectra in the network were then searched
against GNPS' spectral libraries. The library spectra were filtered in the same manner as the input
data. All matches retained between network spectra and library spectra were required to have a

score above 0.7 and at least 6 matched peaks (Wang et al. 2016). The output of the molecular
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network was visualised using Cytoscape version 3.8.0. The nodes (compounds) originating from
media and solvent controls (acetonitrile) were excluded from the original network in order to

visualise the secondary metabolites derived from the P1 and NP1 strains.

3.2.6. Antimicrobial Susceptibility Testing

3.2.6.1. Disc Diffusion Assay

The lyophilised fraction stocks (obtained after RP-HPLC) were dissolved in 100% dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA) and diluted in milliQ water to 3.00 mg/mL. The
fractions were then subjected to antimicrobial testing using a standard disc diffusion assay as
described by Das et al. (2008) and Ndlovu et al. (2017). Briefly, the E. faecalis S1 test strain was
inoculated into 5 mL of tryptone soy broth (Biolab, Merck, Johannesburg, South Africa)
supplemented with 6 g/L yeast extract (TSBYEqs%) and was incubated at 37°C for 18 to 24 h.
Following incubation, 100 pL of the E. faecalis S1 suspension was spread plated onto TSAYE e
to create a microbial lawn. Thereafter, 6 mm filter paper discs (Oxoid, Basingstoke, UK) were
placed onto the microbial lawn using a sterile needle and 50 pL of each fraction [3.00 mg/mL in
15% (v/v) DMSQO] was pipetted directly onto the filter paper (in triplicate) in order to create an
antimicrobial disc. A negative control of 50 pL of 15% (v/v) DMSO was included and the plates
were incubated for 24 h at 37°C.

3.2.6.2. Minimum inhibitory and bactericidal concentration

Fractions were selected for further antimicrobial testing based on the results of the disc diffusion
assay and the quantity of each fraction remaining. The fraction stocks were prepared in 100%
DMSO and diluted to a concentration range of 1.50 to 6.00 mg/mL using milliQ water. The selected
fractions were subjected to antimicrobial testing using a broth microdilution susceptibility assay as
outlined by the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2018) and
Magalhdes and Nitschke et al. (2013). Briefly, E. faecalis S1 was inoculated into 5 mL of
TSBYE ey and was incubated at 37°C for 18 to 24 h. Following overnight incubation, the culture
was diluted to an optical density (OD) of approximately 0.08 at 625 nm [~10" colony forming units
(CFU)/mL]. One hundred microlitres of each fraction was dispensed into the respective wells of a
Greiner CELLSTAR® 96-well culture plate (Merck, Johannesburg, South Africa) containing 100 uL
of sterile TSBYEqg9 (final concentration of 0.75 to 3.00 mg/mL in 15% DMSO). All the wells of the
microtiter plate were inoculated with 10 uL of the bacterial inoculum (final concentration of ~10°
CFU/mL). Sterile broth, 15% DMSO and the OD adjusted inoculum were included in the assay as
positive controls, while sterile broth with 15% DMSO was included as a negative control. All the

tests were performed in triplicate and the microtiter plate was incubated for 18 to 24 h at 37°C.
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Following incubation, the absorbance was measured using a microtiter plate reader. The MIC was
assigned as the lowest concentration of the respective compounds that reduced bacterial numbers
by = 90% (Yasir et al. 2019). The MBC was determined as previously described by Das et al.
(2008). Briefly, after the MIC determination, the wells that showed = 90% inhibition of growth were
identified and 20 pL of each well was spot plated onto TSAYEqs. The lowest concentration

showing no revival of the test culture was recorded as the MBC.

3.3. Results

3.3.1. Purification and Identification of Secondary Metabolites

Reverse-phase high performance liquid chromatography was used to fractionate the secondary
metabolites within the P1 and NP1 crude extracts. The RP-HPLC analysis of the P1 and NP1
crude extracts revealed n = 11 absorption peaks in the P1 crude extract and n = 8 absorption
peaks in the NP1 crude extract, between 8 and 35 min. All the collected fractions were then
subjected to ESI-MS analysis to detect potential metabolites produced by each strain. As a result,
a combined total of 21 compounds, produced by the P1 and/or NP1 strains, were detected
[arranged according to the retention time (Rt), Appendix B Table B1]. The positive mode ESI-MS
analysis of each collected fraction obtained from the P1 crude extract revealed a profile with major
molecular ions at m/z 430.1609, 324.2073, 515.3331, 557.3804, 541.3485, 543.3644, 571.3931
and 559.3953. The ESI-MS analysis of the NP1 crude extract revealed a similar profile with the
major molecular ions of m/z 430.1609, 515.3331, 557.3804, 541.3485, 543.3644, 559.4953 and
585.4117. The corresponding sodium and potassium adducts of the compounds from the P1 and
NP1 fractions were also detected (Appendix B Table B1).

It should be noted that several compounds co-eluted with the major compounds (higher molecular
ion signal), including minor compounds with m/z 573.4136 and 627.4192 [M+H]" that co-eluted
with a compound with m/z 571.3931 [M+H]" at 31.8 min in the P1 crude extract. In addition, for the
P1 crude extract, a minor compound at m/z 559.3600 also co-eluted with a compound at
m/z 324.2073 [M+H]" in 20.9 min peak, while a minor compound at m/z 575.3902 co-eluted with
one at m/z 515.3331 [M+H]" in the 22.0 min peak. Minor compounds with m/z 545.3787, 585.3738
and 587.3908 [M+H]" were detected in the NP1 crude extract and co-eluted with a compound at
m/z 541.3485 [M+H]" at 24.6 min. For both the P1 and NP1 crude extracts, a minor compound at
m/z 561.3749 [M+H]" was detected and co-eluted with a compound at m/z 515.3331 [M+H]" in the
22.0 min peak. Similarly, a minor compound at m/z 589.4056 [M+H]" co-eluted with one at
m/z 543.3644 [M+H]" in a broad peak at 26.4 to 26.5 min in the P1 and NP1 crude extracts,
respectively. Finally, a minor compound at m/z 583.3947 [M+H]" co-eluted with a compound at
m/z 585.4117 [M+H]" in the 29.7 min peak for both the P1 and NP1 crude extracts. Due to the co-
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elution of presumptive known (n = 12) and unknown (n = 9) compounds (Appendix B Table B1)
detected in the P1 and/or NP1 crude extracts, UPLC-MS® coupled with molecular networking
analysis was used to cluster structurally similar compounds and elucidate the putative structures of

the unknown compounds and facilitate the confirmation of the known structures.
3.3.2. Molecular Networking Analysis

The fractions obtained after RP-HPLC of the secondary metabolites extracted from the P1 and
NP1 strains were subjected to UPLC-MS® analysis and the raw MS® data was used to generate a
molecular network. Analysis of the molecular network revealed four clusters (Fig 3.1), including
families of serratiochelin (comprised of 5 nodes) and prodigiosin (comprised of 2 nodes) that were
identified using the GNPS and MS-DIAL libraries, respectively, and two unidentified F1 (comprised
of 15 nodes) and F2 (comprised of 22 nodes) families that did not correspond to compounds within
the GNPS and MS-DIAL libraries. In general, the majority of the metabolites (nodes) clustered in
the F1, F2 and serratiochelin families and were detected in both P1 and NP1 strains; however, only
the P1 strain produced compounds in the prodigiosin cluster. The entire network was formed by 55

nodes, including 11 individual nodes.
3.3.3. UPLC-MS*® Analysis

Following molecular networking, the structural elucidation of the four distinct metabolite clusters
produced by the S. marcescens P1 and NP1 strains was conducted by analysing the fragmentation
profiles of the UPLC-MS® data. A summary of the UPLC-MS® data for the metabolites produced by
the P1 and NP1 strains is presented in Tables 3.1 and 3.2 and Appendix B Fig. B22 — B23, and
the structures of the known metabolites and putative structures of the unknown compounds
produced by the P1 and NP1 strains are depicted in Fig. 3.2 and 3.3 and Appendix B Fig. B1 —
B21. The fragmentation profiles and structural elucidation of the detected compounds will be

discussed according to each metabolite family (cluster).
3.3.3.1. Structural Elucidation of Serratiochelin A

The serratiochelin cluster (Fig. 3.1) revealed a node with m/z 430.1609 [C,;H3N3O; + H]
(calculated 430.1614) corresponding to the peak observed at 3.76 min in the UPLC-MS® data for
the P1 and NP1 strains (Table 3.1; Appendix B Fig. B1). The fragmentation pattern of the m/z

430.1609 molecular ion that was observed, using UPLC-MS®, revealed four major fragments.

A major fragmentation ion at m/z 137.0234 corresponded to the 2,3-dihydroxybenzaldehyde
fragment of the m/z 430.1609 molecular ion, while the corresponding fragment of m/z 294.1455

was also observed. In addition, the removal of 2,3-dihydroxybenzamide from the m/z 430.1609 ion
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resulted in the major fragment at m/z 277.1194. The loss of 2,3-dihydroxybenzoyl nitrile from the
m/z 430.1609 molecular ion resulted in a remaining fragment at m/z 194.0804. A few other minor
fragments were detected and corresponded to the serratiochelin A structure reported by
Seyedsayamdost et al. (2012). Thus, the compound identity of the [M+H]" ion at m/z 430.1609 was
confirmed as serratiochelin A (also referred to as serranticin) based on the characteristic

fragmentation pattern and elementary composition (Kuo et al. 2010; Seyedsayamdost et al. 2012).
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Fig. 3.1 Molecular network of the secondary metabolites produced by the S. marcescens P1 and
NP1 strains generated using the UPLC-MS® data. Nodes are labeled with the corresponding m/z
values (detected in the positive mode) and respective strain colours are indicated in the node
colour key. The four clusters are labeled with either the corresponding compound family name
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detected using GNPS or MS-DIAL library search, or F1 and F2 corresponding to metabolite

clusters that were not identified using the library searches.

3.3.3.2. Structural Elucidation of Prodigiosin

The prodigiosin cluster (Fig. 3.1) revealed a node with m/z 324.2073 [C,oH2sN3O + H]* (calculated
324.2076) corresponding to the peak observed at 8.48 min in the UPLC-MS® data for the P1 strain
(Table 3.1; Appendix B Fig. B2). The fragmentation pattern of the m/z 324.2073 compound that
was observed using UPLC-MS® analysis revealed four major fragments. The fragment with a
m/z 309.1836 [M+H]" corresponded to the demethylation [removal of a methyl (CH,) group] of
m/z 324.2073 [M+H]", while the removal of a butane (C4Hio) group from the m/z 324.2073
compound resulted in a remaining fragment of m/z 266.1296. The major fragment ion m/z
252.1140 corresponded to the removal of pentane (CsH;,) from the compound at m/z 324.2073
(IM+H]"). The removal of methanol (CH,O) from the m/z 324.2073 compound resulted in a
fragment with m/z 292.1797. A few other minor fragments were detected and corresponded to the
prodigiosin structure described by Lee et al. (2011). Thus, the compound identity at m/z 324.2073
was confirmed as prodigiosin based on the characteristic fragmentation pattern and molecular
formula (Su et al. 2016).

3.3.3.3. Structural Elucidation of Serratamolide Homologues

The molecular network of the F1 cluster and corresponding structures for the known and novel
compounds in the F1 cluster are presented in Fig. 3.2. The F1 cluster (Fig. 3.2A) revealed a node
with m/z 515.3331 [CsH4sN.Og + H]* (calculated 515.3332) corresponding to the peak observed at
11.49 min in the UPLC-MS® data for the P1 and NP1 strains. The fragmentation pattern of the
m/z 515.3331 compound that was observed using UPLC-MS® analysis revealed four major
fragments (Table 3.1; Appendix B Fig. B3). The fragment with a m/z 497.3239 corresponded to a
product of dehydration (removal of H,O). A major fragment at m/z 258.1679 was then observed,
representing a dehydrated L-serine group coupled to a saturated D-3-hydroxydecanoic acid (Cy).
In addition, the dehydration and hydration products of the m/z 258.1679 fragment were detected at
m/z 240.1595 and 276.1823, respectively. The compound with m/z 515.3331 was thus comprised
of two L-serine residues (cyclic peptide moiety) coupled to two saturated D-3-hydroxydecanoic
acids (Cy) (Fig. 3.2B) confirming the identity of the compound as serratamolide A (Dwivedi et al.
2008).
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Table 3.1 Summary of the serratamolide homologues, prodigiosin and serratiochelin A detected in the crude extracts obtained from S. marcescens
P1 and NP1 that were identified using UPLC-MS® analysis.

UPLC Proposed °Mass
Crude fn Compound fatty acid | “Molecular m/z 2Experimental | °Theoretical orror Maior UPLC-MS® fragments
extract ) identity chain formula [M+H]" M, M, ! 9
(min) lengths (Appm)
P1 Serranticin/ 137, 158, 194, 211, 233, 250,
NP1 3.76 Serratiochelin A N/A C,1H23N304 430.1609 429.1530 429.1536 1.49 277, 294
L 161, 182, 207, 224, 238, 252,
P1 8.48 Prodigiosin N/A CyoHosN3zO 324.2073 323.1994 323.1998 1.36 266, 294. 309
NPF,ll 11.20 Ser(r);tzrr]r;&?ge 5 | CutCii | CoHN:Op | 5503600 |  558.3522 5583516 | -1.03 | 258, 266, 276, 284, 302, 541
P1 Open-ring 240, 258, 268, 276, 286, 304,
NP1 11.28 serratamolide C C10tCy, CogHs3N,0g 561.3749 560.3671 560.3673 0.89 543
P1 Serratamolide A/ 212, 240, 258, 276, 469, 487,
NP1 11.49 Serrawettin W1 C10tCoo CosHasN2Og 515.3331 514.3252 514.3254 0.47 497
*Open-ring
NP1 12.46 serratamolide 585 Ci121+C1o1 | C3pHs53N>0g 585.3738 584.3660 584.3673 2.26 238, 266, 284, 302, 567
P1 . 212, 240, 258, 266, 276, 284,
NP1 12.77 Serratamolide B Ci0+Cio1 CogH4gN>Og 541.3485 540.3404 540.3411 0.55 302, 513, 523
P1 . 212, 240, 258, 268, 276, 286,
NP1 13.06 Serratamolide C Ci1otCy2 CogH5oN,Og 543.3644 542.3565 542.3567 0.44 304, 515, 525
Open-ring 240, 258, 266, 268, 284, 286,
NPL | 1376 | SPOTNY | Ci#Cia | CaHssNoOs | 587.3908 586.3830 586.3829 | -0.13 20d, 559
NPF,ll 14.02 | Serratamolide 571 | Cy1+Ci, | CaoHsiNoOg | 571.3931 |  570.3852 5703880 | 498 | 222240, 2685’52386' 304, 525,

4Experimental monoisotopic M, of compound was calculated using the Time-of-Flight (TOF) transform function in the MassLynx 4.1 software package.
®Theoretical monoisotopic M, of compound was calculated using ChemDraw Ultra 12.0 software package.

‘Mass error in ppm = (

Theoretical M, — Experimental M-

Theoretical M-

)><106

“Theoretical molecular formula of compound was calculated using ChemDraw Ultra 12.0 software package and experimental molecular formula was confirmed using
the MassLynx 4.1 software package.

N/A — not applicable.

*Novel serratamolide homologue.
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Other F1 nodes (Fig. 3.2A) at m/z 541.3485 [CysH4sN,Og + H]" (calculated 541.3488), 543.3644
[C2sHs0N20g + H]™ (calculated 543.3645), 561.3749 [CasHssN,Og + H]™ (calculated 561.3754),
559.3600 [C,sHs:N,Og + H]" (calculated 559.3594) and 571.3931 [C3oHs4N,Og + H]™ (calculated
571.3958) exhibited similar fragmentation profiles to serratamolide A (serrawettin W1) and
corresponded to peaks observed in the UPLC-MS® data for the P1 and NP1 strains (Table 3.1;
Appendix B Fig. B4 — B8 & B22). In addition, the F1 cluster (Fig. 3.2A) revealed a node with
m/z 587.3908 [C3HssN,Oy + H]" (calculated 587.3907) corresponding to the peak observed at
13.76 min in the UPLC-MS® data for the NP1 strain (Table 3.1; Appendix B Fig. B9). The
m/z 585.3738 [C3oHs53N,0g + H]" (calculated 585.3751) compound did not cluster in the molecular
network; however, it was detected at 12.46 min in the UPLC-MS® data for the NP1 strain (Table
3.1; Appendix B Fig. B10). For the compounds at m/z 541.3485, 543.3644, 561.3749, 559.3600,
571.3931, 585.3738 and 587.3908; fragment ions due to dehydration (removal of H,O, or H, OH)
at m/z 523.3371, 525.3543, 543.3660, 541.3496, 553.3831, 567.3681 and 569.3787, respectively,
were observed. Similar to serratamolide A, the compounds at m/z 541.3485, 543.3644, 559.3600
and 561.3749 had a major fragment with m/z 258.1679, representing a dehydrated L-serine group
coupled to a saturated D-3-hydroxydecanoic acid (C,o). In addition, the dehydration and hydration
products of the m/z 258.1679 fragment were detected at m/z 240.1595 and 276.1823, respectively.
The compounds with m/z 543.3644, 561.3749, 571.3931 and 587.3908 had a major fragment of
m/z 286.2025 [M+H]", respectively, that correspond to the dehydrated L-serine residue linked to a
saturated D-3-hydroxydodecanoic acid (Ci,). The compounds with m/z 541.3485, 559.3600,
585.3738 and 587.3908 all shared a major fragment at m/z 284.1850 that corresponded to the
dehydrated L-serine residue linked to an unsaturated D-3-hydroxydodecanoic acid (C;,.).

The compound with m/z 571.3931 [M+H]" was comprised of two L-serine residues (cyclic peptide
moiety) linked to two saturated D-3-hydroxydodecanoic acids (Ci»), which corresponded to a
serratamolide homologue reported by Eckelmann et al. (2018) (Fig. 3.2B). In contrast, the
compounds with m/z 541.3485 and 543.3644 were comprised of two L-serine residues (cyclic
peptide moiety) coupled to a D-3-hydroxydecanoic acid (C,,) and a D-3-hydroxydodecanoic acid
(Cy2) (Fig. 3.2B). The compound with m/z 543.3644 thus corresponded to the previously described
serratamolide C (Dwivedi et al. 2008). However, the compound m/z 541.3485 [M+H]" had a double
bond in the D-3-hydroxydodecanoic acid (Ci,4) residue (Fig. 3.2B) confirming the structure as
serratamolide B (Dwivedi et al. 2008). The double bond position was putatively placed at the Cs
position (from the C=0 group) of the fatty acid chain, as this corresponded to the position

previously reported in literature (Eckelmann et al. 2018).
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Fig. 3.2 The (A) molecular network of cluster F1 (magnified) labelled with the corresponding serratamolide homologues detected in the P1 and NP1

crude extracts and (B) structures of the detected cyclic and open-ring serratamolide homologues elucidated using UPLC-MS® analysis. Red nodes =

metabolites produced by the P1 strain; Blue node = metabolites produced by the NP1 strain; Purple nodes = metabolites produced by both P1 and

NP1 strains. *Serratamolide homologue not present in the molecular network.
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The compounds with m/z 559.3600 and 561.3749 had identical fatty acid chain lengths as
serratamolide B and C, respectively; however, the addition of a hydroxyl group, based on the
experimental molecular formula (elemental composition) predicted using the MassLynx 4.1
software package, in the compound suggested that both lipopeptides were open-ring structures
and corresponded to the fragmentation pattern of the previously described open-ring
serratamolides C and B (Eckelmann et al. 2018) (Fig. 3.2B). Similarly, the compound with m/z
587.3908 was comprised of one L-serine residue coupled to one saturated D-3-hydroxydodecanoic
acid (Cy,) and one L-serine residue coupled to one unsaturated D-3-hydroxydodecanoic acid
(C12:1). However, the addition of a hydroxyl group [based on the experimental molecular formula
(elemental composition)] in the compound suggested that the lipopeptide was an open-ring
structure and corresponded to the fragmentation pattern previously described by Eckelmann et al.
(2018) (Fig. 3.2B). Finally, the compound with m/z 585.3738 was comprised of two L-serine
residues coupled to two unsaturated D-3-hydroxydodecanoic acids (C1,.1). Similar to the previously
described open-ring structures, the addition of a hydroxyl group [based on the experimental
molecular formula (elemental composition)] in the compound suggested that the lipopeptide was
an open-ring structure; however, this compound has not previously been reported in literature or
databases (Norine and PubChem) (Fig. 3.2B). The described serratamolides were thus comprised
of four residues, including a peptide moiety of two L-serine residues (cyclic or open-ring) attached

to two fatty acid residues (varying in length and presence or absence of double bonds).

The F1 nodes with m/z 537.3147, 563.3290, 565.3455, 581.3405 and 609.3735 were found in the
UPLC-MS® data and corresponds to the sodiated adducts of the compounds with m/z 515.3331,
541.3485, 543.3644, 559.3600 and 587.3908, respectively (Appendix B Table B1). In contrast, no
structures were established for the F1 nodes with m/z 531.365 and 575.391.

3.3.3.4. Structural Elucidation of Glucosamine Derivatives

The molecular network of the F2 cluster and corresponding structures for the known and novel
compounds in the F2 cluster are presented in Fig. 3.3. The F2 cluster (Fig. 3.3A) revealed nodes
with m/z 585.4117 [CsHseN,Og + H]™ (calculated 585.4115) and 559.3953 [CyoHs4N,Og + H]*
(calculated 559.3958) corresponding to the peaks observed in the UPLC-MS*® data for the P1 and
NP1 strains, while m/z 573.4136 [C3oHs7N,Og + H]" (calculated 573.4115) corresponded to a peak
observed in the UPLC-MS*® data for the P1 strain (Table 3.2; Appendix B Fig. B11 — B13). A
major fragment at m/z 232.1163 [M+H]" was observed in the fragmentation profile of each of these
three compounds, corresponding to a glucose residue linked to butyric acid. Further dehydration
products of the m/z 232.1163 fragment were observed at m/z 214.1069 and 196.0971 that

indicated the presence of hydroxyl groups. The compound with m/z 585.4117 had a second major
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fragment of m/z 354.2999 [M+H]", which corresponded to a valine residue linked to an unsaturated
Cie1 fatty acid chain. The compounds with m/z 573.4136 and 559.3953 had a second major
fragment at m/z 342.2991 and 328.2819, respectively, which corresponded to a valine residue
linked to a saturated C;s and Cy4 fatty acid chain, respectively. For all three compounds, the two
major fragments were linked together via an anomeric C-O bond between the glucose and valine
amino acid residues. Therefore, the compound m/z 585.4117 was proposed to be comprised of a
glucose residue linked to butyric acid, which was in turn was coupled to a valine residue linked to
an unsaturated Cg; fatty acid chain correlating to a previously described compound, glucosamine
derivative A (Dwivedi et al. 2008) (Fig. 3.3B). The double bond within the fatty acyl chain of
glucosamine derivative A was assumed to be a cis double bond corresponding to the structure
previously described in literature (Dwivedi et al. 2008). The compound with m/z 573.4136 was also
proposed to comprise of a glucose residue linked to a butyric acid, coupled to a valine residue
linked to a saturated Cis fatty acid chain, thus correlating with the structure of glucosamine
derivative B as described by Dwivedi et al. (2008) (Fig. 3.3B). Finally, the last compound in the
group had an m/z 559.3953 and structure similar to the other two glucosamine derivatives. The
compound with m/z 559.3953 was also proposed to be comprised of a glucose residue linked to
butyric acid, a valine residue linked to a saturated C,4 fatty acid chain and thus the structure
correlated to the glucosamine derivative C (Dwivedi et al. 2008) (Fig. 3.3B). Overall, it is proposed
that this compound group is comprised of four residues, namely glucose, valine, butyric acid and a

saturated or unsaturated B-fatty acid residue of varying length (C14 to Cyg).

Other F2 nodes (Fig. 3.3A) at m/z 557.3804 [CxHs;N,Og + H]" (calculated 557.3802), 583.3947
[Ca1Hs5N,0g + H]™ (calculated 583.3958) and 589.4056 [CioHs/N,Og + H]* (calculated 589.4064)
had similar fragmentation profiles to glucosamine derivative A to C and corresponded to peaks
observed in the UPLC-MS® data for P1 and NP1 strains (Table 3.2; Appendix B Fig. B14 — B16).
In addition, F2 nodes at m/z 575.3902 [CygHssN,Oy + H]* (calculated 575.3907), 587.4268
[C31HssN,0g + H]™ (calculated 587.4271) and 599.4265 [CaHsgN,Og + H]* (calculated 599.4271)
also had similar profiles to glucosamine derivative A to C and corresponded to peaks observed in
the UPLC-MS® data for the P1 strain, while another node at m/z 545.3787 [CsHs3N,Og + H]
(calculated 545.3802) corresponded to peaks observed in the UPLC-MS*® data for the NP1 strain
(Table 3.2; Appendix B Fig. B17 — B20 & B23). The cleavage of all seven compounds at the
anomeric C-O bond resulted in two major fragments for each compound. Similar to the previously
described glucosamine derivative A to C, each compound had a major fragment of m/z 232.1177
corresponding to the glucose/hexose residue linked to butyric acid, and dehydration products of
the m/z 232.1163 fragment were observed at m/z 214.1069 and 196.0971. The compounds with
m/z 545.3787 and 587.4268 had a second major fragment of m/z 314.2716 and 356.3164, which

corresponded to a valine residue linked to a saturated C,3 and Cy; fatty acid chain, respectively.
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Table 3.2 Summary of the glucosamine derivative homologues detected in the crude extracts obtained from S. marcescens P1 and NP1 that were
identified using UPLC-MS°®.

Proposed Fatty acid d a ; b . ‘Mass
Crude UPLC Rt . Molecular m/z Experimental Theoretical . e
extract (min) cqmpo'und chain formula [M+H]" M, M, error Major UPLC-MS"™ fragments
identity length (Appm)
*Glucosamine 196, 214, 232, 254, 326, 344,
P1 11.44 derivative D Cu CooHesN,Og | 575.3902 574.3828 574.3829 1.11 366
P1 *Glucosamine
NP1 11.98 derivative £ Cuus CooHsoN,Og | 557.3804 556.3722 556.3724 -0.31 196, 214, 232, 326, 348
- .
NP1 12.67 Glucosamine Cus CogHssN,Og | 545.3787 544.3719 544.3724 3.01 196, 214, 232, 314, 336
derivative F
P1 *Glucosamine 196, 214, 232, 254, 340, 358,
NPL 12.94 derivative G Cus CaoHs/N,Oy | 589.4056 588.3985 588.3986 1.60 3680
P1 Glucosamine
NP1 12.95 Jorivatve C Cu CooHsuN,Og | 559.3953 558.3877 558.3880 1.15 | 196, 214, 232, 254, 328, 350
P1 *Glucosamine
NP1 13.14 dervative L Cue CaHesN,Og | 583.3947 582.3868 582.3880 2.13 | 196, 214, 232, 254, 352, 374
P1 Glucosamine
NP1 13.50 dorivatve A Cues CaiHeeN,Og | 585.4117 584.4035 584.4037 0.10 | 196, 214, 232, 254, 354, 376
P1 15.69 %'“‘?OS"?‘m'”e Cis CaoHs/N,Og | 573.4136 572.4034 572.4037 3.42 | 196, 214, 232, 254, 342, 364
erivative B
- .
P1 16.01 %':ﬁ\‘/’;j‘\g"l‘e Cirs CaoHesN,Og | 599.4265 598.4203 598.4193 1.24 | 196, 214, 232, 254, 368, 390
- .
P1 16.28 GdL”rf\j’;ﬂ/rg'ge Cuea CasHesoN,Oy | 627.4192 626.4114 626.4142 469 | 238,256, 274, 296, 354, 376
- .
P1 16.50 ﬁgﬁ/‘;sti‘/rg'ge Cue CaHesN,Og | 587.4268 586.4187 586.4193 0.55 | 196, 214, 232, 254, 356, 378

®Experimental monoisotopic M, of compound was calculated using the TOF transform function in the MassLynx 4.1 software package.
*Theoretical monoisotopic M, of compound was calculated using ChemDraw Ultra 12.0 software package.
c . - _ (Theoretical M — Experimental My 6
Mass error in parts per million (ppm) = ( : ) X 10
Theoretical M;

“Theoretical molecular formula of compound was calculated using ChemDraw Ultra 12.0 software package and experimental molecular formula was confirmed using
the MassLynx 4.1 software package.
*Novel glucosamine derivative homologues.
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In addition, the compounds with m/z 557.3804, 583.3947 and 599.4265 had a second major
fragment of m/z 326.2669, 352.2823 and 368.3160 which corresponded to a valine residue linked
to an unsaturated Ci4.1, Cie2 and Cy7 fatty acid chain, respectively. Finally, the compounds with
m/z 575.3902 and 589.4056 had a major fragment of m/z 344.2798 and 358.2958, which
corresponded to a valine residue linked to a saturated Cy4 and Cys fatty acid chain with an
additional hydroxyl group in the fatty acid residue. The presence of the hydroxyl group within the
fatty acid moiety was further confirmed, as the loss of a hydroxyl group was observed within the
fragmentation profile for both m/z 344.2798 and 358.2958 fragments, including m/z 326.2694 and
340.2863, respectively. In addition, the experimental molecular formula (elemental composition)
predicted by the MassLynx 4.1 software package provided further indication of the addition of the
hydroxyl group for both the compounds at m/z 575.3902 and 589.4056 (Table 3.2).

Typically, MS analysis is used in conjunction with other analytical methods, such as NMR, to
determine the position of double bonds and hydroxyl groups within a structure (Eckelmann et al.
2018). However, the majority of the glucosamine derivative compounds were obtained in low
guantities and could thus not be subjected to NMR analysis. A cis configuration was thus proposed
for the double bonds in the fatty acid chain of the various unknown compounds, as the geometric
isomerism of a double bond is typically a cis configuration in natural fatty acids (Kobelnik et al.
2018). Therefore, we propose that the compounds at m/z 557.3804, 583.3947 and 599.4265
[M+H]" were comprised of a glucose residue linked to butyric acid, coupled to a valine residue
linked to an unsaturated Cy4.1, Ci6:2, C17:1 fatty acid chain, respectively (Fig. 3.3B). The compounds
with m/z 545.3787 and 587.4268 were proposed to be comprised of a glucose residue linked to a
butyric acid, coupled to a valine residue linked to a saturated Cy;3 and Cy fatty acid chain,
respectively (Fig. 3.3B). Finally, the compounds with m/z575.3902 and 589.4056 were also
proposed to be comprised of a glucose residue linked to butyric acid, coupled to a valine residue
linked to a saturated C,4and Cs fatty acid chain, respectively; however, the fatty acid chain had an
additional hydroxyl group (Fig. 3.3B). Overall, this compound group, correlating to the previous
group, were proposed to be comprised of four residues, including glucose, valine, butyric acid and
a fatty acid chain (Fig. 3.3B). Following an extensive literature and database search (Norine and
PubChem), the identified structures and fragmentation patterns did not correspond to previously
identified glucosamine derivatives (N-butylglucosamine ester derivatives), and are hypothesised to
be novel glucosamine derivatives homologues. The F2 nodes with m/z 607.3924, 581.3781,
579.3623 and 567.3618 were found in the UPLC-MS® data and corresponded to the sodiated
adducts of the compounds with m/z 585.4117, 559.3953, 557.3804 and 545.3787, respectively
(Appendix B Table B1). No structures were elucidated for the F2 nodes with m/z 513.316,
543.363, 555.367, 569.381 and 601.407.
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Fig. 3.3 The (A) molecular network of cluster F1 (magnified) labelled with the corresponding glucosamine derivative homologues detected in the P1
and NP1 crude extracts and (B) the structures of the detected cyclic and open-ring glucosamine derivative homologues identified using UPLC-MS®
analysis. Red nodes = metabolites produced by the P1 strain; Blue nodes = metabolites produced by the NP1 strain; Purple nodes = metabolites

produced by both P1 and NP1 strains. *Glucosamine derivatives not present in the molecular network.

89



Stellenbosch University https://scholar.sun.ac.za

In contrast, to the above mentioned glucosamine derivatives, an individual node (Fig. 3.1) with
m/z 627.4192 [C33HsgN,Og + H]* (calculated 627.4220) exhibited a unique fragmentation profile and
corresponded to a peak at 16.28 min observed in the UPLC-MS® data for the P1 strain (Table 3.2;
Appendix B Fig. B21). The fragmentation profile was unique as the m/z 627.4192 compound did
not have a major fragment of m/z 232.1163 (corresponding to the glucose/hexose residue linked to
butyric acid) that was common in all of the previously described glucosamine derivatives. Instead, a
major fragment at m/z 274.1287 was observed, which suggested a modification in the fragment
corresponding to the glucose and butyric acid moiety. The major fragment at m/z 274.1287
potentially corresponded to a glucose/hexose residue linked to an oxo-hexanoic acid (rather than a
butyric acid), and a dehydration product of the m/z 274.1287 fragment was observed at
m/z 256.1174. Furthermore, a second major fragment of m/z 354.3016 was observed, which
corresponded to an unsaturated Cg., fatty acid chain. In comparison to the glucosamine derivative A
(m/z 585.4117) which also had an unsaturated C., fatty acid chain, this glucosamine derivative had
an additional C,H3;O based on the experimental molecular formula (elemental composition)
predicted using the MassLynx 4.1 software package, which corresponded to the difference between
butyric acid (C4;HgO,) and oxo-hexanoic acid (CgH10O3). Moreover, S. marcescens strains are
capable of producing oxo-hexanoic acid for the biosynthesis of N-(3-oxo-hexanoyl)-homoserine
lactone (Okano et al. 2012), and it is thus feasible that oxo-hexanoic acid was incorporated into the
glucosamine derivative instead of butyric acid. In addition, the compound at m/z 627.4192 did not
cluster with the glucosamine derivatives in the molecular network; rather, the compound formed an
individual cluster and this further suggests the reduced relatedness of this compound to the
glucosamine derivatives. Although NMR is required to confirm the structure, the putative structure of
the compound at m/z 627.4192 was proposed to consist of glucose, oxo-hexanoic acid, valine and
an unsaturated Ciq; fatty acid chain, which is distinctive from that of the previously described

glucosamine derivatives.
3.3.4. Antimicrobial Activity

The bioactivity of the secondary metabolites produced by the P1 and NP1 strains was then
investigated using disc diffusion, MIC and MBC assays. All of the fractions collected during RP-
HPLC analysis were subjected to antimicrobial testing using a disc diffusion assay against
E. faecalis S1. It was found that E. faecalis S1 was susceptible (diameter range of 9.3 £ 2.1 to
19.3 £ 1.5 mm) to the fractions with the major molecular ions of m/z 515.3331, 541.3485, 543.3644,
557.3804, 559.3953 and 585.4117 (for both P1 and NP1), and the fraction with m/z 324.2073
collected from P1 crude extract (results not shown). Thereafter, the MIC and MBC assays were

performed using five fractions (selected based on activity and quantity available), including fractions
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with the major molecular ions of m/z 324.2073, 515.3331, 541.3485, 543.3644 and 585.4117. A

summary of the MIC and MBC assay results are outlined in Table 3.3.

Table 3.3 Minimum inhibition and bactericidal concentrations of selected fractions against the

clinical E. faecalis S1 stain.

Major r[nMoJIreI:j:]lfIar ion Zr;{:)yo:sic(jj |gﬁ2it:||<;?]té(t)rr:) MIC (mg/mL) MBC (mg/mL)
515.3331 Serratamolide A (C1p+Cyg) 3 >3
541.3485 Serratamolide B (C1p+C12.1) 3 >3
543.3644 Serratamolide C (Cyg+C35) 3 >3
585.4117 Glucosamine derivative A (Cqe.1) 0.75 3
324.2073 Prodigiosin <0.75 1.5

It was observed that all three serratamolides (A to C) (identified as outlined in section 3.3.3.3)
exhibited identical activity against E. faecalis S1 with a MIC of 3 mg/mL and MBC of > 3 mg/mL. In
comparison, glucosamine derivative A (identified as outlined in section 3.3.3.4) was found to have a
lower MIC and MBC of 0.75 mg/mL and 3 mg/mL, respectively. Overall, however, the lowest MIC
and MBC against E. faecalis S1 was observed for prodigiosin (identified as outlined in section
3.3.3.2), at < 0.75 and 1.5 mg/mL, respectively (Table 3.3).

3.4. Discussion

3.4.1. UPLC-MS*® and Molecular Networking Analysis

A combination of RP-HPLC, ESI-MS and UPLC-MS*® analysis, with MS-based molecular networking,
was used to unravel the metabolic profiles of environmental pigmented and non-pigmented
S. marcescens strains with the aim of identifying bioactive compounds. This work reports on the
identification of four molecular families of secondary metabolites associated with Serratia species,
including prodigiosin, serratiochelin A, serratamolide homologues and glucosamine derivative
homologues. The structures of prodigiosin and serratiochelin A have previously been elucidated,
where prodigiosin was described as a tripyrrole red pigment with an alkyl substituent (Lee et al.
2011) and serratiochelin A was described as a low-molecular weight siderophore with high affinity
for iron (Khilyas et al. 2019). Moreover, based on their characteristic fragmentation patterns, as
observed in the UPLC-MS® data, eight serratamolides (including the putative structure of a novel
open-ring serratamolide homologue) and 11 glucosamine derivatives (including the putative
structures of eight novel glucosamine derivative congeners) were identified in this study and their

structures were elucidated.
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It is well-known that certain bacteria naturally produce various lipopeptide congeners which vary in
fatty acid chain length, fatty acyl saturation or in the amino acids residues of the peptide moiety
(Das et al. 2008). This was similarly observed in the current study as the identified serratamolides,
comprised of two L-serine residues linked to two fatty acyl residues, varied in the length (Cy to Cy»)
and the presence or absence of double bonds (saturated or mono-unsaturated) in the fatty acyl
chains and cyclisation (open-ring or cyclic) of the peptide moiety. During UPLC-MS*® analysis, the
elution (Rt) of the serratamolide homologues was, as expected, dependent on the length of the (-
hydroxy fatty acid chains of the compound, as the serratamolides with shorter saturated fatty acid
moieties [such as serratamolide A (C,0+Cyg)] eluted from the column before the serratamolides with
longer saturated fatty acid moieties [such as serratamolide 571 (C;,+C;,)]. This elution profile is
based on basic reverse-phase chromatography principles, where more hydrophobic (longer fatty
acid chain) compounds have increased adhesion strength to the stationary phase and will thus elute
at a later retention time from the column (Ndlovu et al. 2017; Takashima et al. 2018). It was also
observed that the elution (Rt) of the serratamolide homologues was dependent on the saturation or
unsaturation of the fatty acid moieties, as the mono-unsaturated serratamolide B (C1,+Cy,.1) eluted
from the column before the corresponding saturated serratamolide C (C.o+C1,) with the same fatty
acyl chain lengths and peptide moieties. Previous research has indicated that the presence and
position of a double bond within the fatty acyl chain influences the elution (Rt) of a compound
(Takashima et al. 2018) and the retention time of a mono-unsaturated fatty acid is reduced to that of
the equivalent saturated fatty acid with two carbon units. A cis double bond causes a kink in the
chain and reduces the actual molecular length by nearly two carbon units, thereby resulting in the
elution of a Cyg fatty acid just after a C¢ fatty acid (Plattner et al. 1977; Takashima et al. 2018). It
has also been reported that an open-chain lipopeptide is retained in the column for a shorter time
period than the corresponding cyclic lipopeptide due to the increased polarity of the compound (due
to the addition of the OH group) (Qiu et al. 2019), which clarifies for example, why the cyclic
serratamolide C (C1p+Cy,) eluted from the column after the open-chain serratamolide 561 (C1o+C5)

with the same fatty acid chain length.

The glucosamine derivative congeners detected in this study, were proposed to be comprised of
glucose, valine, butyric acid (or oxo-hexanoic acid for novel derivative at m/z 627.4192) and a
saturated or unsaturated B-fatty acid residue that varied in the length (C,3 to C47) and the presence
or absence of a hydroxyl group. During UPLC-MS® analysis, it was observed that the elution (Rt) of
the glucosamine derivative homologues was also dependent on the length of the fatty acid moiety,
as the glucosamine derivatives with shorter saturated fatty acid moieties (such as glucosamine
derivative C with a Cy4 fatty acyl chain) eluted from the column before the glucosamine derivatives
with longer saturated fatty acid moieties (such as the novel glucosamine derivative K homologue

with a C4¢ fatty acyl chain). This is similar to what was observed for the serratamolides, where more
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hydrophobic (longer fatty acid chain) compounds eluted at a later retention time from the Cig matrix
(Ndlovu et al. 2017; Takashima et al. 2018). It was also observed that the elution (Rt) of the
glucosamine derivative homologues was dependent on the presence of one or more double bonds
within the fatty acyl chain, as the novel poly-unsaturated (two double bonds) glucosamine derivative
H homologue (Ci6) eluted before the corresponding mono-unsaturated (one double bond)
glucosamine derivative A (Cie1). Moreover, both unsaturated glucosamine derivatives A and H
eluted before the corresponding saturated novel glucosamine derivative K homologue (C1¢) with the
same valine, butyric acid and glucose residues, as well as the same fatty acyl chain length.
Furthermore, it was observed that the glucosamine derivatives with an additional hydroxyl group
within the fatty acid moieties were retained in the column for a shorter time period than the
corresponding glucosamine derivative without a hydroxyl group, due to the increased polarity of the
compound. For instance, the glucosamine derivative C (CgHs4sN2Og) with a Cy4 fatty acyl chain
eluted from the column after the corresponding novel glucosamine derivative D homologue
(Cx9Hs5NL0g) with a Cy4 fatty acyl chain that has an additional hydroxyl group. Overall, it was
observed that the glucosamine derivative homologues and serratamolide homologues separated as

expected according to hydrophobicity (fatty acyl chain length) and chain saturation.
3.4.2. Secondary Metabolic Profile of the S. marcescens P1 and NP1 strains

Clements et al. (2019b; chapter two) previously identified the secondary metabolites produced by
the P1 and NP1 strains using UPLC-ESI-MS analysis, which proposed that the P1 strain produced
prodigiosin and serratamolides (A, B, C and E), while the NP1 strain produced glucosamine
derivative A and serratamolides (A, B, C and E). The use of RP-HPLC and UPLC-MS® analysis in
the current study revealed that the P1 strain produced four metabolic classes, including prodigiosin,
serratiochelin A, serratamolide homologues and glucosamine derivative homologues, while NP1
produced three metabolic classes, including serratiochelin A, serratamolide homologues and
glucosamine derivative homologues. The combination of RP-HPLC and UPLC-MS*® analysis was
thus an effective and vital approach to identify the minor metabolic constituents and fully elucidate

the microbial metabolic profile of the environmental Serratia strains.

Genetically, secondary metabolites are synthesised by a number of gene clusters that can be
identified using a bioinformatics approach (Romano et al. 2018). Certain gene clusters involved in
secondary metabolism [such as non-ribosomal peptide synthetase (NRPS) gene clusters] may not
be expressed under laboratory conditions and may be considered as ‘silent’ gene clusters (Bode et
al. 2002). Minor alterations in the cultivation conditions of a particular strain may however, trigger
the expression of the ‘silent’ gene clusters and may allow for the discovery of novel small molecules
(Bode et al. 2002). This phenomenon is known as the “one strain many compounds” (OSMAC)

approach, which indicates that a single strain can produce various metabolites when grown under
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different media composition and cultivation conditions, leading to the activation of the ‘silent’
metabolic pathways within the genome of the microbial strain (Bode et al. 2002; Romano et al.
2018). When comparing the culture conditions of Clements et al. (2019b; chapter two) to the culture
conditions employed in the current study, an increased production scale (from 100 mL to 1500 mL)
in baffled flasks, as well as the change in media components (from bactopeptone to peptone
powder) was applied. Thus, while the combination of RP-HPLC and UPLC-MS*® analysis may have
aided in the detection of the minor metabolites; it is also probable that the altered culture conditions
and media composition employed, may have activated ‘silent NRPS clusters (such as the
glucosamine derivatives in the P1 strain and the serratiochelin in both strains), thereby increasing
the metabolic constituents produced by both the pigmented and non-pigmented S. marcescens

strains.

Although genome mining of the P1 and NP1 strains was not within the scope of this study, Khilyas
et al. (2019) sequenced the genome of a pigmented S. marcescens SM6 strain and used the
antiSMASH 5.0 prediction tool to identify biosynthetic gene clusters involved in secondary
metabolism within the strain. The authors identified five biosynthetic gene clusters involved in
secondary metabolite production, including gene clusters responsible for the production of two
siderophores (serratiochelin and chrysobactin), a thiopeptide, a serratamolide and a glucosamine
derivative (Khilyas et al. 2019). It is possible that the P1 and NP1 strains possess similar NRPS
gene clusters as both strains were able to produce serratiochelin, serratamolides and glucosamine
derivatives. In addition, the bifurcated biosynthetic pathway responsible for the production of
prodigiosin was additionally activated in the P1 strain (Lee et al. 2011). Following an extensive
literature search, and to the best of the author's knowledge, this is the first report of the co-
production of all four secondary metabolic classes (including prodigiosin, serratiochelin A,

serratamolides and glucosamine derivatives) by a Serratia strain.
3.4.3. Antimicrobial Activity

Results from this study indicated that prodigiosin, serratamolide homologues (A to C) and
glucosamine derivative homologues (A and C), as well as the novel glucosamine derivative E
homologue exhibited activity against a clinical Gram-positive bacterial strain. The MIC and MBC
assays further revealed that serratamolide A, B and C exhibited identical activity against E. faecalis
S1, suggesting that the presence of a double bond or the increased length of one of the two fatty
acid chains from Cy, to Cy, exhibited no additional antimicrobial potency against the Gram-positive
strain. In comparison, glucosamine derivative A was found to exhibit a lower MIC and MBC in
comparison to the serratamolides. This indicates that E. faecalis S1 was more susceptible to the

glucosamine derivative A than the serratamolides. Overall, however, E. faecalis S1 was found to be
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the most susceptible to prodigiosin, as a lower MIC and MBC was obtained against the clinical

strain in comparison to glucosamine derivative A and the serratamolides.

The potent activity of prodigiosin corresponds to previous research that similarly recorded activity of
this pigmented compound against Gram-positive bacteria such as Staphylococcus aureus
(S. aureus) and Bacillus subtilis (B. subtilis) (Darshan and Manonmani 2015). It has also been
suggested that prodigiosin is a hydrophobic stressor that disrupts the cell membrane and results in
the leakage of intracellular products, such as K® ions, amino acids, sugars and proteins
(Suryawanshi et al. 2016). Furthermore, prodigiosin may interfere with cellular respiration and
protein and ribosomal ribonucleic acid synthesis (Danevci¢ et al. 2016a, 2016b). Serratamolide A
has similarly been reported to display activity towards Gram-positive bacteria, such as S. aureus
strains (Kadouri and Shanks 2013). It has additionally been reported that serratamolide A
(serrawettin W1) increased the rate of movement of K" and H* across the membrane of S. aureus at
a concentration of 10 ug/mL, while no leakage of ‘260 nm-absorbing products’ (such as nucleic
acids), membrane permeability or cell growth inhibition was observed at this concentration (Deol et
al. 1973). Currently, one study has reported on the antimicrobial activity of glucosamine derivative
homologues (A to C) toward Mycobacterium diernhoferi; however, little is known about the
mechanism of action of these metabolites (Dwivedi et al. 2008). Moreover, Hage-Hilsmann et al.
(2018) described the enhanced antimicrobial activity of serrawettin W1 (serratamolide A) and
prodigiosin in combination, in comparison to the individual bioactive metabolites, against
Corynebacterium glutamicum. The authors hypothesised that the co-production of serrawettin W1
and prodigiosin may provide a competitive advantage to the producing strain due to the increased
bioactive potency, whilst also aiding in the colonisation and biofilm development of the producing
strain by inhibiting or delaying the growth of competing microorganisms. Thus, whilst extensive
research is required to investigate the ecological role of co-producing prodigiosin, serratamolides
and glucosamine derivatives; the combined production of these bioactive metabolites by
S. marcescens may provide a competitive advantage to the producing strain (Darshan and
Manonmani 2015; Hage-Hulsmann et al. 2018). Moreover, as indicated in chapter two (Clements et
al. 2019b), the metabolites in the P1 strain may exhibit a higher antimicrobial effect in comparison to
the metabolites in the NP1 strain, as the secondary metabolites in the P1 crude extract were
effective against 81% of the test microbial organisms, in comparison to the 67% antimicrobial

efficacy recorded for the NP1 strain.
3.5. Conclusions

The use of chromatographic fractionation, ESI-MS, UPLC-MS® and molecular networking analysis
allowed for the separation, identification and elucidation of 21 secondary metabolites (combined

total for P1 and NP1 strains), including serratamolide homologues, glucosamine derivative
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homologues, prodigiosin (P1) and serratiochelin A. Moreover, the putative structure of an open-ring
serratamolide homologue and putative structures of eight novel glucosamine derivative congeners
were elucidated. The structural relatedness of the novel open-ring serratamolide and glucosamine
derivative congeners to the known serratamolides and glucosamine derivatives, respectively, was
revealed using molecular networking and fragmentation patterns of the UPLC-MS® data. This
approach thus proved vital for metabolite identification and characterisation. The identified metabolic
families exhibited structural diversity and well-ordered chromatographic behaviours due to structural
modifications of fatty acid chain lengths, open-ring or cyclic structures and the degree of saturation
(saturated or mono-unsaturated) of the fatty acid chain. Moreover, seven fractions collected during
RP-HPLC, with major molecular ions corresponding to prodigiosin, serratamolides (A, B and C), and
glucosamine derivatives (A, C and E), displayed antimicrobial activity against the clinical E. faecalis
S1 strain using the disc diffusion assay. However, the MIC and MBC assays revealed that
prodigiosin exhibited the greatest antimicrobial potency in comparison to serratamolide A, B and C,
and glucosamine derivative A. This study thus highlights the importance of Serratia species as a
source of novel antimicrobial compounds for potential therapeutic application. It is recommended
that future research investigate the mode of action and synergism of the bioactive secondary
metabolites produced by these two S. marcescens strains. In addition, the use of whole genome
sequencing of the P1 and NP1 strains and subsequent genome mining of NRPS gene clusters is a
promising future endeavour to identify additional secondary metabolites not actively being produced

under typical cultivation conditions.
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Abstract

The antifouling potential of secondary metabolites produced by a pigmented (P1) and a non-
pigmented (NP1) Serratia marcescens (S. marcescens) strain was investigated. The P1 and NP1
crude extracts, comprised of serratamolide and glucosamine derivative homologues (as well as
prodigiosin in the P1 crude extract), were tested against single- and dual-species Pseudomonas
aeruginosa (P. aeruginosa) S1 68 and Enterococcus faecalis (E. faecalis) S1 biofilms to determine
the minimum biofilm eradication concentration (MBEC) using the MBEC Assay®. Results indicated
a significant reduction (= 2 logs) in plate counts and gene copies [ethidium monoazide bromide
guantitative polymerase chain reaction (EMA-gPCR)] of the single-species P. aeruginosa S1 68 and
E. faecalis S1 biofilms after exposure to the P1 and NP1 crude extract, with the exception of the
single-species P. aeruginosa S1 68 biofilm where a one log reduction was observed (based on gene
copies) after exposure to the NP1 crude extract. The P1 and NP1 extracts significantly reduced the
dual-species P. aeruginosa and E. faecalis biofiim based on plate counts and gene copies;
however, a 10- and 5-fold increase in the concentration of P1 and NP1 was required to reduce
E. faecalis by = 2 logs in comparison to the single-species E. faecalis biofilm. Moreover, pre-
adsorption of 50 mg/mL of the P1 and NP1 crude extracts to the pegs of the MBEC Assay® reduced
the adhesion of mono-cultures of P. aeruginosa S1 68 and E. faecalis S1 by = 93% based on plate
counts and = 80% based on gene copies. In co-culture, reductions in E. faecalis S1 adhesion to the
P1 and NP1 coated pegs were comparable to the results recorded for the mono-culture
experiments, while a < 80% reduction in P.aeruginosa S1 68 was obtained. Surface
characterisation methods, including water contact angle measurements, attenuated total reflectance
Fourier transform infrared spectroscopy and scanning electron microscope coupled to
backscattered electron imaging-energy dispersive Xx-ray spectroscopy, then confirmed the
successful immobilisation of serratamolides and glucosamine derivatives (detected in P1 and NP1
crude extracts) onto the surface of high-density polyethylene PE300 (HDPE) and polyvinyl chloride
(PVC). The P1 and NP1 coated HDPE effectively reduced the adhesion of P. aeruginosa S1 68
cells by = 87% based on plate counts and = 64% based on gene copies, while the adhesion of
E. faecalis S1 was reduced by = 96% based on plate counts and = 87% based on gene copies. In
contrast, while the P1 and NP1 coated PVC effectively reduced the adhesion of P. aeruginosa S1
68 cells by = 81% based on plate counts and = 99% based on gene copies, minor reductions in
adhesion were observed for E. faecalis S1. The P1 and NP1 crude extracts thus have the potential
to be used as biodetergents for controlling P. aeruginosa and E. faecalis biofilms in industrial
settings and can be applied as a preventative strategy to delay the onset of biofilm formation on

polymeric materials.

Keynotes: Serratamolide; glucosamine derivative; prodigiosin; biofilm disruption; antiadhesive;

surface immobilisation

104



Stellenbosch University https://scholar.sun.ac.za

4.1. Introduction

Biofilms are a complex aggregation of single- or multi-species microbial communities that are able
to proliferate on biotic and abiotic surfaces commonly utilised within the water, food and medical
industries (Donlan 2002; Kiran et al. 2010; do Valle Gomes and Nitschke 2012). Microbial
contamination within these environments can pose a serious human health risk, as biofilms are
known to harbour opportunistic and pathogenic microorganisms (Banerjee et al. 2011; Abdallah et
al. 2014). In particular, Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumoniae
(K. pneumoniae), Staphylococcus aureus (S. aureus), Listeria monocytogenes (L. monocytogenes)
and Enterococcus faecalis (E. faecalis), are often detected in contaminated water sources, food
processing units and as part of a biofilm community on medical equipment, devices and implants
(Wingender and Flemming 2011; Abdallah et al. 2014; Lee et al. 2017; Meier et al. 2018). Several
strategies such as the use of chlorine based disinfectants, peracetic acid and quaternary ammonium
compounds, amongst others, are thus being implemented to reduce the formation of biofilms and
disrupt existing biofilm communities (Simdes et al. 2010). However, research has indicated that the
biofilm extracellular polymeric substance (EPS) matrix provides a protective barrier that delays or
prevents conventional disinfectants from reaching the target microbial cells within the biofilm,
contributing to inefficient biofilm control and eradication. Moreover, microorganisms within biofilms
may possess inherent resistance mechanisms or may acquire resistance to antimicrobial or
disinfectant products through genetic exchange or mutations, further contributing to the persistence
of biofilm communities (Simdes et al. 2010). The discovery of potent antifouling agents capable of
removing microbial biofilms and reducing the adhesion of microbial cells to solid surfaces is thus a
priority (Ludensky 2003).

Biosurfactants are a diverse group of bioactive amphiphilic compounds produced by bacteria, yeast
and filamentous fungi during secondary metabolism (Janek et al. 2012). Numerous biosurfactants
exhibit antibacterial, antifungal and antiviral activities, which make them valuable for application in
several fields (such as the water, medical and food industries) (Gudifia et al. 2010). Investigations
into the antifouling properties of biosurfactants have also gained momentum over the last 20 years
(Meylheuc et al. 2001; Rivardo et al. 2009; Dusane et al. 2010, 2012; Sambanthamoorthy et al.
2014), with studies indicating that biosurfactants may be more effective at disrupting existing
biofilms than traditional inhibitory agents (Epstein et al. 2011; Banat et al. 2014). Glycolipids and
lipopeptides, produced by bacterial genera such as Bacillus spp., Paenibacillus spp., Pseudomonas
spp. and Lactobacillus spp., amongst others, are the two main classes of biosurfactant compounds
that have been reported to display biofilm disrupting and antiadhesive activity (Banat et al. 2014).
While these biosurfactant classes are also produced by Serratia spp., they have not been

extensively investigated as a natural source of antifouling agents.
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Various Serratia species produce serrawettins, which form part of the lipopeptide class of
biosurfactants, and are comprised of a hydrophilic peptide moiety attached to a hydrophobic fatty
acid moiety (Thies et al. 2014; Clements et al. 2019a). Three structurally distinct molecular species
of serrawettins have been identified, including serrawettin W1, serrawettin W2 and serrawettin W3
(Matsuyama et al. 1985). Serrawettin W1 (also referred to as serratamolide A) has been extensively
investigated and is a cyclic peptide of two serine amino acids linked to two fatty acid chains (Thies
et al. 2014). Homologues of serrawettin W1 (serratamolide B to F) exist due to the varying fatty acid
chain length, open-ring structures and the presence or absence of double bonds (Eckelmann et al.
2018). Since their discovery, several studies have indicated that serrawettins exhibit bioactivity
against bacteria, fungi, nematodes and cancer cells (Tomas et al. 2005; Pradel et al. 2007; Dwivedi
et al. 2008; Kadouri and Shanks 2013; Su et al. 2016; Zhu et al. 2018). Dusane et al. (2011) was
the first to report on the antifouling properties of a glycolipid composed of palmitic acid esterified to
glucose, produced by a Serratia marcescens (S. marcescens) strain. A glycolipid concentration of
50 pg/mL resulted in preformed biofilm reductions of up to 55% for Candida albicans (C. albicans),
62% for P. aeruginosa and 55% for Bacillus pumilus, when grown in a polystyrene microtiter plate
(Dusane et al. 2011). Thereafter, Motley et al. (2016) investigated the ability of serrawettin W2,
produced by a Serratia strain, to inhibit biofilm formation by C. albicans. The C. albicans strain was
incubated with the biosurfactant for 48 h in the wells of a 96-well polystyrene microtiter plate, with
results indicating that half the inhibitory concentration (ICso) of 7.7 £ 0.7 uM for serrawettin W2
inhibited biofilm formation (Motley et al. 2016).

Previous studies have indicated that the coating of biosurfactants to a solid substratum can modify
its surface hydrophobicity, thereby reducing the adhesion of microorganisms to the material and
ultimately results in a reduction of biofilm formation (do Valle Gomes and Nitschke 2012). One of the
most common coating techniques involves simple adsorption of an antimicrobial compound to the
surface of the material (Meylheuc et al. 2001, 2006; Pirog et al. 2014; Shubina et al. 2015).
Moreover, the encapsulation or incorporation of an antimicrobial substance within a material has
also been described (Verma et al. 2019). However, several limitations to these methods exist,
including the loss of antifouling potency over time, potential toxicity or the development of
antimicrobial resistance due to a low concentration of the compound being released (Alves and
Pereira 2014; De Zoysa and Sarojini 2017; Verma et al. 2019). Alternative coating strategies are
thus required for industrial application and the immobilisation of antimicrobials (including
biosurfactants) to polymers using covalent linkages is advantageous as this method prevents
leaching, enhances long-term stability and increases the duration of antimicrobial efficacy (Alves
and Pereira 2014; De Zoysa and Sarojini 2017). Antimicrobial materials that prevent or significantly
reduce microbial adhesion by covalently immobilising a lipopeptide to the surface of a material have

thus been developed (Mohor¢i¢ et al. 2010; De Zoysa and Sarojini 2017). For example, De Zoysa
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and Sarojini (2017) covalently immobilised a lipopeptide (battacin) to glass, silicon, and titanium
surfaces, and found that the battacin-immobilised surfaces prevented microbial adhesion of

P. aeruginosa and Escherichia coli cells (98.6 to 99.9% reduction of adhesion) to all three surfaces.

Considering the relevance of developing lipopeptide-coated surfaces with antifouling activity for
industrial application, the search for secondary metabolites produced by Serratia spp. that display
biofilm disruption and antiadhesive activity is of interest. As outlined in chapter three, the
S. marcescens P1 and NP1 strains produce various bioactive secondary metabolites, including
serratamolide homologues in combination with glucosamine derivative homologues in the P1 and
NP1 crude extracts, while prodigiosin (red pigment) was detected in the P1 crude extract. Moreover,
both P1 and NP1 crude extracts were found to exhibit broad-spectrum antimicrobial activity
(Clements et al. 2019b; chapter two). The primary aim of the current study was thus to explore the
potential biofilm disrupting and antiadhesive activity of the P1 and NP1l crude extracts against
single- and dual-species biofilms of E. faecalis S1 and P. aeruginosa S1 68, using the MBEC
Assay®. A secondary aim was to use these metabolites to develop a non-leaching biomaterial by
covalently immobilising serratamolide and glucosamine derivative homologues detected in the P1
and NP1 crude extracts, to discs of high-density polyethylene PE300 (HDPE) and polyvinyl chloride
(PVC) and investigate the antifouling potency of the biomaterials against mono-cultures of E.

faecalis S1 and P. aeruginosa S1 68.

4.2. Materials and Methods

4.2.1. Bacterial Strains

The biosurfactant producing S. marcescens P1 (pigmented) and NP1 (hon-pigmented) strains used
in this study were previously isolated from oil refinery effluent and river water samples, respectively
(Clements et al. 2019b; chapter two). The test microorganisms used for the antifouling assays
included P. aeruginosa S1 68 [environmental strain isolated from rainwater (Clements et al. 2019c)]
and E. faecalis S1 (clinical isolate). Pseudomonas aeruginosa S1 68 was streaked from the glycerol
stocks onto Nutrient agar (Merck, South Africa), while E. faecalis S1 was streaked onto Tryptone
Soy agar (Biolab, Merck, South Africa) supplemented with 6 g/L yeast extract (Biolab, Merck, South
Africa) (TSAYEe) and both strains were incubated at 37 °C for 18 to 24 h.

4.2.2. Production and Partial Purification of Secondary Metabolites

The crude extracts of S. marcescens P1 and NP1 were produced, extracted and partially purified as
described in chapter three. Briefly, the S. marcescens P1 and NP1 strains were inoculated into 10
mL Luria Bertani broth (Biolab, Merck, South Africa) and incubated aerobically on a test tube rotator
(MRCLAB, London, United Kingdom) at 30 °C for 18 to 24 h. Each seed culture was subsequently
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inoculated into a 2 000 mL baffled flask containing 500 mL Peptone Glycerol (pH 7.2 + 0.2) broth
[composed of 5 g Peptone powder (Biolab, Merck, South Africa) and 10 mL glycerol (Promega,
Wisconsin, United States) in 1 L distilled water] in triplicate, which was incubated on an orbital
shaker (MRCLAB, London, UK) at 30 °C for 120 h at 120 rpm. The broth culture was then
centrifuged at 10 000 rpm for 20 min at 4 °C to obtain the cell free supernatant. The cell free
supernatants were lyophilised and dissolved in 70% (v/v) acetonitrile (Romil, Darmstadt, Germany).
The acetonitrile soluble fraction was transferred into a sterile McCartney bottle and lyophilised. This
step was repeated thrice to further purify the crude extracts. The lyophilised extracts were

analytically weighed to determine the mass of each extract and subsequently stored at -20 °C.
4.2.3. Biofilm Disruption (MBEC Assay®)

The minimum biofilm eradication concentration (MBEC) of each crude extract against preformed
single- and dual-species biofiims was determined using the MBEC Assay® (P&G, Innovotech,
Edmonton, AB, Canada), as per the manufacturer’s instructions with minor modifications. The
MBEC Assay® is composed of a 96-well microtiter plate and a lid containing 96 pegs that fit into
each well of the microtiter plate. It is on the pegs of the lid that the biofilm will develop. The test
microorganisms were first inoculated into 5 mL Mueller Hinton Broth (MHB, Merck, South Africa)
(P. aeruginosa S1 68) or Tryptone Soy Broth (Biolab, Merck, South Africa) supplemented with 6 g/L
yeast extract (TSBYEqes) (E. faecalis S1) and incubated at 37 °C for 18 to 24 h. For single-species
biofilms, the MBEC Assay® lid was placed into a microtiter plate containing 150 pyL of the cell
suspension of each test microorganism adjusted to an optical density at 625 nm (ODg,s) of 0.08 to
0.13 [~10" to 10° colony forming units (CFU)/mL]. A trial was first conducted to determine the
appropriate ratio of each test strain in TSBYEq sy to be added to the MBEC Assay® to form dual-
species biofilms. Based on the results obtained (results not shown) the lid was placed into a new
Nunc® Microwell™ 96-well tissue culture microtiter plate (Merck, South Africa) containing 75 pL of
the P.aeruginosa S1 68 [ODgs = 0.08 (~10" CFU/mL)] suspended in TSBYEgg, and 75 pL
E. faecalis S1 [ODgys = 0.13 (~10° CFU/mL)] suspended in TSBYEqgy. For each single- or dual-
species biofilm assay, sterile broth was included as a negative control, while sterile broth with the
respective test organism(s) was included as a positive control. The MBEC Assay® was assembled
and incubated on an orbital shaker at 120 rpm for 18 to 24 h at 37 °C.

Following incubation, the MBEC Assay® lid was rinsed with sterile saline (0.85% NaCl) and
transferred to a challenge plate containing P1 or NP1 crude extract. The single- and dual- species
biofilms were exposed to 6.25 to 50 mg/mL [prepared in 15% methanol (Sigma-Aldrich, St. Louis,
USA)] of P1 or NP1 crude extracts, with the exception of the single-species E. faecalis S1 biofilm
that was exposed to 1.25 to 10 mg/mL of the P1 or NP1 crude extracts. The single- and dual-

species biofilms were exposed to the various concentrations of the crude extracts (in triplicate) for
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2 h at 37 °C. After exposure, the MBEC Assay® lid was transferred to a recovery plate containing
200 pL of sterile organism specific media containing universal neutraliser recovery media (as per
manufacturer’s instructions). Thereafter, the plate was sonicated in an ultrasonic cleaner (Branson
model 5510) (containing a dry stainless steel insert tray) for 30 min to dislodge the remaining
biofilm, which was quantified as described in section 4.2.5. The log reduction of the preformed

biofilm cells disrupted by P1 and NP1 crude extracts was determined.
4.2.4. Antiadhesive Activity (MBEC Assay®)

The antiadhesive activity of the P1 and NP1 crude extracts against pure and co-culture cell
suspensions of P. aeruginosa S1 68 and E. faecalis S1 was also conducted using the MBEC
Assay®. In order to coat the pegs of the MBEC Assay® lid, the protocol described by Rivardo et al.
(2009) was utilised. Briefly, the MBEC Assay® lid was transferred to a Nunc™ Nunclon™ 96-well
tissue culture microtiter plate containing 200 pL of P1 or NP1 crude extracts (in triplicate) at varying
concentrations of 6.25 to 50 mg/mL [prepared in 15% methanol]. Negative controls of 200 pL sterile
broth and 15% methanol were included in each assay, in triplicate (uncoated pegs). The MBEC
Assay® was assembled and incubated at 4 °C for 24 h. After 24 h, the lid was removed and allowed
to dry in a sterile environment for 10 min. For mono-culture cell suspensions, the lid was placed into
a microtiter plate containing 150 pL of the test microorganism [ODg,s = 0.08 to 0.13 (~107 to 10°
CFU/mL)]. In contrast, for co-culture cell suspensions, a trial was conducted to determine the
appropriate ratio of each test microorganism in TSBYE(e to be added to each well of the MBEC
Assay® (results not shown). Thus, the MBEC Assay® lid was placed into a new microtiter plate
containing an equal volume of P. aeruginosa S1 68 and E.faecalis S1 [75 pL of each strain
suspended to an ODgs = 0.1 (~10® CFU/mL)] broth cultures. The lid was then removed after 1 h of
exposure to the test microorganism(s) at 37 °C and was rinsed in sterile saline (0.85% NaCl) to
remove non-adherent cells, as described by Sambanthamoorthy et al. (2014). Thereafter, the lid
was transferred to a new microtiter plate containing 200 yL of sterile organism specific media
containing universal neutraliser recovery media (as per manufacturer’s instructions). The plate was
sonicated in an ultrasonic cleaner for 30 min to dislodge the attached cells and were quantified as
described in section 4.2.5. The percentage of bacterial cells inhibited from adhering to the pre-

coated surface was determined as indicated in Eq.1.

% Microbial inhibition = [1 = ()] X 100 weooocercorosossoescesesossnee [Eq. 4.1]

0

where A represents the CFU/mL or gene copies/mL of the well at a crude extract concentration c,

and A, represents the CFU/mL or gene copies/mL of the control well.
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4.2.5. Quantification of Biofilm Disruption and Antiadhesive Activity

4.2.5.1. Culture-based Analysis

The cell suspensions recovered after sonication (sections 4.2.3 and 4.2.4) were quantified by using
a standard culture-based technique. Briefly, 20 uL of each suspension (in triplicate) was used for
serial dilutions (10 to 10®) in 180 pL sterile saline in a 96-well microtiter plate. For single-species
biofilms, the dilutions (as well as 20 uL of the respective undiluted sample) were spot plated onto
Nutrient agar (single-species biofilm of P. aeruginosa S1 68) or TSAYE e (Single-species biofilm of
E. faecalis S1). For the dual-species biofilms, the dilutions were spot plated onto Slanetz and
Bartley agar (Oxoid, Hampshire, England) for E. faecalis S1 and Cetrimide agar (Merck, South
Africa) for P. aeruginosa S1 68 quantification, respectively. The plates were incubated at 37 °C for
18 to 24 h. Thereafter, the bacterial colonies were enumerated and the bacterial counts were

recorded as an average of the triplicate + standard deviation.

4.2.5.2. Ethidium Monoazide Bromide (EMA) Treatment and Deoxyribonucleic acid (DNA)

Extraction

Following the culture-based quantification, the remaining triplicate cell suspensions for each crude
extract concentration was pooled to yield a total volume of 480 pL, which was then subjected to
ethidium monoazide bromide (EMA) treatment, DNA extraction and quantitative PCR (qPCR) [also
known as ethidium monoazide bromide quantitative PCR (EMA-qPCR)].

The viability dye, EMA, was obtained from Biotium (Hayward, CA, USA) and was dissolved in 20%
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, USA) to obtain a 5 mg/mL stock solution
(Reyneke et al. 2016). The EMA treatment of the remaining recovered cell suspensions were
conducted as previously described by Reyneke et al. (2016) and Delgado-Viscogliosi et al. (2009).
Briefly, 480 yL of the remaining cell suspension was exposed to 6 uM of EMA, followed by an
incubation period of 10 min in the dark on ice. The samples were then subjected to a 15 min
halogen light (500 W; Eurolux, South Africa) exposure at an exposure distance of 20 cm, in order to
crosslink the dye to extracellular DNA or the DNA from membrane compromised cells. The EMA-
treated samples were washed with an equal volume of sterile saline (0.85% NaCl) and were
centrifuged at 13 000 rpm for 5 min. The supernatant was discarded after centrifugation and the
resulting pellet was re-suspended in 750 L lysis solution from the Quick-DNA™ Fecal/Soil Microbe
Miniprep Kit (Zymo Research, Irvine, CA, USA) and the DNA extractions were completed according
to the manufacturer’s instructions. In addition, genomic DNA was extracted from the American Type
Culture Collection (ATCC) microorganisms, E. faecalis ATCC 7080 and P. aeruginosa ATCC 27853
using the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit.
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4.,2.5.3. Quantitative PCR

The EMA-treated samples from the single- and dual-species P. aeruginosa S1 68 and E. faecalis S1
biofilm assays (biofilm disruption and antiadhesive activity) were subjected to qPCR using the
primers and cycling parameters outlined in Table 4.1. The gPCR was performed on a LightCycler®
96 (Roche Applied Science, Mannheim, Germany) using the FastStart Essential DNA Green Master
Mix (Roche Applied Science, Mannheim, Germany). The reaction mixture (20 pL) consisted of 1X
FastStart Essential DNA Green Master Mix, 0.2 uM of each primer (both Pseudomonas spp. and
Enterococcus spp.) (Table 4.1) and 5 uL template DNA.

Table 4.1 The cycling parameters used for conventional and quantitative PCR for the respective test

microorganisms.

Microorganism

Pseudomonas spp.

Enterococcus spp.

parameters for
conventional

5 min at 95 °C; 50 cycles of 94 °C for
30s,58°Cfor30s, 72 °C for 30 s;
72 °C for 10 min

Primer name ECST784F:
and sequence PS1: ATGAACAACGTTCTGAAATTC AGAAATTCCAAACGAACTTG
(5 t0 3 PS2: CTGCGGCTGGCTTTTTCCAG ENC854R:
CAGTGCTCTACCTCCATCATT
Cycling

5 min at 95 °C; 50 cycles of 95 °C for
15 s, 60 °C for 1 min, 72 °C for 20 s;
72 °C for 10 min

PCR
Cycling , 0. o : o °
arameters for 10 min at 95 °C; 50 cycles of 94 °C 10 min at 95 °C; 50 cycles of_ 95 °C
P qPCR for30s,58°Cfor30s,72°Cfor30s for 15 s, **60 °C for 1 min
Gene (bp) oprl (249) 23S rRNA (75)
Reference Bergmark et al. (2012) Frahm and Obst (2003)

**Combined annealing and elongation step

Melt curve analysis was included during the SYBR green real-time PCR assay in order to verify the
specificity of the primer set by increasing the temperature from 65 to 97 °C at a rate of 0.2 °C/s with
continuous fluorescent signal acquisition at 5 readings/ °C. To generate a standard curve for the
guantification of Pseudomonas and Enterococcus, conventional PCR was performed on the
extracted positive control (E. faecalis ATCC 7080 and P. aeruginosa ATCC 27853) DNA.
Conventional PCR was performed using the primers and cycling parameters, as outlined in Table
4.1, using the T100™ Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). Each PCR
mixture was performed in a final volume of 25 pL using a standard PCR mixture consisting of 1X
Green GoTag® Flexi buffer (Promega), 2.0 mM MgCl, (Promega, Wisconsin, US), 0.1 mM dNTP
mix (Thermo Fisher Scientific, Waltham, Massachusetts, United States), 1.5 U of GoTag® Flexi
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DNA polymerase (Promega, Wisconsin, US), 0.2 uM (Pseudomonas spp.) or 0.5 uM (Enterococcus
spp.) of each primer (Table 4.1) and 2 uL of template DNA. Sterile water was used as a negative
control, while genomic DNA extracted from the ATCC strains was used as a positive control. The
products of the conventional PCR amplification were analysed by gel electrophoresis using 1.5%
agarose, containing 0.5 pg/mL ethidium bromide in a 1X tris/acetate/ethylenediaminetetraacetic acid
(TAE) buffer. The PCR products were cleaned and concentrated using the Wizard® SV Gel and

PCR Clean-up System (Promega, Wisconsin, US) as per manufacturer’s instructions.

A standard curve was prepared by using the clean and concentrated conventional PCR products.
Briefly, the DNA concentration of each cleaned-up PCR product of the ATCC strains was
determined using a NanoDrop® ND-1000 (Nanodrop Technologies Inc.). The DNA concentration
and gene product size was then used to dilute the DNA to a final concentration of 10° gene
copies/uL as previously described by Dobrowsky et al. (2016). Serial 10-fold dilutions of the PCR
products were then prepared in order to generate a standard curve, with a concentration of 1.00 x
10° gene copies/pL for the dilution with the highest copy number and a concentration of 1.00 x 10°
gene copies/uL for the dilution with the lowest copy number. The lower limit of detection (LLOD) for
all gPCR assays was determined as the lowest number of genome copies consistently detected for

each organism.

4.2.6. Coating of Polymers with P1 and NP1 Crude Extracts

4.2.6.1. Modification of Antimicrobial Compounds

The crude extracts obtained from S. marcescens P1 and NP1 (as outlined in section 4.2.2) were
utilised for coating experiments onto high-density polyethylene PE300 (HDPE) (Maizey, South
Africa) and unplasticised polyvinyl chloride (PVC) (Maizey, South Africa) discs of 20 mm x 10 mm,
1.5 mm thick. Prior to the coating of the two materials (HDPE and PVC), the P1 and NP1 crude
extracts [comprised of serratamolide and glucosamine derivative homologues (and prodigiosin in
the P1 crude extract)] were subjected to chemical modification in order to ensure that the
compounds would covalently attach to the materials. It is important to note that prodigiosin was not
modified or attached to the silanized materials, due to the absence of reactive functional groups
within the prodigiosin structure. The P1 and NP1 crude extracts were modified as illustrated in
Scheme 4.1.

Briefly, P1 or NP1 crude extracts (350 mg, 0.714 mmol), pyridine (282.47 mg, 3.571 mmol; Merck,
South Africa) and dry ethanol (50 mL; Merck, South Africa) were added into a round bottom flask
(100 mL) equipped with a magnetic stirrer and chilled. Following solubilisation of the respective
compounds, nitrogen gas was bubbled into the solution. Thionyl chloride (SOCI,) (424.8 mg,
3.571 mmol, 97% purity, Merck, South Africa) was slowly added drop-wise into the mixture and the
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reaction was continuously stirred for 20 to 24 h at ambient temperature under a nitrogen blanket.
Subsequently, the excess solvent was removed under reduced pressure using a Buchi Rotavapor
R-114 (Buchi Labortechnik AG, Switzerland) and the residue was washed three times with
dichloromethane (DCM, Merck, South Africa). Following the washing step, the mixture (composed of
the modified compounds) was placed in a 40 °C oven for approximately 4 h to dry. All modified
compounds were sealed in inert vials and stored at -20 °C until required. In order to confirm the
successful substitution of the hydroxyl groups (-OH) with chlorine groups (-Cl) in the structures of
the secondary metabolites, approximately 200 ug of the dry chemically modified P1 and NP1 crude
extracts and 200 pg of dry unmodified crude extracts were subjected to attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy (as indicated in section 4.2.7.2). The remaining
dry modified extracts were weighed and used for the coating experiments as described in section
4.2.6.2.

O R4 0] R4
NH O (0]
HO \CI7 e Om\
0 o HN OH 70 O
SOCl,, pyridine

4> R2 O
Serratamolide homologue Ethanol, 24 h Modified serratamolide homologue

° Ow;( - ‘o
NHo ek

Glucosamine derivative homologue Modified glucosamine derivative homologue

Scheme 4.1 Synthesis of modified serratamolides and glucosamine derivative homologues present
in the P1 and NP1 crude extracts. The R; and R, groups on the serratamolides and glucosamine
derivative homologue structures indicate the fatty acyl moieties and these chains may vary in length

and saturation (saturated, mono-unsaturated or poly-unsaturated) (as described in chapter three).

4.2.6.2. Immobilisation of Modified Compounds onto the Polymers

The modified crude extracts (P1 and NP1) were utilised for the coating of the HDPE and PVC
surfaces, as illustrated in Scheme 4.2. The immobilisation procedure of the above crude extracts
was adapted and modified as previously described by De Zoysa and Sarojini (2017). Prior to the
coating steps, all surfaces were washed with acetone and sterile Milli-Q water and dried at room
temperature. The coating was conducted in duplicate. Briefly, the HDPE and PVC discs were

immersed in a test tube containing 4 mL piranha solution [50% hydrogen peroxide (H,O,, 30% v/v in
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water; Merck, South Africa) and 50% concentrated sulphuric acid (H.SO,, 95-97%; Merck, South
Africa)], for 30 min on a rotary wheel at 37 °C (Scheme 4.2). After treatment, the materials were
rinsed in Milli-Q water and ethanol and dried under nitrogen gas. The piranha-treated materials were
then silanized in 3% of 3-triethoxysilylpropan-1-amine (99%, APTES, Sigma-Aldrich, St. Louis, USA)
in dry ethanol (4 mL in a test tube; Merck, South Africa) for 48 h on a rotary wheel at 37 °C. The
APTES treated materials were sequentially washed in Milli-Q water and ethanol, soaked in ethanol
for 10 min and sonicated for 10 min. The soaked surfaces were rinsed in ethanol to remove the non-
attached APTES and were dried under a stream of nitrogen gas and placed in a desiccator for
10 min to stabilise the APTES monolayer. Thereafter, the APTES-coated surfaces were immersed
in 4 mL of the modified compounds at 5 mg/mL (in duplicate for each material) in dry ethanol, in a
test tube and were placed on a rotary wheel at 37 °C for 24 h. The coated surfaces were again
washed in Milli-Q and ethanol and dried under nitrogen gas. The coated and control (uncoated and

APTES silanized) materials were stored at -20 °C until further analysis.

OH OH OH OH OH

H202:H2804
E—
30 min
Untreated PVC or HDPE Oxidized PVC or HDPE
Ethanol, APTES
24 h

NH  Modified NH2 NH, NH; NHy; NH;

SRRRPLRRRRR

—8i—0-Si-0-Si-0—Si-0-Si— —8i—0-Si-0-Si-0—Si-0-Si—
| [ | [ [ Ethanol, | [ I [ [
[ R R (N N O
P1 or NP1 coated PVC and HDPE APTES treated PVC or HDPE

Scheme 4.2 Schematic synthetic pathway employed for the selective immobilisation of compounds
onto surfaces of HDPE and PVC.

4.2.7. Surface Characterisation

4.2.7.1. Water Contact Angle Measurements

In order to confirm the successful immaobilisation of the respective crude extracts onto the materials,

the contact angle of water on the APTES coated, P1 and NP1 crude extract coated and uncoated
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materials (PVC and HDPE), was measured using a KSV Cam 100 Goniometer (Biolin Scientific,
Manchester, UK) using Attension Theta analysis software (Biolin Scientific Manchester, UK) as
previously described by De Zoysa and Sarojini (2017). Briefly, a water droplet (1.0 uL) was placed
onto the surface of the APTES coated, crude extract coated and uncoated materials and was left to
equilibrate for 10 s. The contact angle was measured using the planar charged coupled display
(CCD) camera of the Goniometer. This was repeated at five different regions of the material and the

contact angles are reported as an average and its standard deviation.
4.2.7.2. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Prior to covalent immobilisation, the compounds in the P1 and NP1 crude extracts were modified
(as indicated in section 4.2.6.1) and ATR-FTIR spectroscopy was utilised to confirm the successful
modification. In addition, surface characterisation of the coated and uncoated materials was
monitored using Thermo Scientific Nicolet iIS10 ATR-FTIR spectrometer. The spectrometer is fitted
with a diamond disc and Zinc Selenide lenses whose measurements were taken at spectral
resolution of 4cm™ with infrared range between 500 and 4 000 cm™. The spectral data were
obtained after 32 background scans followed by a total of 64 scans per sample. The ATR-FTIR
analysis was used to confirm the presence of functional groups and compare the spectra of
uncoated (PVC and HDPE), APTES coated and crude extract coated materials. The data was

acquired using Omnic software and processed in Origin version 9.0.

4.2.7.3. Scanning Electron Microscope (SEM) Coupled to Backscattered Electron Imaging-
energy Dispersive X-ray Spectroscopy (BSE-EDX)

The surface morphology of the crude extract coated (also referred to as immobilised) and uncoated
materials (PVC and HDPE) were analysed using a MIRA3 TESCAN scanning electron microscope
(SEM) after carbon sputter coating at the Centre for Imaging and Analysis, Electron Microscopy Unit
(University of Cape Town). For the acquisition of the image, a voltage of 7 kV and a probe current of
150 pA was employed. For the determination of the surface morphology of the materials, the SEM-I
mg-studio software version 1.1.0 was used, which operates using the National Instruments
LVRunTime Engine. Energy dispersive X-ray (EDX) spectroscopy was used in conjunction with FEI
NovaNano SEM to confirm the immobilisation of the respective crude extracts onto the materials
(PVC and HDPE).

4.2.8. Stability of the Immobilised Compounds onto the Polymers

The stability of the compounds immobilised onto the materials (PVC and HDPE) was analysed, by
placing the crude extract coated material into 250 mL Erlenmeyer flask containing 100 mL Milli-Q

water. The Erlenmeyer flasks were incubated on an orbital shaker at 120 rpm at ambient
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temperature and 15 mL of the suspension was collected after 24 h of incubation. The suspensions
were lyophilised and dissolved in 15% acetonitrile to obtain a concentration of 1.00 mg/mL. The
samples were then subjected to ultra-performance liquid chromatography coupled to electrospray
ionisation mass spectrometry (UPLC-ESI-MS) at the Mass Spectrometry unit of the Central
Analytical Facilities (CAF) at Stellenbosch University, as previously outlined in Clements et al.
(2019Db; chapter two).

4.2.9. Antifouling Activity of the Crude Extract-immobilised Polymers

The antifouling activity of the materials coated with crude extracts were analysed as described by
De Zoysa and Sarojini (2017) with minor modifications. Briefly, seed cultures of P. aeruginosa S1 68
or E. faecalis S1 were prepared in 5 mL of TSBYE, g and were incubated for 18 to 24 h at 37 °C.
The seed cultures were diluted in 250 mL of TSBYEqey to an ODgs = 0.08 to 0.13 (~10” to 10°
CFU/mL) and 5 mL of the respective diluted seed culture was aliquoted into test tubes.
Subsequently, the coated and uncoated materials were placed into the test tubes containing the
diluted seed culture and the test tubes were incubated at 37 °C for 18 to 24 h on a test tube rotator.
The analysis was conducted in duplicate. Uncoated materials were placed into 5 mL of sterile
TSBYE ey and were included as negative controls, while uncoated materials placed in a test tube
containing 5 mL of each diluted seed culture of the respective microorganisms served as positive
controls. After 24 h, the materials were removed from the test tubes and were rinsed with sterile
saline (0.85% NaCl) to remove non-adherent microbial cells. The materials were then transferred to
3 mL sterile saline (0.85% NacCl) in a test tube and were sonicated for 5 min to recover the microbial
cells that were able to attach to the surface of the coated and control (uncoated) materials. The
resulting cell suspensions were centrifuged at 10 000 rpm for 10 min to concentrate the microbial
cells and the pellet was resuspended in 1 mL of saline (0.85% NacCl). The cell suspensions were
serially diluted from 10° to 10° and 100 pL was spread plated onto TSAYE,¢, plates in triplicate.
The plates were then incubated at 37 °C for 24 h and the CFU/mL was determined. In addition,
EMA treatments and DNA extractions were conducted on 500 pL of each of the remaining cell
suspensions, as outlined in section 4.2.5.2. Thereafter, the DNA samples were subjected to gPCR
analysis as outlined in section 4.2.5.3 (for the P. aeruginosa S1 68 and E. faecalis S1) to quantify

the intact cells capable of adhering to the surface of the crude extract coated and control materials.
4.2.10. Confocal Laser Scanning Microscopy (CLSM)

In order to visually confirm the reduction in microbial adhesion of E. faecalis S1 and P. aeruginosa
S1 68, each of the coated and control materials were stained with 3.35 pM SYTO-9 and 20 uM
propidium iodide (LIVE/DEAD Viability Kit, Invitrogen, Leiden, the Netherlands) as per the

manufacturer’s instructions. Following staining, the uncoated and coated materials were examined
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for the viability of microbial cells using a Carl Zeiss LSM780 CLSM (Carl Zeiss, Germany) at the
Fluorescence Microscopy Unit of the CAF (Stellenbosch University). Images were processed using
ZEN 2012 imaging software (Carl Zeiss) with respect to quality (live/dead ratio) as outlined in
Abdulkareem et al. (2015). All samples were sequentially scanned, frame-by-frame, first at 488 nm
and then at 561 nm.

4.3. Results

4.3.1. Biofilm Disrupting Activity (MBEC Assay®)

Standard plate count methods and EMA-gPCR analysis was used to evaluate the potential of the P1
and NP1 crude extracts to disrupt preformed single- and dual-species biofilms of P. aeruginosa S1
68 (concentration range of 6.25 to 50 mg/mL) and E. faecalis S1 (concentration range of 1.25 to
10 mg/mL for single-species and 6.25 to 50 mg/mL for dual-species). Using a standard curve,
P. aeruginosa and E. faecalis gene copy numbers from intact cells were quantified in the untreated
and corresponding crude extract treated biofilms and are represented as oprl gene copies per mL
and 23S rRNA gene copies per mL, respectively. The gPCR efficiency and linear regression
coefficient (R?) values for all of the MBEC Assays® were within the recommended range and are
indicated in Appendix C Table C1.

4.3.1.1. Single-species Biofilm Disruption

The results of the plate counts and EMA-qPCR analysis of the untreated (control) and P1 and NP1
crude extract treated P. aeruginosa S1 68 biofilms are illustrated in Fig. 4.1A and C. For the
untreated P. aeruginosa S1 68 biofilm samples, an average of 6.50 x 10° CFU/mL was obtained
using culture-based analysis (Fig. 4.1A). Similar log reductions were then observed when the
preformed P. aeruginosa S1 68 biofiims were treated with the P1 crude extract at 6.25 and
12.5 mg/mL, with average plate counts of 3.33 x 10 CFU/mL (2.29 log reduction) and 2.33 x 10°
CFU/mL (2.44 log reduction) recorded, respectively (Fig. 4.1A). A significant log reduction of 4.59
was then obtained at 25 mg/mL of the P1 crude extract, with the P. aeruginosa S1 68 plate counts
reduced to below the detection limit (BDL, <1 CFU/mL) at 50 mg/mL. For the NP1 crude extract,
average P. aeruginosa S1 68 plate counts of 5.17 x 10* CFU/mL (1.10 log reduction) and 5.83 x 10*
CFU/mL (1.05 log reduction) were recorded at 6.25 and 12.5 mg/mL, respectively, with a significant
log reduction of 2.59 (average of 1.67 x 10° CFU/mL) recorded at 25 mg/mL (Fig. 4.1A). Although
the P. aeruginosa S1 68 plate counts were not reduced to BDL at a NP1 crude extract concentration
of 50 mg/mL, a significant reduction of 3.53 logs was recorded (average of 1.92 x 10®> CFU/mL)
(Fig. 4.1A).
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Fig. 4.1 The disruption of preformed single-species biofilms (biofilm disruption activity) treated with
varying concentrations (1.25 to 50 mg/mL) of P1 (red) or NP1 (blue) crude extracts against (A)
P. aeruginosa S1 68 and (B) E. faecalis S1 determined using standard plate count methods, and
(C) P. aeruginosa S1 68 and (D) E. faecalis S1 determined using EMA-gPCR analysis.

For the untreated P. aeruginosa S1 68 biofilm samples, an average of 1.21 x 10° gene copies/mL
was obtained using EMA-qPCR analysis (Fig. 4.1C). Similar log reductions were observed when the
preformed P. aeruginosa S1 68 biofilims were treated with 6.25 and 12.5 mg/mL of the P1 crude
extract, with average gene copy numbers of 1.26 x 10* gene copies/mL (1.98 log reduction) and
8.28 x 10° gene copies/mL (2.16 log reduction) recorded, respectively (Fig. 4.1C). A log reduction of
2.41 (4.66 x 10° gene copies/mL) was then obtained at 25 mg/mL of the P1 crude extract, with the
P. aeruginosa S1 68 gene copy numbers reduced to 3.30 x 10° gene copies/mL (2.56 log reduction)
at 50 mg/mL. A similar trend in gene copy number reduction was observed when the preformed
P. aeruginosa S1 68 biofilms were treated with NP1 crude extract, with average gene copy numbers
of 3.25 x 10° gene copies/mL (0.57 log reduction) and 2.64 x 10° gene copies/mL (0.66 log
reduction) recorded at 6.25 and 12.5 mg/mL, respectively (Fig. 4.1C). However, a log reduction of
1.42 (4.56 x 10* gene copies/mL) was obtained at 25 mg/mL of the NP1 crude extract, while an
average of 1.59 x 10° gene copies/mL (0.88 log reduction) was recorded for the preformed
P. aeruginosa S1 68 biofilms treated with the 50 mg/mL of the NP1 crude extract (Fig. 4.1C).

118



Stellenbosch University https://scholar.sun.ac.za

The results of the plate counts and EMA-qPCR analysis of the untreated (control) and P1 and NP1
crude extract treated E. faecalis S1 biofilms are illustrated in Fig. 4.1B and D. For the untreated
E. faecalis S1 biofilm samples, an average of 4.59 x 10° CFU/mL was obtained using culture-based
analysis (Fig. 4.1B). A significant log reduction of 4.44 (average of 1.67 x 10° CFU/mL) was
obtained at 1.25 mg/mL of the P1 crude extract, with the E. faecalis S1 plate counts reduced to BDL
(<1 CFU/mL) at 2.5, 5 and 10 mg/mL (Fig. 4.1B). A similar trend in E. faecalis S1 plate counts was
observed for the NP1 crude extract, with average counts of 1.75 x 10° CFU/mL (3.42 log reduction)
and 1.67 x 102> CFU/mL (4.44 log reduction) recorded at 1.25 and 2.5 mg/mL, respectively, with the
E. faecalis S1 plate counts reduced to BDL (< 1 CFU/mL) at 5 and 10 mg/mL (Fig. 4.1B).

For the untreated E. faecalis S1 biofilm samples, an average of 1.57 x 10® gene copies/mL was
obtained using EMA-gPCR analysis (Fig. 4.1D). Significant reductions ranging between 3.38 and
3.56 logs were observed when the preformed E. faecalis S1 biofilms were treated with 1.25, 2.5 and
5 mg/mL of the P1 crude extract, with average gene copy numbers of 6.48 x 10* gene copies/mL,
5.74 x 10* gene copies/mL and 4.29 x 10* gene copies/mL recorded, respectively. A reduction of
3.08 logs (average of 1.30 x 10° gene copies/mL) was observed in the samples treated with
10 mg/mL P1 crude extract (Fig. 4.1D). Log reductions of 2.53 (4.68 x 10° gene copies/mL), 3.46
(5.40 x 10* gene copies/mL) and 3.33 (7.27 x 10" gene copies/mL) were then observed when the
preformed E. faecalis S1 biofilms were treated with NP1 crude extract concentrations of 1.25, 2.5
and 5 mg/mL, respectively. A significant reduction of 5.74 logs (average of 2.88 x 10 gene
copies/mL) was however, observed in the samples treated with 10 mg/mL NP1 crude extract (Fig.
4.1D).

4.3.1.2. Dual-species Biofilm Disruption

The results of the plate counts and EMA-gPCR analysis of the untreated (control) and P1 crude
extract treated preformed P. aeruginosa S1 68 and E. faecalis S1 biofiims (dual-species) are
illustrated in Fig. 4.2A and C, respectively. For the untreated dual-species biofilm sample, an
average of 3.33 x 10’ CFU/mL and 6.17 x 10° CFU/mL was obtained for P. aeruginosa S1 68 and
E. faecalis S1 using culture-based analysis, respectively (Fig. 4.2A). For P. aeruginosa S1 68,
average plate counts of 1.45 x 10* CFU/mL (3.36 log reduction) and 5 CFU/mL (6.82 log reduction)
were recorded when the dual-species biofilm was treated with 6.25 and 12.5 mg/mL of the P1 crude
extract, respectively, while P. aeruginosa S1 68 plate counts were reduced to BDL (< 1 CFU/mL) at
a concentration of 25 and 50 mg/mL of the P1 crude extract (Fig. 4.2A). A similar trend was
observed for the E. faecalis S1 plate counts, with a significant log reduction of 5.04 (average of 5.67
x 10' CFU/mL) recorded when the dual-species biofilm was treated with 6.25 mg/mL of the P1
crude extract, with E. faecalis S1 plate counts reduced to BDL (< 1 CFU/mL) at a concentration of
12.5, 25 and 50 mg/mL of the P1 crude extract (Fig. 4.2A).
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Fig. 4.2 The disruption of preformed dual-species biofilms (biofilm disruption activity) of E. faecalis
S1 (green) and P. aeruginosa S1 68 (orange) treated with varying concentrations (6.25 to 50
mg/mL) of (A) P1 and (B) NP1 crude extracts determined using standard plate count methods
(CFU/mL), and (C) P1 and (D) NP1 determined using EMA-gPCR (gene copies/mL) analysis.

For the untreated dual-species biofilm samples, an average of 4.86 x 10" gene copies/mL and
1.26 x 10® gene copies/mL was obtained for P. aeruginosa S1 68 and E. faecalis S1 using EMA-
gPCR analysis, respectively (Fig. 4.2C). For P. aeruginosa S1 68, a reduction of 1.25 logs was
obtained when the dual-species biofilm was treated with 6.25 mg/mL of the P1 crude extract, with
an average of 2.72 x 10° gene copies/mL recorded. Similar reductions ranging between 2.70 and
2.71 logs were then observed for P. aeruginosa S1 68 when the dual-species biofilm was treated
with 12.5, 25 and 50 mg/mL of the P1 crude extract, with 9.67 x 10* gene copies/mL, 9.79 x 10*
gene copies/mL and 9.54 x 10* gene copies/mL recorded, respectively (Fig. 4.2C). A similar trend
was observed for E. faecalis S1, as a reduction of 1.46 logs (average of 4.38 x 10° gene copies/mL)
was obtained when the dual-species biofilm was treated with 6.25 mg/mL of the P1 crude extract.
Similar log reductions ranging from 3.33 to 3.43 logs were then observed for E. faecalis S1 when
the dual-species biofilm was treated with 12.5, 25 and 50 mg/mL of the P1 crude extract, with 5.88 x
10* gene copies/mL, 5.53 x 10* gene copies/mL and 4.64 x 10* gene copies/mL recorded,
respectively (Fig. 4.2C).
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The results of the plate counts and EMA-gPCR analysis of the untreated (control) and NP1 crude
extract treated P. aeruginosa S1 68 and E. faecalis S1 biofilms (dual-species) are illustrated in Fig.
4.2B and D. For the untreated dual-species biofilm sample, an average of 3.33 x 10’ CFU/mL and
6.17 x 10° CFU/mL was obtained for P. aeruginosa S1 68 and E. faecalis S1 using culture-based
analysis, respectively (Fig. 4.2B). For P. aeruginosa S1 68, a reduction of 2.70 logs was obtained
when the dual-species biofiim was treated with 6.25 mg/mL of the NP1 crude extract, with an
average of 6.58 x 10* CFU/mL recorded. Significant reductions of 4.08, 4.91 and 5.82 logs were
then obtained for P. aeruginosa S1 68 when the dual-species biofilm was treated with 12.5, 25 and
50 mg/mL of the NP1 crude extract, with average plate counts of 2.75 x 10° CFU/mL, 4.08 x 10?
CFU/mL and 5.00 x 10* CFU/mL recorded, respectively (Fig. 4.2B). For E. faecalis S1, reductions
of 2.42 and 2.58 logs were then observed when the dual-species biofilm was treated with 6.25 and
12.5 mg/mL of the NP1 crude extract, with average plate counts of 2.33 x 10* CFU/mL and 1.63 x
10* CFU/mL recorded, respectively (Fig. 4.2B). A significant reduction of 2.90 logs (7.75 x 10°
CFU/mL) was obtained for E. faecalis S1 when the dual-species biofilm was treated with 25 mg/mL
of the NP1 crude extract, with the E. faecalis S1 plate counts reduced to 5.42 x 10° CFU/mL (3.06
log reduction) at 50 mg/mL (Fig. 4.2B).

The results of the EMA-gPCR analysis of the untreated (control) and NP1 crude extract treated
P. aeruginosa S1 68 and E. faecalis S1 biofilms (dual-species) are illustrated in Fig. 4.2D. For the
untreated dual-species biofilm samples, an average of 4.86 x 10’ gene copies/mL and 1.26 x 10°
gene copies/mL was obtained for P. aeruginosa S1 68 and E. faecalis S1 using EMA-gPCR
analysis, respectively (Fig. 4.2D). For P. aeruginosa S1 68, similar reductions of between 2.11 and
2.71 logs were then observed when the dual-species biofilm was treated with 6.25, 12.5 and
25 mg/mL of the NP1 crude extract, with average gene copies of 2.58 x 10° gene copies/mL, 3.76 x
10° gene copies/mL and 9.37 x 10* gene copies/mL recorded, respectively (Fig. 4.2D). A significant
reduction of 3.42 logs was observed for P. aeruginosa S1 68 when the dual-species biofilm was
treated with 50 mg/mL of the NP1 crude extract, with 1.76 x 10* gene copies/mL recorded (Fig.
4.2D). Significant reductions ranging between 3.17 and 3.36 logs were then observed for E. faecalis
S1 biofilms when the dual-species biofilm was treated with 6.25, 12.5, 25 and 50 mg/mL of NP1
crude extract, with average gene copy numbers of 8.49 x 10* gene copies/mL, 7.58 x 10* gene
copies/mL, 5.63 x 10* gene copies/mL and 5.51 x 10* gene copies/mL recorded, respectively (Fig.
4.2D).

4.3.2. Antiadhesive Activity (MBEC Assay®)
Standard culture-based and EMA-gPCR analysis was also used to evaluate the potential of the P1

and NP1 crude extracts to reduce the adhesion of a mono- and co-culture suspension of
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P. aeruginosa and E. faecalis (extract concentration range of 6.25 to 50 mg/mL) to the pre-coated

surface of the pegs of the MBEC Assay®.
4.3.2.1. Mono-culture Antiadhesive Experiments

Following exposure to the uncoated pegs of the MBEC Assay® (control) and the pegs coated with
the P1 and NP1 crude extracts, the P. aeruginosa S1 68 cells that were capable of adhering to the
surface of the pegs (biofilm suspension) were enumerated using plate counts and EMA-gPCR
analysis as presented in Fig. 4.3A and C, respectively. For the uncoated pegs, an average of 1.49 x
10° CFU/mL of P. aeruginosa S1 68 was enumerated in the biofilm suspension using culture-based
analysis (Fig. 4.3A). Similar inhibition percentages ranging from 87.9% to 89.0% were observed for
the pegs pre-coated with 6.25, 12.5 and 25 mg/mL of the P1 crude extract, with P. aeruginosa S1
68 plate counts of 1.80 x 10* CFU/mL (6.25 and 12.5 mg/mL) and 1.63 x 10* CFU/mL enumerated
in the biofilm suspensions, respectively. A significant inhibition of 94.4% was then observed for the
pegs pre-coated with 50 mg/mL of the P1 crude extract, with an average P. aeruginosa S1 68 plate
count of 8.33 x 10° CFU/mL recorded (Fig. 4.3A). Pre-coating the pegs with 6.25 mg/mL of NP1
crude extract resulted in an 81.7% inhibition of P. aeruginosa S1 68 cells adhering to the coated
surface, with an average of 2.73 x 10* CFU/mL enumerated in the biofilm suspension (Fig. 4.3A).
Similar inhibition percentages ranging from 90.6% to 93.1% were then observed for pegs pre-coated
with 12.5, 25 and 50 mg/mL of the NP1 crude extract, with average P. aeruginosa S1 68 plate
counts of 1.38 x 10* CFU/mL, 1.40 x 10* CFU/mL and 1.03 x 10* CFU/mL enumerated in the biofilm

suspensions, respectively (Fig. 4.3A).

For the uncoated pegs, an average of 3.39 x 10° gene copies/mL of P. aeruginosa S1 68 was
enumerated in the biofilm suspension using EMA-gPCR analysis (Fig. 4.3C). Pre-coating the pegs
with 6.25 mg/mL of P1 crude extract resulted in a 41.6% inhibition of P. aeruginosa S1 68 cells
adhering to the coated surface, with an average of 1.98 x 10° CFU/mL enumerated in the biofilm
suspension (Fig. 4.3C). Similar inhibition percentages of 80.4% and 78.5% were then observed for
pegs pre-coated with 12.5 and 25 mg/mL of the P1 crude extract, with 6.64 x 10* gene copies/mL
and 7.30 x 10* gene copies/mL enumerated in the P. aeruginosa S1 68 biofilm suspension,
respectively. An 89.5% inhibition (3.57 x 10* gene copies/mL) of adhesion of P. aeruginosa S1 68
cells was then observed at 50 mg/mL (Fig. 4.3C). Pre-coating the pegs with 6.25 mg/mL of NP1
crude extract resulted in the highest recorded inhibition of P. aeruginosa S1 68 cells adhering to the
coated surface, with an average of 4.83 x 10% gene copies/mL (98.9%) enumerated in the biofilm
suspension (Fig. 4.3A). However, for pegs pre-coated with 12.5, 25 and 50 mg/mL of the NP1 crude
extract, inhibition percentages of 80.5%, 80.4% and 85.4% were observed, with P. aeruginosa S1
68 gene copy numbers of 6.62 x 10* gene copies/mL, 6.64 x 10* gene copies/mL and 4.96 x 10*

gene copies/mL enumerated in the biofilm suspensions, respectively (Fig. 4.3C).
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Fig. 4.3 The adherence of mono-culture bacterial test strains (antiadhesive activity) to surface of the
pegs of the MBEC Assay® lid with and without an absorbed P1 (red) or NP1 (blue) crude extract
layer (6.25 to 50 mg/mL) against (A) P. aeruginosa S1 68 and (B) E. faecalis S1 determined using

standard plate count methods, and (C) P. aeruginosa S1 68 and (D) E. faecalis S1 determined
using EMA-qPCR.

Following exposure to the uncoated pegs of the MBEC Assay® (control) and the pegs coated with
the P1 and NP1 crude extracts, the E. faecalis S1 cells that were capable of adhering to the surface
of the pegs (biofilm suspension) were enumerated using plate counts and EMA-qPCR analysis, as
presented in Fig. 4.3B and D, respectively. For the uncoated pegs, an average of 1.40 x 10°
CFU/mL of E. faecalis S1 was enumerated in the biofilm suspension using culture-based analysis.
Pre-coating the pegs with 6.25 mg/mL of P1 crude extract resulted in a 97.3% inhibition of
E. faecalis S1 cells adhering to the coated surface, with an average of 3.80 x 10° CFU/mL
enumerated in the biofilm suspension (Fig. 4.3B). ldentical inhibition percentages were then
observed for pegs pre-coated with 12.5, 25 and 50 mg/mL of the P1 crude extract, with E. faecalis
S1 plate counts of 1.30 x 10° CFU/mL (99.1% inhibition) enumerated in the biofilm suspensions at
all three concentrations (Fig. 4.3B). However, pre-coating the pegs with 6.25, 12.5, 25 and
50 mg/mL of the NP1 crude extract resulted in a systematic decrease in the adhesion of E. faecalis

S1 cells to the coated surface, with average plate counts of 6.07 x 10* CFU/mL (56.7% inhibition),
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3.47 x 10* CFU/mL (75.2% inhibition), 2.67 x 10* CFU/mL (81.0% inhibition) and 3.75 x 10°
CFU/mL (97.3% inhibition) enumerated in the biofilm suspension, respectively (Fig. 4.3B).

For the uncoated pegs, an average of 4.15 x 10° gene copies/mL of E. faecalis S1 was enumerated
in the biofilm suspension using EMA-gPCR analysis (Fig. 4.3D). Pre-coating the pegs with 6.25,
12.5, 25 and 50 mg/mL of the P1 crude extract resulted in a gradual decrease in the adhesion of
E. faecalis S1 cells to the coated surface, with average gene copy numbers of 1.72 x 10° gene
copies/mL (58.6% inhibition), 1.40 x 10° gene copies/mL (66.2% inhibition), 9.64 x 10* (76.8%
inhibition) and 7.18 x 10" gene copies/mL (82.7% inhibition) enumerated in the biofilm suspension,
respectively (Fig. 4.3D). For the pegs pre-coated with 6.25, 12.5 and 25 mg/mL of the NP1 crude
extract, a gradual decrease of E. faecalis S1 cells adhering to the coated surface was also
recorded, with an average of 2.18 x 10° gene copies/mL (47.3% inhibition), 1.63 x 10° gene
copies/mL (60.7% inhibition), 6.23 x 10* gene copies/mL (85.0% inhibition) enumerated in the
biofilm suspension, respectively (Fig. 4.3D). Pre-coating the pegs with 50 mg/mL of NP1 crude
extract resulted in an 80.0% inhibition of E. faecalis S1 cells adhering to the coated surface, with an

average of 8.28 x 10" gene copies/mL enumerated in the biofilm suspension (Fig. 4.3D).
4.3.2.2. Co-culture Antiadhesive Experiments

Following exposure to the uncoated pegs of the MBEC Assay® (control) and the pegs coated with
the P1 crude extract, the P. aeruginosa S1 68 and E. faecalis S1 cells (co-culture) that were
capable of adhering to the surface of the pegs (biofilm suspension) were enumerated using plate
counts and EMA-gPCR analysis, as presented in Fig 4.4A and C, respectively. For the uncoated
pegs, an average of 1.95 x 10* CFU/mL and 4.58 x 10* CFU/mL was enumerated for P. aeruginosa
S1 68 and E. faecalis S1, respectively, in the biofilm suspension using culture-based analysis (Fig.
4.4A). For P. aeruginosa S1 68, low percentage inhibitions ranging between 29.9 and 48.7% were
observed for the pegs pre-coated with 6.25, 12.5, 25 and 50 mg/mL of the P1 crude extract, with
average P. aeruginosa S1 68 plate counts of 1.30 x 10* CFU/mL, 1.37 x 10* CFU/mL, 1.00 x 10*
CFU/mL and 1.05 x 10* CFU/mL enumerated in the dual-species biofilm suspension, respectively
(Fig. 4.4A). In contrast, pre-coating the pegs with 6.25 mg/mL of the P1 crude extract resulted in an
80.4% inhibition of E. faecalis S1 cells to the coated surface, with an average of 9.00 x 10° CFU/mL
enumerated in the biofilm suspension. Similar inhibition percentages ranging from 96.4 to 97.5%
were then observed for pegs pre-coated with 12.5, 25 and 50 mg/mL of the P1 crude extract, with
average E. faecalis S1 plate counts of 1.67 x 10° CFU/mL, 1.17 x 10° CFU/mL and 1.63 x 103

CFU/mL enumerated in the dual-species biofilm suspensions, respectively (Fig. 4.4A).

For the uncoated pegs, averages of 9.29 x 10° gene copies/mL and 1.22 x 10’ gene copies/mL

were recorded for P. aeruginosa S1 68 and E. faecalis S1, respectively, in the biofilm suspension
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using EMA-gPCR analysis (Fig. 4.4C). Pre-coating the pegs with 6.25 and 12.5 mg/mL of the P1
crude extract resulted in a 72.6% and 54.4% inhibition of P. aeruginosa S1 68 cells to the coated
surface, with average gene copy numbers of 2.54 x 10° gene copies/mL and 4.23 x 10° copies/mL
enumerated in the biofilm suspensions, respectively (Fig. 4.4C). An identical inhibition percentage
of 71.1% was then observed for pegs pre-coated with 25 and 50 mg/mL of the P1 crude extract,
with P. aeruginosa S1 68 gene copy numbers of 2.68 x 10° CFU/mL and 2.69 x 10° CFU/mL
enumerated in the dual-species biofilm suspensions, respectively (Fig. 4.4C). Pre-coating the pegs
with 6.25, 12.5, 25 and 50 mg/mL of the P1 crude extract resulted in fluctuating inhibition
percentages ranging from 88.2% to 94.9%, with average E. faecalis S1 gene copy numbers of 6.14
x 10° gene copies/mL, 1.44 x 10° gene copies/mL, 9.63 x 10° gene copies/mL and 1.22 x 10° gene

copies/mL enumerated in the biofilm suspensions, respectively (Fig. 4.4C).
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Fig. 4.4 The adherence of a co-culture cell suspension (antiadhesive activity) of E. faecalis S1
(green) and P. aeruginosa S1 68 (orange) to pegs of the MBEC Assay® lid treated with varying
concentrations (6.25 to 50 mg/mL) of (A) P1 or (B) NP1 crude extracts determined using standard
plate count methods (CFU/mL), and (C) P1 and (D) NP1 determined using EMA-gPCR (gene

copies/mL) analysis.
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Following exposure to the uncoated pegs of the MBEC Assay® (control) and the pegs coated with
the NP1 crude extract, the P. aeruginosa S1 68 and E. faecalis S1 cells (co-culture) that were
capable of adhering to the surface of the pegs (biofilm suspension) were enumerated using plate
counts and EMA-gPCR analysis, as presented in Fig 4.4B and D, respectively. For the uncoated
pegs, an average of 1.95 x 10* CFU/mL and 4.58 x 10* CFU/mL was enumerated for P. aeruginosa
S1 68 and E. faecalis S1, respectively, in the biofilm suspension using culture-based analysis (Fig.
4.4B). Pre-coating the pegs with 6.25, 12.5 and 25 mg/mL of the NP1 crude extract resulted in a
gradual decrease of P. aeruginosa S1 68 cells adhering to the coated surface, with an average of
1.43 x 10* CFU/mL (26.5% inhibition), 6.67 x 10° CFU/mL (65.8% inhibition), 5.67 x 10® CFU/mL
(70.9% inhibition) enumerated in the dual-species biofilm suspension, respectively (Fig. 4.4B).
However, pre-coating the pegs with 50 mg/mL of NP1 crude extract resulted in a 57.3% inhibition of
P. aeruginosa S1 68 cells adhering to the coated surface, with an average of 8.33 x 10° CFU/mL
enumerated in the dual-species biofilm suspension (Fig. 4.4B). In contrast, pre-coating the pegs
with 6.25 and 12.5 mg/mL of the NP1 crude extract resulted in similar inhibition percentages of
97.3% and 97.1% of E. faecalis S1 cells adhering to the coated surface, with an average of 1.23 x
10®° CFU/mL and 1.33 x 10° CFU/mL enumerated in the dual-species biofilm suspension,
respectively (Fig. 4.4B). Significant inhibition percentages of 99.0% and 99.8% were then observed
for pegs pre-coated with 25 and 50 mg/mL of the NP1 crude extract, with E. faecalis S1 plate counts
of 4.67 x 10° CFU/mL and 7.67 x 10* CFU/mL enumerated in the dual-species biofilm suspensions,
respectively (Fig. 4.4B).

For the uncoated pegs, averages of 9.29 x 10° gene copies/mL and 1.22 x 10’ gene copies/mL
were enumerated for P. aeruginosa S1 68 and E. faecalis S1, respectively, in the biofilm suspension
using EMA-gPCR analysis (Fig. 4.4D). Pre-coating the pegs with 6.25, 12.5 and 25 mg/mL of the
NP1 crude extract resulted in a systematic decrease of P. aeruginosa S1 68 cells adhering to the
coated surface, with an average of 6.00 x 10° gene copies/mL (35.4 % inhibition), 3.83 x 10° gene
copies/mL (58.8% inhibition), 3.51 x 10° gene copies/mL (62.2% inhibition) enumerated in the dual-
species biofilm suspension, respectively (Fig. 4.4D). However, pre-coating the pegs with 50 mg/mL
of NP1 crude extract resulted in a 55.1% inhibition of P. aeruginosa S1 68 cells adhering to the
coated surface, with an average of 4.17 x 10° gene copies/mL enumerated in the dual-species
biofilm suspension (Fig. 4.4D). Pre-coating the pegs with 6.25 and 12.5 mg/mL of the NP1 crude
extract then resulted in similar inhibition percentages of 73.3% and 74.0% of E. faecalis S1 cells
adhering to the coated surface, with an average of 3.24 x 10° gene copies/mL and 3.16 x 10° gene
copies/mL enumerated in the biofilm suspension, respectively (Fig. 4.4D). Significant inhibition
percentages of 93.0% and 92.3% were then observed for pegs pre-coated with 25 and 50 mg/mL of
the NP1 crude extract, with E. faecalis S1 gene copy numbers of 8.46 x 10° gene copies/mL and

9.41 x 10° gene copies/mL enumerated in the biofilm suspensions, respectively (Fig. 4.4D).
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4.3.3. Coating of Polymers with P1 and NP1 Crude Extracts

4.3.3.1. Water Contact Angle Measurements

The change in surface hydrophobicity can be determined using water contact angle measurements.
A change in the contact angle of water on a surface following each step of the surface modification
thus indicates the change in hydrophobicity of the polymer after modification. The water contact
angles of the untreated (not coated), APTES treated and crude extract immobilised polymers are
summarised in Table 4.2.

Water contact angles of 85.8° + 1.6 and 86.4° + 3.5 were recorded for the uncoated HDPE and
PVC, respectively. This provides an indication that the uncoated polymer materials (HDPE and
PVC) have a hydrophobic surface. After silanization with APTES, the water contact angle decreased
to 43.9° £9.0 (HDPE) and 47.4° +1.3 (PVC) (Table 4.2). The silanization of the surfaces with
APTES indicates a more hydrophilic surface (change in wettability) on both HDPE and PVC.

A significant reduction in the water contact angle of the P1 crude extract immobilised surfaces from
43.9° + 9.0 (APTES treated) to 19.3° + 3.9 (HDPE) and 47.4° + 1.3 (APTES treated) to 28.8° + 3.7
(PVC) was then observed (Table 4.2). Similarly, a significant decrease in the water contact angle
was observed following the immobilisation of the NP1 crude extract to the APTES-coated surface,
i.e. from 43.9°+9.0 to 22.2° + 3.6 (HDPE) and 47.4° £ 1.3 to 25.1° £ 1.5 (PVC). Therefore, both
HDPE and PVC became less hydrophobic following the immobilisation of serratamolide and

glucosamine derivative homologues present in the P1 and NP1 crude extracts.

Table 4.2 Water contact angle measurements for various uncoated and crude extract immobilised
surfaces of HDPE and PVC.

Water contact angle (°)
Sample name
HDPE PVC
Uncoated 85.8+1.6 86.4+3.5
APTES 43.9+9.0 474+1.3
P1 19.3+3.9 28.8+£3.7
NP1 22.2+3.6 25.1x15

4.3.3.2. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Prior to covalent immobilisation, the compounds in the P1 and NP1 crude extracts were modified
(as indicated in section 4.2.6.1), and ATR-FTIR spectroscopy was used to confirm the successful

modification of the extracts (results not shown). In order to confirm the successful immobilisation of
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serratamolides and glucosamine derivatives to the polymers, ATR-FTIR spectroscopy was utilised
to detect the functional groups present on the surface of the untreated (not coated), APTES coated
and crude extract coated polymers. The untreated HDPE and PVC will be discussed first, followed

by the APTES treated polymers and P1 and NP1 crude extract immobilised polymers.

The ATR-FTIR spectra obtained for the untreated and APTES treated materials of HDPE and PVC
are indicated in Fig. 4.5A and B. Two distinct absorbance peaks were observed between 2 950 and
2 850 cm™ for the untreated HDPE, signifying the presence of both —CH stretching and -CH,-
groups (Fig. 4.5A). In addition, a C-H bending band of —CH, groups is observed at 1 470-1 460
cm™', while a rocking vibration of CH, is observed at 730-700 cm™" for untreated HDPE. The
untreated PVC had similar characteristic absorbance peak of the polymer backbone due to —CH,
groups. The peaks between 2 950 cm™ - 2 850 cm™ signifying —CH bond stretching in —CH, groups,
2911 cm™ and 2 822 cm™ were assigned to —CH, asymmetric stretching (Fig. 4.5B). The bands at
1 426 cm™ on the untreated PVC spectra are due to CH,—Cl bending vibration mode, while the peak
observed at approximately 1 340 cm™ on the untreated PVC spectra was assigned to —CH, and CH,
groups deformation. In addition, the peak observed at 1 251 cm™ on the untreated PVC spectra
corresponded to the CI-CH rocking mode, while the peaks at 970 cm™ and 612 cm™ are attributed

to bond C—Cl trans and cis wagging mode, respectively.
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Fig. 4.5 ATR-FTIR spectra of the (A) untreated HDPE, APTES treated, and P1 and NP1 crude
extract coated HDPE spectra and the (B) untreated PVC, APTES treated, and P1 and NP1 crude
extract coated PVC.

Following the silanization of APTES to the surface of the piranha treated HDPE and PVC (Fig. 4.5A
and B), a distinct absorbance peak was observed within the spectral region of 3 200—2 900 cm™

due the terminal primary amine (-NH,). The broader peak in the range 3 300-3 800 cm™" is due to -
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OH in silica APTES. For both HDPE and PVC, the 1 660 cm™' peak was assigned to the -NH of the
primary amine groups. Furthermore, a major absorbance peak was observed for the APTES treated
HDPE and PVC samples between 1 160-1 050 cm™, which is caused by stretching mode of the Si-
O-Si functional group. The detection of the functional groups (NH,, CH, and Si-O-Si) on the surface
of the material provides an indication that the APTES is covalently attached to the oxidised (-OH

groups obtained during the piranha treatment) surface of the HDPE and PVC (Fig. 4.5A and B).

Following the coating of the HDPE with the NP1 crude extract, the ATR-FTIR spectra had a broad
peak observed between 3 700-2 800 cm™, while the spectra for the P1 crude extract coated HDPE
remained relatively the same as the ATPES treated HDPE. The absorbance peak of approximately
3370 cm™ was an indication of the hydroxyl group (-OH) stretching detected in both P1 and NP1
treated HDPE spectra (Fig. 4.5A). A broad peak was also observed at 1 650 cm™ in the P1 and
NP1 treated HDPE spectra, which corresponds to the stretching of the amine group (-NH). In
addition, the absorption peak at approximately 1 545 cm™ was an indication of the -C=0O group of
the ester stretch observed on the P1 and NP1 treated HDPE spectra (Fig. 4.5A). The hydroxyl,
amine and carbonyl groups detected in the P1 and NP1 treated HDPE spectra corresponded to
functional groups of the serratamolide and glucosamine derivatives homologues. No major changes
were observed for the peaks at 1 160-1 050 cm™ (caused by stretching mode of -Si-O-Si) for P1
and NP1 coated HDPE indicating successful immobilisation of the crude extracts on the APTES
(Fig. 4.5A).

For the immobilisation of serratamolides and glucosamine derivatives in the P1 and NP1 crude
extracts onto PVC, the ATR-FTIR spectra revealed a broad absorbance peak between 3 700-
2800 cm™. The absorbance peak of approximately 3 370 cm™ was an indication of the hydroxyl
group (-OH) stretching detected in both P1 and NP1 treated PVC spectra (Fig. 4.5B). In addition, an
absorption peak was observed at 1 650 cm™ indicating the stretching of the amine group (-NH) in
both of the P1 and NP1 treated PVC spectra. An absorbance peak at approximately 1 545 cm™" also
served as an indication of the -C=0 group of the ester stretch observed on the P1 and NP1 treated
PVC spectra. The hydroxyl, amine and carbonyl groups detected in the P1 and NP1 spectra
corresponded to functional groups of the serratamolide and glucosamine derivatives homologues.
The characteristic peak observed at 1 160—1 050 cm™ (caused by stretching mode of Si-O-Si) for
HDPE and PVC, indicates the stability of APTES and its retention upon further surface
immobilisation (Fig. 4.5B).
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4.3.3.3. Scanning Electron Microscope (SEM) Coupled to Backscattered Electron Imaging-
Energy Dispersive X-ray Spectroscopy (BSE-EDX)

Scanning electron microscopy (SEM) coupled to backscattered electron imaging-energy dispersive
X-ray spectroscopy (BSE-EDX) was used to evaluate the surface morphology and the elemental
composition changes between the uncoated and crude extract immobilised HDPE and PVC. The
SEM micrographs obtained for the uncoated and coated materials are illustrated in Fig. 4.6. A
relatively smooth and uniform morphology was observed for the untreated HDPE sample (Fig. 4.6A)
and the APTES treated HDPE (Fig. 4.6B). A rougher surface topology was then observed for the P1
and NP1 coated HDPE samples, suggesting that the HDPE surface had been exposed to surface
modification (Fig. 4.6C and D). A uniform rough surface was observed for the untreated PVC
samples (Fig. 4.6E) and APTES treated (Fig. 4.6F) samples. Immobilisation of these samples with
P1 and NP1 crude extracts resulted in an appearance of a rougher PVC surface morphology in
comparison to the uncoated and APTES coated PVC surfaces. This suggests that the PVC surface
had been successfully modified (Fig. 4.6G and H).

Fig. 4.6 Scanning electron microscope micrographs (10 000 x magnification) of the (A) uncoated
HDPE and the HDPE treated with (B) APTES, (C) P1 crude extract and (D) NP1 crude extract as
well as the (E) uncoated PVC and the PVC treated with (F) APTES, (G) P1 crude extract and (H)

NP1 crude extract.

The results obtained from the BSE-EDX analysis for the uncoated and coated materials are
presented in Table 4.3. Although various elements were detected on the uncoated and coated
materials, carbon (C), oxygen (O), silica (Si) and nitrogen (N) were the main focus as they are
present in APTES, serratamolide homologues and glucosamine derivative homologues. It was
found that C (97.9%) and O (2%) were present on the surface of the uncoated HDPE. After
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silanization, Si (0.01%) was detected on the surface of the APTES silanized HDPE. A decrease in O
to 0.7% (1.3 decrease) was observed in comparison to the uncoated control, which not only
indicates the reduction of surface OH, but also surface modification with APTES. The detection of Si
further confirms the attachment of APTES onto the piranha treated (-OH) HDPE. A significant
decrease in the element weight percentage of the C was then observed on the P1 and NP1
immobilised HDPE surfaces, from 97.9% (uncoated HDPE) to 85.3% (12.6% decrease on the P1
immobilised surface) and 74.7% (23.2% decrease on the NP1 immobilised surface), respectively
(Table 4.3).

In comparison, an increase in the element weight percentage of O was observed, from 2.0%
(uncoated HDPE) to 13.7% (11.7% increase on the P1 immobilised surface) and 23.1% (21.1%
increase on the NP1 immobilised surface), respectively. This is attributed to C=0 bond in the amide
linkage of the extracts. In addition, an increase in the element weight percentage of Si from 0%
(uncoated HDPE) to 0.6% and 1.5% on the P1 and NP1 immobilised HDPE, respectively, was
observed (Table 4.3). However, N was not detected in any of the HDPE samples tested. This could
possibly be due to the lower abundance of N relative to the other elements. The overall change in
the elemental weight percentage of C, O and Si on the surface of HDPE provided an indication that

the compounds within the P1 and NP1 extracts were chemically immobilised.

Table 4.3 Backscattered Electron Imaging-energy Dispersive X-ray Spectroscopy analysis of the

elemental composition of uncoated and crude extract coated HDPE and PVC.

HDPE (% composition) PVC (% composition)

Element (I?oe;?i:; APTES | P1 NP1 goe;:’i:]z APTES | P1 NP1
Carbon 97.9 97.9 85.3 74.7 62.1 65.5 51.9 48.0
Calcium 0.04 0 0 0 1.2 1.0 1.3 1.2
Chlorine 0.1 0.08 0.1 0 29.6 27.2 35.1 33.3
Nitrogen 0 0 0 0 0.7 0.8 0.9 0

Oxygen 2.0 0.7 13.7 23.1 5.3 4.4 8.7 154
Sulphur 0 0.3 0.8 0 0 0.6 0.4
Silica 0.01 0.6 15 0.1 0.1 0.4 0.6
Titanium 0 0 0 1.0 1.0 1.3 11

The BSE-EDX analysis indicated that C (62.1%), O (5.3%), N (0.7%) and Si (0.1%) were present on
the surface of uncoated PVC. Following silanization of PVC with APTES, an increase in the
elemental weight percentage of C to 65.5% (3.4% increase) and N to 0.8% (0.1% increase) was
observed, while Si remained the same and O decreased to 4.4% (0.9% decrease) in comparison to

the uncoated control. The increased C and detection of Si provided an indication that APTES had
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covalently attached to the -OH groups of the piranha treated PVC, as these elements are present
within the APTES structure. A decrease in the element weight percentage of the C was then
observed, from 62.1% (uncoated PVC) to 51.9% (10.2% decrease) on the P1 immobilised surface
and 48.0% (14.1% decrease) on the NP1 immobilised surface (Table 4.3). As previously stipulated
with HPDE surfaces, an increase in the element weight percentage of O was observed, from 5.3%
(uncoated PVC) to 8.7% (3.4% increase) on the Pl immobilised surface and 15.4% (10.1%
increase) on the NP1 immobilised surface. In addition, an increase in the element weight
percentage of Si was observed, from 0.1% (uncoated PVC) to 0.4% (0.3% increase) and 0.6%
(0.5% increase) on the P1 and NP1 immobilised PVC, respectively (Table 4.3). Following
immobilisation with NP1 to the PVC surface however, a decrease in the element weight percentage
of N from 0.7% to 0% was observed, while an increase in the element weight percentage of N from
0.7% (uncoated PVC) to 0.9% on the P1 immobilised PVC was observed. The overall change in the
elemental weight percentage of C, O and Si on the surface of PVC provided additional evidence of

covalent attachment of the compounds within the P1 and NP1 extracts.
4.3.4. Stability of the Compounds Immobilised onto the Polymers

The stability of the immobilised compounds in the P1 and NP1 crude extracts on the surface
materials (PVC and HDPE) was analysed by placing the coated material into Milli-Q water for 24 h.
The suspension collected after exposure was freeze-dried and UPLC-ESI-MS analysis was
conducted on the recovered freeze-dried samples as described by Clements et al. (2019b; chapter
two). The UPLC-ESI-MS analysis revealed that no compounds were detected in the freeze-dried
samples obtained after 24 h of incubation for all crude extracts (P1 and NP1) coated materials. This
provided an indication that no leaching of compounds occurred and the compounds on HDPE and

PVC were thus stable for a minimum of 24 h in Milli-Q water at ambient temperature.
4.3.5. Antifouling Activity of Crude Extract-immobilised Polymers

Standard culture-based methods and EMA-gPCR analysis were used to evaluate the potential of
the compounds (P1 and NP1 crude extracts) immobilised onto HDPE and PVC to prevent biofilm
formation by E. faecalis S1 and P. aeruginosa S1 68 (Fig. 4.7). The qPCR efficiency and linear
regression coefficient (R?) values for all of the MBEC Assays® were within the recommended range
and are indicated in Appendix C Table C1.

For the uncoated HDPE, an average of 1.46 x 10° CFU/mL E. faecalis S1 cells was enumerated in
the biofilm suspension (obtained after sonication) using culture-based analysis (Fig. 4.7A). For the
P1 and NP1 crude extracts immobilised onto HDPE, culture-based analysis of the E. faecalis S1
cells in the biofilm suspension indicated that 1.86 x 10* (98.7% inhibition) and 5.20 x 10* (96.4%
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inhibition) CFU/mL were recorded, respectively. Similarly, EMA-gPCR indicated that E. faecalis S1
was detected at 1.25 x 10° gene copies/mL in the biofilm suspension obtained from the uncoated
HDPE (Fig. 4.7C). For the P1 and NP1 crude extracts immobilised onto HDPE, EMA-gPCR analysis
of the E. faecalis S1 cells in the biofilm suspension indicated that 1.59 x 10° (87.2% inhibition) and
1.12 x 10° (91.0% inhibition) gene copies/mL were recorded, respectively.

The ability of the P1 and NP1 crude extract coated onto PVC to prevent adhesion of E. faecalis S1
is presented in Fig. 4.7B and D. For the uncoated PVC, an average of 1.79 x 10°> CFU/mL
E. faecalis S1 cells was enumerated in the biofilm suspension (obtained after sonication) using
culture-based analysis (Fig. 4.7B). For the P1 and NP1 crude extracts immobilised onto PVC,
culture-based analysis of the E. faecalis S1 cells in the biofim suspension indicated that 4.88 x 10*
(72.7% inhibition) and 4.15 x 10* (76.8% inhibition) CFU/mL were recorded, respectively. For the
uncoated PVC, an average of 1.54 x 10° gene copies/mL was enumerated in the biofilm suspension
using EMA-gPCR analysis (Fig. 4.7D). For the P1 and NP1 crude extracts immobilised onto PVC,
EMA-gPCR analysis of the E. faecalis S1 cells in the biofilm suspension then indicated that 1.13 x
10° (26.6% inhibition) and 1.41 x 10° (8.8% inhibition) gene copies/mL were recorded, respectively.
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Fig. 4.7 Colony forming units and gene copies/mL of the E. faecalis S1 that were attached to
uncoated and crude extract (P1 and NP1) immobilised materials analysed using plate counts
[culture-based analysis; (A) HDPE and (B) PVC] and EMA-gPCR analysis [(C) HDPE and (D) PVC].
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Additionally, the ability of the P1 and NP1 crude extracts immobilised onto HDPE and PVC to
prevent E. faecalis S1 biofilm formation was visualised using the LIVE/DEAD cell viability assay
coupled to CLSM (Fig. 4.8). The LIVE/DEAD viability assay provides discrimination between viable
and non-viable cells, as SYTO-9 is able to stain live cells green, while propidium iodide is able to
stain dead or membrane compromised cells red. After 20 h of exposure, E. faecalis S1 cells were
able to colonise and form a biofilm on the uncoated HDPE and PVC surfaces (Fig. 4.8A and D). A
reduction in viable biofilm cells was then observed on the surface of the HDPE and PVC
immobilised with P1 (Fig. 4.8B and E) and NP1 (Fig. 4.8C and F), while an increase in the number

of dead cells was also apparent on all coated materials.

Fig. 4.8 Representative CLSM images (measured at a magnification of 50 um) of live (green) and
dead (red) E. faecalis S1 cells adhering onto uncoated (A) HDPE and (D) PVC; HDPE immobilised
with (B) P1 and (C) NP1 crude extracts; and PVC immobilised with (E) P1 and (F) NP1 crude

extracts.

Standard culture-based methods and EMA-gPCR analysis were also used to evaluate the
antifouling properties of the P1 and NP1 crude extracts immobilised onto HDPE and PVC against
P. aeruginosa S1 68 (Fig. 4.9). For the uncoated HDPE, an average of 3.86 x 10’ CFU/mL
P. aeruginosa S1 68 cells was enumerated in the biofilm suspension (obtained after sonication)

using culture-based analysis (Fig. 4.9A). For the P1 and NP1 crude extracts immobilised onto
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HDPE, culture-based analysis of the P. aeruginosa S1 68 cells in the biofilm suspension indicated
that 4.90 x 10° (87.3% inhibition) and 4.78 x 10° (87.6% inhibition) CFU/mL were recorded,
respectively. The EMA-qPCR analysis then indicated that P. aeruginosa S1 68 was detected at 1.01
x 10° gene copies/mL in the biofilm suspension (obtained after sonication) from the uncoated HDPE
(Fig. 4.9C). For the P1 and NP1 crude extracts immobilised onto HDPE, EMA-gPCR analysis of the
P. aeruginosa S1 68 cells in the biofilm suspension indicated that 2.83 x 10° (72.1% inhibition) and

3.62 x 10° (64.3% inhibition) gene copies/mL were recorded, respectively.
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Fig. 4.9 Colony forming units and gene copies/mL of the P. aeruginosa S1 68 that were attached to
uncoated and crude extract (P1 and NP1) immobilised materials analysed using analysed using
plate counts [culture-based analysis; (A) HDPE and (B) PVC] and EMA-gPCR analysis [(C) HDPE
and (D) PVC].

For the uncoated PVC, an average of 1.09 x 10° CFU/mL P. aeruginosa S1 68 cells was
enumerated in the biofilm suspension using culture-based analysis (Fig. 4.9B). For the P1 and NP1
crude extracts immobilised onto PVC, culture-based analysis of the P. aeruginosa S1 68 cells in the
biofilm suspension indicated that 7.88 x 10* (92.8% inhibition) and 2.09 x 10° (80.9% inhibition)
CFU/mL were recorded, respectively. For the uncoated PVC, an average of 1.71 x 10° gene
copies/mL was then enumerated in the biofilm suspension using EMA-gPCR analysis (Fig. 4.9D).
For the P1 and NP1 crude extracts immobilised onto PVC, EMA-gPCR analysis of the
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P. aeruginosa S1 68 cells in the biofilm suspension indicated that 9.59 x 10* (99.9% inhibition) and

9.84 x 10° (99.4% inhibition) gene copies/mL were recorded, respectively.

The ability of P1 and NP1 crude extracts immobilised onto PVC and HDPE to prevent P. aeruginosa
S1 68 biofilm formation was also visualised using the LIVE/DEAD staining assay coupled to CLSM
(Fig. 4.10). After 20 h of exposure, P. aeruginosa S1 68 cells were able to colonise and form a
biofilm on the uncoated PVC and HDPE surface (Fig. 4.10A and D). A reduction in viable biofilm
cells was then observed on the surface of the PVC and HDPE immobilised with P1 (Fig. 4.10B and
E) and NP1 (Fig. 4.10C and F), while an increase in number of dead cells was also apparent,

particularly for the PVC immobilised with P1.

Fig. 4.10 Representative CLSM images (measured at a magnification of 50 um) of live (green) and
dead (red) P. aeruginosa S1 68 cells adhering onto uncoated (A) HDPE and (D) PVC; HDPE
immobilised with (B) P1 and (C) NP1 crude extracts; and PVC immobilised with (E) P1 and (F) NP1

crude extracts.

4.4. Discussion

As outlined in chapter three, the S. marcescens pigmented P1 and non-pigmented NP1 strains
produce various secondary metabolites, including serratamolide (serrawettin W1) homologues and
glucosamine derivative homologues, while S. marcescens P1 also produces prodigiosin. Clements

et al. (2019b; chapter two) also demonstrated that the crude extracts from both strains (P1 and
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NP1) displayed significant antimicrobial activity against a wide range of Gram-negative and Gram-
positive bacteria, including P. aeruginosa S1 68 and E. faecalis S1. While separating and purifying
the individual compounds in the crude extracts is an informative means of determining the
antimicrobial and antifouling activity of each compound, the use of the entire complex of secondary
metabolites may be a more cost-effective approach for application in various industries (Quinn et al.
2012). The antifouling potential of the complex of secondary metabolites produced by the

S. marcescens P1 and NP1 strains were thus investigated in the current study.

The susceptibility of preformed single- and dual-species biofiims of P. aeruginosa S1 68 and
E. faecalis S1 to the complex of secondary metabolites detected in the P1 and NP1 crude extracts
was firstly investigated using the MBEC Assay®. This assay is advantageous as it provides
information on the minimum biofilm eradication concentrations of single-, dual- or mixed- species
biofilms, allows for testing of various antimicrobial concentrations in a high-throughput manner, is
able to investigate both biofilm disruption and antiadhesive activities of antimicrobial agents and can
be combined with culture-based or molecular quantification techniques such as EMA-gPCR, to
guantity viable microbial cells within single- or mixed-species biofilms after antimicrobial treatment.
The results for the biofilm disruption analysis using the MBEC Assay® then indicated that based on
plate counts and gene copies, the minimum concentration of the P1 crude extract required to reduce
a single-species P. aeruginosa S1 68 biofilm by = 2 logs (equivalent to a = 99% reduction) was
6.25 mg/mL, while a concentration of 1.25 mg/mL was required to reduce a single-species
E. faecalis S1 biofilm by = 2 logs. Similarly, the plate count and EMA-gPCR analysis indicated that
1.25 mg/mL of the NP1 crude extract was required to disrupt a preformed single-species E. faecalis
S1 biofilm by = 2 logs. In comparison, based on plate counts, 25 mg/mL of the NP1 crude extract
was required to reduce a preformed single-species P. aeruginosa S1 68 biofilm by = 2 logs, with
only a 1.42 log reduction in P. aeruginosa S1 68 gene copies obtained at 25 mg/mL of the NP1
crude extract. Thus, while the single-species E. faecalis S1 biofilm was susceptible to both the P1
and NP1 crude extracts, the P1 crude extract was more effective at reducing single-species
P. aeruginosa S1 68 biofilms. Moreover, a lower concentration of the P1 and NP1 crude extracts
was required to disrupt the single-species E. faecalis S1 biofilm, suggesting that the serratamolide
and glucosamine derivative homologues (and prodigiosin in the P1 crude extract) in both crude

extracts were more effective at disrupting single-species E. faecalis S1 biofilms.

Further analysis indicated that the minimum concentration of the P1 crude extract required to
reduce a dual-species biofilm of P. aeruginosa S1 68 and E. faecalis S1 by = 2 logs (equivalent to a
= 99% reduction) was 6.25 mg/mL based on plate counts and 12.5 mg/mL based on gene copies.
Moreover, based on the plate count analysis, the dual-species biofilm of P. aeruginosa S1 68 and
E. faecalis S1 was completely eradicated after exposure to 25 mg/mL of the P1 crude extract. In
comparison, 6.25 mg/mL of NP1 crude extract was required to reduce a dual-species biofilm of
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P. aeruginosa S1 68 and E. faecalis S1 by = 2 logs based on plate counts and gene copies.
Interestingly, both the culture-based and molecular analysis indicated that an increase in the
concentration of the P1 and NP1 crude extracts was required to reduce E. faecalis S1 by = 99% in
the dual-species biofilm (6.25 - 12.5 mg/mL), in comparison to the single-species E. faecalis S1
biofilm (1.25 mg/mL). This suggests that E. faecalis S1 was less susceptible to the P1 and NP1
crude extracts in a dual-species biofilm, while a similar trend in reduction of P. aeruginosa S1 68 in
the dual-species biofilm and single-species biofilm was observed. Previous research has indicated
that interspecies interactions within a biofilm, such as quorum-sensing, the chemical composition of
EPS, adaptive stress responses (such as the transfer of antimicrobial resistance genes) and the
spatial distribution of individual strains in the biofilm, may affect the susceptibility of a microorganism
to an antimicrobial compound (Stewart 2002; Tait and Sutherland 2002; Kocot and Olszewska
2020). Although further research is required to determine the exact interactions observed between
P. aeruginosa S1 68 and E. faecalis S1 strains, a few studies have similarly observed an increase in
resistance of dual- or mixed-species biofilms compared to single-species biofiims (Lopes et al.
2012; lbusquiza et al. 2012). For instance, Lopes et al. (2012) found that the MBEC of several
antibiotics (including gentamicin, levoflozacin, chloramphenicol and rifampicin) were significantly
higher for two emerging species, Inquilinus limosus and Dolosigranulum pigrum, when in a dual-
species biofilm with P. aeruginosa in comparison to the single-species biofilms. In addition,
Ibusquiza et al. (2012) found that L. monocytogenes was more resistant to benzalkonium chlorine
when in the presence of Pseudomonas putida, thus suggesting that interactions between the two
species affected their susceptibility. Results from this study thus correspond to previous findings
and the observed increase in tolerance of E. faecalis S1 to P1 and NP1 crude extracts in a dual-

species biofilm with P. aeruginosa S1 68 is hypothesised to be due to interspecies interactions.

While the exact mechanism involved in the disruption of biofilms by biosurfactants has not fully been
elucidated, it has also been proposed that biosurfactants are able to enter the biofilm matrix through
water channels and adhere to the surface of the material (Nitschke and Silva 2018). The adhesion
of the biosurfactant to a surface reduces the interfacial tensions between the biofilm and the solid
substratum and weakens the interactions between bacterial cells, which favours the dispersion of
the biofilm. It has additionally been hypothesised that lipopeptides such as serrawettins, act as
wetting agents, which solubilise the biofilms extracellular matrix (Nitschke and Silva 2018).
Recently, Liu et al. (2019) investigated the ability of surfactin produced by B. subtilis to disrupt a
preformed S. aureus biofilm on different types of materials and investigated the biofilm disruption
mechanism of the S. aureus biofilm. The authors found that surfactin significantly removed the
S. aureus biofilm from the surface of glass, polystyrene and stainless steel. Liu et al. (2019) further
proposed that the reduced biofilm formation of the S. aureus strain was due to the ability of surfactin

to effect polysaccharide production, decrease the percentage of alkali-soluble polysaccharide in
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biofilms and influence quorum sensing. Thus, while this elucidates the mechanism of biofilm
disruption by surfactin, extensive research is still required to investigate the mechanism of biofilm
disruption by serratamolides. In addition to the lipopeptides, glucosamine derivative homologues
present in the P1 and NP1 crude extracts, as well as the prodigiosin present in the P1 crude extract,
have previously been found to display antimicrobial activity (Dwivedi et al. 2008; Clements et al.
2019b), and may have further contributed to the disruption and microbial inhibition of the cells in the
single- and dual-species biofilms. A study by Kimyon et al. (2016) also investigated the biofilm
disrupting properties of prodigiosin against a P. aeruginosa strain. The authors suggested that
prodigiosin is able to disrupt preformed biofilms by undergoing oxidation and promoting double-
stranded DNA cleavage of extracellular DNA (eDNA), as it is known that eDNA can integrate into
the biofilm matrix and may increase the adhesion of bacterial strains to a surface, thus playing a

pivotal role in maintaining the biofilm structure and adhesion.

Based on the EMA-gPCR analysis, it was however, interesting to note that in comparison to the
culture-based results; the single- and dual-species P. aeruginosa S1 68 and E. faecalis S1 biofilms
were not completely eradicated after treatment with the P1 crude extract at the highest
concentration utilised. This was similarly observed for the single-species E. faecalis S1 treated with
the NP1 crude extract. A major limitation of culture-based analysis is that this technique does not
allow for the quantification of cells that have entered a viable but non-culturable state. The use of a
nucleic acid-binding dye (such as EMA) coupled with qPCR allows for the differentiation between
intact and dead cells, as these dyes penetrate cells with damaged membranes and covalently bind
to DNA, preventing qPCR amplification. Thus, once the excess unbound dye has been removed,
only the DNA extracted from viable cells is amplified and quantified by gPCR (Qin et al. 2012;
Reyneke et al. 2016), which effectively provides a more accurate representation of the viable cells

remaining in the biofilm after antimicrobial treatment using the MBEC Assay® (Innovotech).

In addition to biofilm disruption potential, the antiadhesive potential of P1 and NP1 crude extracts
was evaluated using the MBEC Assay® against mono- and co-cultures of E.faecalis S1 and
P. aeruginosa S1 68. The results then indicated that pre-coating the pegs of the assay with
50 mg/mL of the P1 crude extract reduced the adhesion of mono-culture P. aeruginosa S1 68 cells
by 94.4% based on plate counts and 89.5% based on gene copies, while E. faecalis S1 cells were
reduced by 99.1% based on plate counts and by 82.7% based on gene copies. Similarly, pre-
coating the pegs of the assay with 50 mg/mL of the NP1 crude extract reduced the adhesion of
mono-culture P. aeruginosa S1 68 cells by 93.1% based on plate counts and 85.4% based on gene
copies, while E. faecalis S1 cells were reduced by 97.3% based on plate counts and by 80.0%
based on gene copies. The culture-based and molecular analysis thus indicated that similar
reductions in the adhesion of P. aeruginosa S1 68 and E. faecalis S1 were observed for pegs
coated with 50 mg/mL of the P1 and NP1 crude extracts.
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For the co-cultures, pre-coating the pegs of the MBEC Assay® with 50 mg/mL of the P1 crude
extract reduced the adhesion of E. faecalis S1 cells by 96.4% and 89.9%, based on plate counts
and gene copies, respectively, while 50 mg/mL of the NP1 crude extract reduced the adhesion of
E. faecalis S1 cells by 99.8% based on plate counts and by 92.3% based on gene copies. However,
for both P1 and NP1, a < 80% reduction in adhesion was obtained for P. aeruginosa S1 68 at all
concentrations analysed. Thus, a greater reduction in adhesion of the mono-culture P. aeruginosa
S1 68 cells to the pre-coated P1 and NP1 pegs of the assay was observed in comparison to
P. aeruginosa S1 68 in co-culture with E. faecalis S1 (based on plate counts and gene copies).
These results suggest that P. aeruginosa S1 68 was more readily able to adhere to the pre-coated
peg surface of the MBEC Assay® in the presence of E. faecalis S1. A similar phenomenon was
observed in a study conducted by do Valle Gomes and Nitschke (2012), where the biosurfactants
surfactin and rhamnolipids, were less effective at reducing the adhesion of mixed bacterial cultures
when compared to the individual cultures of S. aureus, L. monocytogenes and S. Enteritidis. The
authors hypothesised that the observed effect may be influenced by differing adhesion rates of each
individual bacterial strain present in the mixed culture (do Valle Gomes and Nitschke 2012). In
addition, the presence of one bacterial genus in a mixed culture may influence the microbial
adhesion of another genus (do Valle Gomes and Nitschke 2012). This was corroborated by Rieu et
al. (2008), who reported that S. aureus facilitated the colonisation of L. monocytogenes in a co-
culture to stainless steel and revealed that peptide molecules within the cell-free supernatant
obtained from S. aureus are involved in the stimulation of L. monocytogenes biofilm development. It
is possible that in the current study, E. faecalis S1 may have produced a metabolite that can
enhance P. aeruginosa S1 68 adhesion to the surface of the pre-coated peg of the MBEC Assay®

during co-culture. This hypothesis will however, need to be confirmed.

In order to create a sustainable antimicrobial surface which could be applied in industry, polymeric
surfaces with covalently bound antimicrobial agents that reduce microbial adhesion were designed.
For this purpose, the serratamolide and glucosamine derivative homologues in the P1 and NP1
crude extracts were immobilised onto surfaces of HDPE and PVC. These two materials were
selected as they are frequently utilised in the water, food and medical industries and are suitable for
the first step of the material modification process (the addition of hydroxyl groups to the surface of
each material via oxidation with the piranha solution). In order to create the biomaterials, the piranha
treated HDPE and PVC surfaces were silanized with APTES, followed by the covalent
immobilisation of the modified serratamolide and glucosamine derivative homologues. The use of
APTES (an organic silane) is intended to act as an intermediate spacer between organic and
inorganic constituents during the coating process and provides reactive amine groups that the
modified antimicrobial secondary metabolites can covalently attach to. It should however, be noted

that the prodigiosin in the P1 crude extract was not immobilised onto the surface of the materials
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due to the absence of reactive functional groups within the structure that would covalently attach to
the amine groups of the APTES compound. The surfaces of the coated and subsequent control
materials were characterised using water contact angle measurements, ATR-FTIR analysis and
SEM coupled with BSE-EDX analysis, which confirmed the successful immobilisation of the
antimicrobial compounds onto the materials. Moreover, the serratamolide and glucosamine
derivative homologues were found to be stable on the surface of HDPE and PVC, as no leaching of
the secondary metabolites was observed after 24 h. After the immobilisation was confirmed, the
coated and uncoated controls of HDPE and PVC were exposed to mono-cultures of E. faecalis S1

and P. aeruginosa S1 68 to test antifouling potential of the materials.

Significant reductions in the adhesion of E. faecalis S1 cells to the surface of the P1 (98.7% based
on plate counts and 87.2% based on gene copies) and NP1 (96.4% based on plate counts and
91.0% based on gene copies) coated HDPE were observed. Comparatively, based on plate counts
and gene copies, an 87.3% and 72.1% reduction, respectively, in the adhesion of P. aeruginosa S1
68 cells to the surface of the P1 coated HDPE was observed, while the NP1 coated HDPE resulted
in reductions of 87.6% based on plate counts and 64.3% based on gene copies for P. aeruginosa
S1 68. Significant reductions in the adhesion of P. aeruginosa S1 68 cells to the surface of the P1
coated PVC were also observed (92.8% based on plate counts and 99.9% based on gene copies),
with the NP1 coated PVC resulting in reductions of 80.9% based on plate counts and 99.4% based
on gene copies. In contrast, lower reductions in the adhesion of E. faecalis S1 cells to the surface of
the P1 coated PVC were observed (72.7% based on plate counts and 26.6% based on gene
copies), while the NP1 coated PVC resulted in reductions of 76.8% based on plate counts and 8.8%

based on gene copies.

The P1 and NP1 coated HDPE were thus effective at reducing the adhesion of both Gram-positive
(P. aeruginosa S1 68) and Gram-positive bacterial cells (E. faecalis S1), while the P1 and NP1
coated PVC were more effective at reducing the adhesion of Gram-negative bacterial cells
(P. aeruginosa S1 68). The variation in the adhesion of the Gram-negative and Gram-positive
bacterial cells to the different polymers may be attributed to a few features involved in the adhesion
process, including the surface charge and hydrophobicity of a substratum and of the microbial cell,
the surface roughness and texture of each material, the production of the extracellular matrix of
each bacterial strain, the presence of fimbriae and flagella, and the proteins and components on the
surface of the bacterial cell membrane (Zeraik and Nitschke 2010; Krasowska and Sigler 2014; Oh
et al. 2018). Although various factors contribute to the adhesion of microbial cells onto a surface,
hydrophobic polymers (such as HDPE and PVC) are potentially more conducive to microbial
adhesion (Rodrigues et al. 2006; Rufino et al. 2011). This is due to the removal of interfacial water
from between the interacting surfaces, which aids in the adhesion of microbial cells (Rodrigues et al.

2006; Rufino et al. 2011). Thus, coating a material with an agent that makes a surface more
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hydrophilic would aid in reducing the adhesion of microbial cells. As previously mentioned, the water
contact angle measurements provided a confirmation that the surfaces of coated HDPE and PVC
surfaces were modified to become more hydrophilic. The reduction in surface hydrophobicity
(change in surface wettability) observed for the coated materials in addition to the antimicrobial
activity of the serratamolide and glucosamine derivative homologues, is thus hypothesised to assist
with the observed reduction in microbial adhesion to the coated HDPE and PVC surfaces.
Moreover, a number of chemical compounds can leach from plastic materials into their surrounding
environment, which may affect microbial adhesion and colonisation. Previous research has found
that PVC can release chlorinated and organotin compounds, while compounds such as phenols,
ketones, aromatic hydrocarbons can be released from HDPE (Robine et al. 2000; Rozej et al.
2015). The release of these toxic compounds may thus have additionally contributed to the variation

in adhesion of P. aeruginosa S1 68 and E. faecalis S1 onto the polymers (Robine et al. 2000).

4.5. Conclusions

The study demonstrated that the complex of secondary metabolites, comprised of serratamolide
and glucosamine derivative homologues (and prodigiosin for the P1 crude extract), produced by
S. marcescens P1 and NP1 strains displayed biofilm disrupting activity. However, the P1 crude
extract was more effective at reducing single-species P. aeruginosa S1 68 biofilms, while the single-
species E. faecalis S1 biofilm was equally susceptible to the P1 and NP1 crude extracts. Moreover,
based on plate counts, the P1 crude extract eradicated the dual-species P. aeruginosa S1 68 and
E. faecalis S1 biofilm, which was not observed with the NP1 crude extract. As the complex of
secondary metabolites produced by the P1 strain displayed pronounced biofilm disrupting activity, it
is recommended that this crude extract be applied as a biodetergent solution to reduce pre-existing
biofilms on industrial surfaces. Moreover, this work demonstrated that the P1 and NP1 crude
extracts, which were pre-adsorbed to the polypropylene surfaces of the MBEC Assay®, delayed the
onset or adhesion of biofilm formation by P. aeruginosa S1 68 and E. faecalis S1. However, after
exposure of the P1 and NP1 coated pegs to the co-culture of P. aeruginosa S1 68 and E. faecalis
S1, significant reductions in the adhesion of E. faecalis S1 were observed, while a reduced
antiadhesive efficiency was observed for P. aeruginosa S1 68 in co-culture with E. faecalis S1. It is
thus recommended that future research investigate the interspecies interactions (production of
metabolites, quorum sensing etc.) that may influence the co-adhesion and subsequent biofilm
development of E. faecalis S1 and P. aeruginosa S1 68, as well as the adhesion rates of each

individual bacterial strain.

This study then successfully developed non-leaching biomaterials by covalently immobilising
serratamolide and glucosamine derivative homologues onto the surface of polymers (HDPE and

PVC) commonly used in the food, medical and water industry. The P1 and NP1 coated HDPE were
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effectively able to reduce the adhesion of mono-cultures of Gram-negative (P. aeruginosa S1 68)
and Gram-positive (E. faecalis S1) bacterial cells, while the P1 and NP1 coated PVC were only
effective at reducing the adhesion of Gram-negative (P. aeruginosa S1 68) bacterial cells with minor
reductions in adhesion observed for E. faecalis S1. Based on these results, it is recommended that
the antifouling potential of the P1 and NP1 coated HDPE against mixed microbial communities be
investigated. The antimicrobial-based materials developed in this study could thus be utilised for a
wide range of industrial applications, such as medical equipment and implant surfaces, food
processing system surfaces and water storage and conveyance surfaces. Future research should
thus investigate the efficacy of the serratamolide and glucosamine derivative homologues when
immobilised onto various other materials, such as stainless steel, which are commonly used in

these industries.
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5.1. General Conclusions and Recommendations

Microbial secondary metabolites offer a wide range of structurally diverse, low-molecular weight
compounds, with complex biological activity, and have been recognised as a natural source for drug
discovery and development (Baral et al. 2018). These bioactive compounds are commonly isolated
from microbial species such as Actinobacteria, Streptomyces, Myxobacteria, Pseudomonas and
Bacillus, as well as filamentous fungi (Baral et al. 2018; Niu and Li 2019). The broad-spectrum
antimicrobial properties of bioactive metabolites produced by Serratia species are however,
relatively unexplored and the primary aim of this study was to identify environmental Serratia
species that produce antimicrobial secondary metabolites, elucidate their metabolic profiles and
metabolite structures, and apply these bioactive compounds as antifouling and biofilm disrupting

agents.

Various environmental sources, including wastewater treatment plants, an oil refinery, winery and
olive oil estates, river water and rainwater, were subsequently screened for pigmented and non-
pigmented Serratia isolates (chapter two). Preliminary screening for biosurfactant production
(including oil spreading methods, emulsification assays and surface tension reduction
measurements) and molecular typing resulted in the selection of 11 pigmented and 11 non-
pigmented Serratia marcescens (S. marcescens) strains. These strains were predominantly isolated
from wastewater treatment plants, followed by river water and one isolate was obtained from an oil
refinery effluent sample. Based on the physico-chemical properties, molecular analysis, and
preliminary antimicrobial testing, three S. marcescens strains (i.e. P1, NP1 and NP2) were selected
for the production and extraction of the secondary metabolites. Following solvent extraction, the P1,
NP1 and NP2 crude extracts were subjected to ultra-performance liquid chromatography (UPLC)
coupled to electrospray ionisation mass spectrometry (ESI-MS) analysis for the putative
identification of the secondary metabolites. The S. marcescens P1 and NP1 strains isolated in this
study were capable of producing serrawettin W1 homologues (serratamolides A, B, C and E), which
corresponded to the identification and production of these lipopeptides by Serratia species as
described in Dwivedi et al. (2008) and Eckelmann et al. (2018). The co-production of serrawettin W1
homologues with glucosamine derivative A (NP1 strain) or prodigiosin (P1 strain) was also
observed. In contrast, while the serrawettin W2 analogues (A to D) detected in the NP2 crude
extract corresponded to the detection of these compounds in literature (Su et al. 2016), a novel
analogue of serrawettin W2 with a molecular ion at m/z 690.41 [M+H]" was putatively identified.
Tandem-mass spectrometry (MS/MS) is thus recommended to elucidate the full chemical structure
of this analogue, as well as confirm the chemical structures of the other serrawettin W2 analogues,
serrawettin W1 homologues, glucosamine derivative A and prodigiosin. Moreover, while Serratia
species are well-known producers of serrawettins and prodigiosin, it was interesting to note that of

the 22 strains selected and screened for biosurfactant production in chapter two, the S. marcescens
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NP10 strain was the only isolate that did not contain either the swrW (encodes for non-ribosomal
serrawettin W1 synthetase) or swrA (encoding for non-ribosomal serrawettin W2 synthetase) genes,
despite exhibiting surface tension reduction and emulsification activity. This indicates that this strain
may be able to produce other types of secondary metabolites and it is recommended that research
be conducted on the chemical characterisation and antimicrobial properties of the secondary

metabolites produced by NP10.

Previous research has described the antimicrobial activity of the secondary metabolites, serrawettin
W1, serrawettin W2 and prodigiosin against for example, Staphylococcus species, while
glucosamine derivative A displayed activity against Mycobacterium species (Dwivedi et al. 2008;
Kadouri and Shanks 2013; Darshan and Manonmani 2015; Su et al. 2016). It is however, important
to highlight that in chapter two, an extensive investigation into the antimicrobial activity of the P1 and
NP1 crude extracts, comprised of serrawettin W1 homologues in combination with prodigiosin (P1)
or glucosamine derivative A (NP1) and NP2 (produced serrawettin W2 analogues) was conducted.
Subsequently, results indicated that the P1 and NP1 crude extracts displayed broad-spectrum
antimicrobial activity against Gram-negative and Gram-positive bacteria, such as multidrug-resistant
(MDR) Pseudomonas aeruginosa (P. aeruginosa) and methicillin-resistant Staphylococcus aureus,
and fungal opportunistic pathogens, such as clinical Cryptococcus neoformans and Candida
albicans strains. Although the NP2 crude extract exhibited activity against a narrow-spectrum of test
microorganisms, in comparison to the other two extracts, activity against MDR P. aeruginosa and
extensive drug-resistant (XDR) Acinetobacter baumannii as well as a clinical C. neoformans strain,
was recorded. Hage-Hulsmann et al. (2018) investigated the synergism between serrawettin W1
and prodigiosin and indicated that the compounds displayed greater antimicrobial potency in
combination against Corynebacterium glutamicum in comparison to their individual activities. It is
thus hypothesised that as the respective P1 and NP1 crude extracts consisted of at least two
classes of secondary metabolites [serrawettin W1 homologues and prodigiosin (P1) or glucosamine
derivative A (NP1)], the broad-spectrum activity observed against the test organisms may be due to
a synergistic effect displayed between the compounds in these extracts. This could potentially also
elucidate the narrow-spectrum activity observed for the NP2 crude extract, where only one class of
metabolites (serrawettin W2 analogues) was detected. The production of surface active compounds
(i.e. serrawettins) in combination with other antimicrobials may thus enhance the potency of these
metabolites (i.e. prodigiosin or glucosamine derivatives) by improving their solubility and aid in their
penetration across cell walls (Bhadoriya et al. 2013; Hage-Hilsmann et al. 2018). Although the
development of antibiotic formulations containing serrawettin W1 homologues in combination with
glucosamine derivatives or prodigiosin may be a promising avenue to explore, future research is
required to purify the compounds detected in the crude extracts and analyse the antimicrobial

activity displayed by the individual compounds as well as their synergistic effect. Overall, results
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from chapter two indicate that Serratia species are a reservoir of antibacterial and antifungal
compounds of clinical and industrial significance. It should additionally be noted that wastewater
treatment plants, river water and oil refinery effluent samples were found to be promising sources
for the isolation of pigmented and non-pigmented S. marcescens strains capable of producing
secondary metabolites with antimicrobial activity. As the secondary metabolites produced by the P1
and NP1 strains exhibited broad-spectrum antimicrobial activity, the extracts produced by these two

S. marcescens strains were selected for further analysis in chapters three and four.

In chapter three, reverse-phase high performance liquid chromatography (RP-HPLC), ESI-MS,
UPLC-MS® and mass spectrometry-based molecular networking was used to identify secondary
metabolites and elucidate the structures of various congeners produced by the pigmented (P1) and
a non-pigmented (NP1) S. marcescens strains. To achieve this, up-scaled fermentations of the P1
and NP1 strains were completed and the secondary metabolites were extracted. Thereafter, RP-
HPLC was used to fractionate the secondary metabolites within the P1 and NP1 crude extracts. The
collected fractions were subjected to ESI-MS and UPLC-MS® and the MS® data for P1 and NP1
were analysed using molecular networking on the Global Natural Products Social Molecular
Networking (GNPS) platform, which enables the detection and visualisation of large groups of
natural products that are generated based on structural similarity (Niu and Li 2019). As indicated in
chapter two, using UPLC-ESI-MS, the P1 and NP1 crude extracts were comprised of serratamolides
(A, B, C and E) with prodigiosin (P1) or glucosamine derivative A (NP1). However in chapter three,
the combined use of fractionation by RP-HPLC, ESI-MS, UPLC-MS® and molecular networking of
the secondary metabolites produced by S. marcescens P1 and NP1, revealed four major clusters,
including the known structures of serratiochelin A, prodigiosin (produced by P1), serratamolide
homologues (n = 7) and glucosamine derivative homologues (n = 3). Moreover, based on structural
similarity, the molecular network generated using the GNPS platform guided the characterisation of
unknown metabolites in combination with the MS® fragmentation profiles, revealing the putative
structures of one novel open-ring serratamolide homologue and eight novel glucosamine derivative
congeners. The integrated approach applied in chapter three thus provided new knowledge on the
chemical structures of novel serratamolide and glucosamine derivative congeners and is the first
report of the co-production of these four secondary metabolic classes (i.e. prodigiosin, serratiochelin
A, serratamolides and glucosamine derivatives) by a Serratia strain. The use of RP-HPLC and
UPLC-MS® analysis thus proved to be a powerful tool for the detection of minor secondary metabolic
constituents produced by Serratia strains and may have further contributed to the increased
consortium of secondary metabolites identified in the P1 and NP1 crude extracts. Furthermore, the
combined use of UPLC-MS® and molecular networking was found to be a high-throughput method
of clustering and characterising known and novel secondary metabolites produced by Serratia

species.
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It should be noted at as the majority of the novel compounds were produced in minor quantities by
the P1 and NP1 strains, further structural elucidation (such as nuclear magnetic resonance) could
not be conducted to confirm the position of double bonds and hydroxyl groups on the fatty acyl
chains. It is thus recommended that further optimisation of the culture conditions, extraction
methods or metabolic engineering approaches (heterologous expression of gene clusters in a
suitable host) be conducted to increase the production (and ultimately yield) of the minor metabolic
constituents detected, effectively allowing for additional structural confirmation. Altering cultivation
conditions, such as adjusting media components, temperature or aeration rates used during
fermentation (production of secondary metabolites) may also activate certain ‘silent’ gene clusters in
the genome of microbial cells that are involved in secondary metabolism [such as non-ribosomal
peptide synthetase (NRPS) gene clusters] (Bode et al. 2002) and lead to the production of different
metabolites by the P1 and NP1 strains. Another approach comprises a co-cultivation strategy that
involves aseptically culturing two or more microbial strains in solid or liquid media to identify
additional secondary metabolites (Romano et al. 2018; Chen et al. 2020). It is hypothesised that the
competitive or snergistic relationship between the co-cultured strains may activate biosynthetic gene
clusters and produce secondary metabolites that are not typically detected under classical mono-
culture conditions (Chen et al. 2020). The co-culturing of the P1 and NP1 strains may thus be a
promising future approach to elucidate additional novel natural products produced by these
S. marcescens strains. A more recent approach involves the use of whole genome sequencing in
combination with bioinformatics tools [such as the antibiotics and secondary metabolite analysis
shell (antiSMASH)] to analyse a microbial genome for biosynthetic gene clusters responsible for
producing secondary metabolites (Villebro et al. 2019). This allows for the detection of all possible
NRPS gene clusters within the strains genome that may encode for novel bioactive secondary
metabolites and predict the chemical structure of the NRPS products (Medema et al. 2011). The use
of genome sequencing and mining for NRPS biosynthetic pathways in the P1 and NP1 strains may
thus provide further insight into additional secondary metabolites not actively being produced under

typical cultivation conditions and is a promising strategy to pursue in future research.

Following RP-HPLC and ESI-MS analysis (as outlined in chapter three), a disc diffusion assay
revealed that a clinical Enterococcus faecalis (E. faecalis) S1 strain was susceptible to the fractions
with the major molecular ions [M+H]" at m/z 324.2073 (prodigiosin), 515.3331, 541.3485 and
543.3644 (serratamolides), 559.3953 and 585.4117 (glucosamine derivatives), with a novel
glucosamine derivative homologue (molecular ion at m/z 557.3801) also exhibiting antimicrobial
activity. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of fractions, selected based on the activity and quantity, was subsequently determined and revealed
that the three serratamolides (i.e. m/z 515.3331, 541.3485 and 543.3644 [M+H]") exhibited identical
activity against E. faecalis S1 with a MIC of 3 mg/mL and MBC of > 3 mg/mL recorded. The
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structures of the three serratamolides differed based solely on the length and the presence of a
double bond in one of the two fatty acid chains (i.e. lengths of Cy4; C1» and Cy,.), indicating that the
fatty acid modifications of the serratamolide homologues exhibited no additional antimicrobial
potency against the Gram-positive strain. Moreover, the glucosamine derivative A (i.e. m/z
585.4117) and prodigiosin (i.e. m/z 324.2073) were found to be more potent against E. faecalis S1
compared to the serratamolides, suggesting that these compounds are promising antimicrobial
candidates for future drug development and therapeutic application. However, further tests on the
broad-spectrum activity of the individual (RP-HPLC purified) compounds against other Gram-
positive bacteria, as well as against Gram-negative bacteria and fungi are recommended. Additional
pre-clinical development tests with these compounds, for example testing the chemical stability,
solubility in water, safety of the compounds (against mammalian cell lines) and preliminary
assessment of spontaneous resistance, are recommended for future studies (Hughes and Karlen
2014). Results obtained in chapter three thus confirmed that the serratamolides, glucosamine
derivatives and prodigiosin produced by the S. marcescens P1 and NP1 strains exhibited
antimicrobial activity and the combination of the respective compounds may have resulted in the

broad-spectrum antimicrobial activity observed in chapter two.

While purifying the homologues of serratamolides and glucosamine derivatives via RP-HPLC, and
the subsequent antimicrobial testing, provided information regarding the activity of individual
compounds, the use of the entire complex of secondary metabolites in the P1 and NP1 crude
extracts may be a more cost-effective approach for industrial application as a biodetergent solution
or material surface coating agent (Quinn et al. 2012). Moreover, the combination of the secondary
metabolites detected in each extract may potentially increase the potency against multi-species
biofilms (Quinn et al. 2012). The antifouling and biofilm disrupting activity of the P1 and NP1 crude
extracts was thus analysed in chapter four. The P1 and NP1 crude extracts were tested against
single- and dual-species Pseudomonas aeruginosa (P. aeruginosa) S1 68 and E. faecalis S1
biofilms using the minimum biofilm eradication concentration (MBEC) Assay®. Results indicated
that both the P1 and NP1 extracts significantly reduced the single-species E. faecalis S1 biofilm,
while the single-species P. aeruginosa S1 68 biofilm was more susceptible to the P1 extract. The P1
and NP1 extracts significantly reduced the dual-species P. aeruginosa and E. faecalis biofilm;
however, increased concentrations of both extracts were required to reduce E. faecalis by = 2 logs
in comparison to the single-species E. faecalis biofilm. This provided an indication that E. faecalis
S1 may have been less susceptible to the compounds in both extracts whilst in a dual-species
biofilm with P. aeruginosa S1 68. Various factors, including interspecies interactions and spatial
distribution of the strains within the biofilm, were hypothesised to have resulted in the observed
increase in tolerance of E. faecalis S1 to the P1 and NP1 crude extracts in a dual-species biofilm;

however, research is required to monitor these factors during antimicrobial treatment in order to
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confirm this theory. Overall, the natural compounds in the P1 and NP1 crude extracts were effective
at reducing pre-formed single- and dual-species biofilms of bacterial strains (i.e. E. faecalis and
P. aeruginosa) that have been implicated as contaminants of water sources, food processing units
and as part of a biofilm community on medical equipment, devices and implants (Wingender and
Flemming 2011; Abdallah et al. 2014; Lee et al. 2017; Meier et al. 2018). Moreover, this is the first
study to show that an extract comprised of serratamolides and glucosamine derivatives (the NP1
crude extract) as well as prodigiosin in combination with serratamolides and glucosamine
derivatives (the P1 crude extract), display biofilm disrupting properties against single- and dual-

species biofilms.

Additionally, the pre-adsorption of the P1 and NP1 extracts (at 50 mg/mL) to the pegs of the MBEC
Assay® effectively reduced the adhesion of mono-culture P. aeruginosa S1 68 and E. faecalis S1
cells. For the co-culture analysis, significant reductions in the adhesion of E. faecalis S1 to the P1
and NP1 coated pegs were observed, while P. aeruginosa S1 68 cells were more readily able to
adhere to the pre-coated peg surface of the MBEC Assay® in co-culture with E. faecalis S1. Future
research is required to investigate the various factors, such as interspecies interactions (production
of metabolites, quorum sensing etc.) and adhesion rates, which were hypothesised to facilitate the
increased adhesion of P. aeruginosa S1 68 to a coated surface in the presence of E. faecalis S1. A
literature search indicated that the antiadhesive potential of serratamolides and glucosamine
derivatives (in the NP1 extract) and prodigiosin in combination with serratamolides and glucosamine
derivatives (the P1 crude extract), has not previously been investigated or explored. The
antiadhesive properties of the combination of these compounds in the P1 and NP1 crude extracts
was thus confirmed in the current study against mono- and co-cultures of bacterial strains. Overall,
the MBEC Assay® was advantageous as it allowed for the analysis of two crude extracts at various
concentrations in a high-throughput manner against single- and dual-species biofilms, as well as the
antiadhesive testing against mono- and co-cultures of bacterial strains. Moreover, the use of the
MBEC Assay® with ethidium monoazide bromide quantitative PCR (EMA-gPCR) provided an
indication of the viable cells remaining in the biofilm after antimicrobial treatment. Thus, the P1 and
NP1 crude extracts have the potential to be developed and applied as biodetergents for controlling
bacterial biofilms and preventing biofilm attachment in medical and industrial settings. However,
investigation into the effectiveness of the P1 and NP1 crude extracts over extended time intervals is
required, to determine the biodetergent dosage frequency as well as the efficacy of the P1 and NP1
crude extracts against mixed microbial communities and a more established biofilm. Additionally,
while the mode of biofilm disruption and biofilm prevention (antiadhesive potential) has been
described for prodigiosin, future research should explore the mechanisms of biofilm disruption and

preventing biofilm formation on surfaces coated with serratamolides and glucosamine derivatives.
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Following the use of the MBEC Assay®, the serratamolides and glucosamine derivatives in the P1
and NP1 crude extracts were covalently immobilised onto the surface of high-density polyethylene
PE300 (HDPE) and polyvinyl chloride (PVC). The two materials were selected as they are
commonly utilised in the food, water and medical industries. The immobilisation process involved
pre-modification of the serratamolides and glucosamine derivatives in the P1 and NP1 crude
extracts to promote their reactivity with the terminal amine groups of the 3-triethoxysilylpropan-1-
amine (APTES) linker, by replacing the hydroxyl groups in the structure of the secondary
metabolites with chlorine reactive groups (prodigiosin did not covalently link to APTES due to the
absence of reactive functional groups within the structure and was not applied). This was followed
by the material modification process, involving the addition of hydroxyl groups to the surface of each
material via oxidation with the piranha solution and subsequent silanization with APTES (the organic
silane linker). The modified P1 and NP1 crude extracts (i.e. serratamolides and glucosamine
derivatives) were then covalently immobilised onto the silanized APTES on the HDPE and PVC
surfaces. Surface characterisation methods, including water contact angle measurements,
attenuated total reflectance Fourier transform infrared spectroscopy and scanning electron
microscope coupled to backscattered electron imaging-energy dispersive x-ray spectroscopy,
confirmed the successful immobilisation of the modified compounds onto the materials. The
potential leaching of the compounds coated onto the materials was also investigated in the current
study by placing the coated HDPE and PVC into milli-Q water for 24 h. The suspension collected
after exposure was freeze-dried and UPLC-ESI-MS analysis was conducted on the recovered
freeze-dried samples, with results indicating that no leaching of the secondary metabolites was
observed. The use of covalent immobilisation to coat the surface of a material is thus advantageous
over the methods previously used in chapter four (i.e. simple adsorption of the compounds to the
surface of the pegs in the MBEC Assay®) as it prevented leaching and may enhance long-term
stability and increase the duration of antimicrobial efficacy (Alves and Pereira 2014; De Zoysa and
Sarojini 2017). However, it is recommended that antimicrobial testing with the recovered freeze-
dried samples (to confirm that there is no biological activity) and with the coated HDPE and PVC
after the 24 h leaching test (to ensure the coated materials still exhibit antimicrobial activity), be

conducted.

Antifouling analyses then indicated that the P1 and NP1 coated HDPE were effectively able to
reduce the adhesion of mono-cultures of Gram-negative (P. aeruginosa S1 68) and Gram-positive
(E. faecalis S1) bacterial cells, while the P1 and NP1 coated PVC were only effective at reducing
the adhesion of the Gram-negative P. aeruginosa S1 68, with minor reductions in E. faecalis S1
adhesion observed. It was hypothesised that the reduced adhesion was due to the decreased
hydrophobicity (became more hydrophilic) of the HDPE and PVC surfaces after coating with the

serratamolides and glucosamine derivatives (i.e. less conducive to microbial adhesion) in
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combination with the antimicrobial activity exhibited by the secondary metabolites. This is thus one
of the first reports of the development of biomaterials, employing secondary metabolites (i.e.
serratamolides and glucosamine derivatives) produced by Serratia species, that were effectively
able to reduce the adhesion of microbial cells. The development of biomaterials with antifouling
properties may thus play an important role in the escalating battle against MDR and XDR bacterial
contamination in medical, food and water environments. However, potential toxicity analysis of the
coated materials is still required prior to the application of these biomaterials in these industries. It is
also recommended that the antiadhesive potency of the coated HDPE and PVC be tested against
dual- and mixed-species bacterial and fungal biofilms. The coating protocol employed in the current
study, to immobilise serratamolides and glucosamine derivatives onto the HDPE and PVC, should
also be applied and optimised (if required) on other material types commonly used in the food, water

and medical industries.
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Fig. A1 ESI-MS spectrum of the crude extract obtained from (A) S. marcescens Pl and (B)

S. marcescens NP1. Detected the protonated [M+H]" singly charged species detected in (A) P1

crude extract corresponded to (1) serratamolide C (m/z 543.37), (2) serratamolide B (m/z 541.35),
(3) serratamolide A (m/z 515.33), (4) serratamolide E (m/z 487.30) and (5) prodigiosin
(m/z324.21); and (B) NP1l crude extract corresponded to (1) glucosamine derivative A
(m/z 585.41), (2) serratamolide C (m/z 543.36), (3) serratamolide B (m/z 541.35), (4) serratamolide
A (m/z 515.33), (5) serratamolide E (m/z 487.30).
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Fig. A2 UPLC-MS chromatogram of the crude extract obtained from S. marcescens P1. Five major
peaks were observed in both crude extracts. The five peaks correspond to prodigiosin (P)
(m/z 324.21) and serratamolide homologues: serratamolide A (m/z 515.33), serratamolide B

(m/z 541.35), serratamolide C (m/z 543.37) and serratamolide E (m/z 487.30).
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Fig. A3 UPLC-MS chromatogram of the crude extract obtained from S. marcescens NP1. Five
major peaks are observed in both crude extracts. The five peaks correspond to a glucosamine
derivative A (m/z 585.41) and serratamolide homologues: serratamolide A (m/z 515.33),

serratamolide B (m/z 541.35), serratamolide C (m/z 543.36) and serratamolide E (m/z 487.30).
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Fig. A4 ESI-MS spectrum of the crude extract obtained from S. marcescens NP2. Detected the
protonated [M+H]" singly charged species include (1) serrawettin W2 A (m/z 732.45), (2)
serrawettin W2 B (m/z 718.44), (3) serrawettin W2 D (m/z 748.46), (4) serrawettin W2 C
(m/z 704.42), and (5) serrawettin W2 E (m/z 690.41).
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Fig. A5 UPLC-MS chromatogram of the crude extract obtained from S. marcescens NP2. Five
major peaks are observed in both crude extracts. The five peaks correspond to serrawettin W2 A
(m/z 732.45), serrawettin W2 B (m/z 718.44), serrawettin W2 C (m/z 704.42), serrawettin W2 D
(m/z 748.44) and serrawettin W2 E (m/z 690.41).
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Table Al The biosurfactant target genes detected in each S. marcescens strain.

Isolate

Gene encoding for the biosynthesis of a

biosurfactant

swrw

SWrA

. marcescens P1

. marcescens P2

. marcescens P3

. marcescens P4

. marcescens P5

. marcescens P6

. marcescens P7

. marcescens P8

. marcescens P9

. marcescens P11

. marcescens NP1

[+ [+ [+ |+ |+ ][+ ][+ ]|+ ]+]+

. marcescens NP2

. marcescens NP3

. marcescens NP4

. marcescens NP5

. marcescens NP6

. marcescens NP7

S
S
S
S
S
S
S
S
S
S. marcescens P10
S
S
S
S
S
S
S
S
S

. marcescens NP8

S. marcescens NP9

+ 4+ |+ |+ |+ |+ |+ |+

S. marcescens NP10

S. marcescens NP11
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Table B1. Summary of the compounds in the P1 and NP1 crude extracts that were identified using RP-HPLC and ESI-MS analysis.

Stellenbosch University https://scholar.sun.ac.za

Crude extract R;{?ﬁ':h? Pirggr?t?t?/d(lci:ferpa?ﬁ?egd m/z [M+H]" m/z [M+Na]" m/z [M+K]" Reference
P1, NP1 8.8, 8.7 Serratiochelin A/ Serranticin 430.1609 452.1430 468.1061 Seyedsayamdost et al. 2012
P1 20.9 Prodigiosin 324.2073 N/D N/D Lee etal. 2011
P1 20.9 Open-ring serratamolide B 559.3600 581.3405 597.3135 Eckelmann et al. 2018
P1, NP1 22.0 Serrawettin W1/ serratamolide A 515.3331 537.3147 553.2894 Dwivedi et al. 2008
P1 22.0 Unidentified 575.3902 597.3736 613.3528 N/D
P1, NP1 22.0 Open-ring serratamolide C 561.3749 583.3563 599.3333 Eckelmann et al. 2018
P1, NP1 24.1 Unidentified 557.3804 579.3623 595.3395 N/D
NP1 24.6 Unidentified 585.3738 607.3548 623.3301 N/D
P1, NP1 24.5, 24.6 Serratamolide B 541.3485 563.3290 579.3591 Dwivedi et al. 2008
NP1 24.6 Unidentified 545.3787 567.3618 583.3265 N/D
NP1 24.6 Open-ring serratamolide 587 587.3908 609.3735 625.3573 Eckelmann et al. 2018
P1, NP1 26.4,26.5 Unidentified 589.4056 611.3892 627.3608 N/D
P1, NP1 26.4, 26.5 Serratamolide C 543.3644 565.3455 581.3188 Dwivedi et al. 2008
P1, NP1 28.8 Glucosamine derivative C 559.3953 581.3781 597.3525 Dwivedi et al. 2008
P1, NP1 29.7 Unidentified 583.3947 605.3761 621.3491 N/D
P1, NP1 29.8, 29.7 Glucosamine derivative A 585.4117 607.3924 623.3680 Dwivedi et al. 2008
P1 31.1 Unidentified 599.4265 621.4111 637.3778 N/D
P1 31.8 Serratamolide 571 571.3931 593.3783 609.4060 Eckelmann et al. 2018
P1 318 Glucosamine derivative B 573.4136 595.3904 611.3514 Dwivedi et al. 2008
P1 31.8 Unidentified 627.4192 649.4021 665.3962 N/D
P1 34.3,345 Unidentified 587.4268 609.4103 625.3834 N/D

N/D — not detected
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Fig. B1. Fragmentation profile and structure of the compound ion [M+H]" at m/z 430.16009.

Table B2. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 430.1602.

Assigned ion Theoretigal Experime+ntal Error (ppm)
(m/z 430.1609) [M+H] [M+H]
M+ H] 430.1614 430.1609 1.49
1 [M = C7HeO4] 294.1454 294.1455 -0.34
2 [M = C;H;NOg4] 277.1188 277.1194 -2.17
3 [M = C1oH14N,0O5] 220.0610 220.0607 1.36
4 [M = C13;HgNO,] 211.1082 211.1077 2.37
5 [M = C13H5NOs] 194.0817 194.0804 6.70
6 [M = Cy1H1oN,0y) 192.0660 192.0650 5.21
7 [M = C14H19N30 ] 137.0239 137.0234 3.65
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Fig. B2. Fragmentation profile and structure of the compound ion [M+H]" at m/z 324.2073.

Table B3. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 324.2073.

Assigned ion Theoretigal Experime+ntal Error (ppm)
(m/z 324.2073) [M+H] [M+H]
M + H] 324.2076 324.2073 1.36
1 [M—CH,] 309.1841 309.1836 1.62
2 [M-CH,O] 292.1813 292.1797 5.48
3 M-CH,I 252.1137 252.1140 -1.19
4 M-C,H, ] 266.1293 266.1296 -1.13
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Fig. B3. Fragmentation profile and structure of the compound ion [M+H]" at m/z 515.3331.

Table B4. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 515.3331.

Assigned ion Theoretii:al Experimeptal Error (ppm)
(m/z 515.3331) [M+H] [M+H]
M + H] 515.3332 515.3331 0.47
1 [M = H, OH] 497.3227 497.3239 -2.41
2 [M-C=0] 487.3383 487.3371 2.46
3 [M—-C=0-H, OH] 469.3277 469.3275 0.43
4 [3—H, OH] 451.3172 451.3146 5.76
5 [M — Ser — H, OH] 410.2906 410.2909 -0.73
6 M-C_H,NO,] 276.1811 276.1823 -4.34
7 [6 — H, OH] 258.1705 258.1679 10.07
8 [7 — H, OH] 240.1600 240.1595 2.08
9 [8 — C=0] 212.1650 212.1662 -5.66
10 [8 — Ser] 153.1279 153.1276 1.96
11 [6 — C10H207] 106.0504 106.0499 4.71
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Fig. B4. Fragmentation profile and structure of the compound ion [M+H]" at m/z 541.3485.

Table B5. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
m/z 541.3485.

Assigned ion Theoretifal Experime+ntal Error (ppm)
(m/z 541.3485) [M+H] [M+H]
M + H] 541.3488 541.3485 0.55
1 [M — H, OH] 523.3384 523.3371 2.48
2 [M - C=0] 513.3540 513.3548 -1.56
3 [M — Ser — H, OH] 436.3063 436.3065 -0.46
4 M-C H,NO] 302.1967 302.1981 -4.63
5 [4 — H, OH] 284.1862 284.1857 1.76
6 [5— H, OH] 266.1756 266.1749 2.63
7 M-C H,,NO,] 276.1811 276.1795 5.79
8 [7 — H, OH] 258.1705 258.1703 0.77
9 [8 — H, OH] 240.1599 240.1597 0.83
10 [9 - C=0] 212.1650 212.1630 9.43
11 [9 — Ser] 153.1279 153.1270 5.88
12 [7 — C10H205] 106.0504 106.0502 1.89
13 [6 — Ser] 179.1436 179.1452 -8.93
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Fig. B5. Fragmentation profile and structure of the compound ion [M+H]" at m/z 543.3644.

Table B6. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 543.3644.

Assigned ion Theoreti+cal Experime+ntal Error (ppm)
(m/z 543.3644) [M+H] [M+H]
[M + H] 543.3645 543.3644 0.18
1 [M — H, OH] 525.3540 525.3543 -0.57
2 [M - C=0] 515.3696 515.3705 -1.75
3 M-C_H,NO] 304.2124 304.2116 2.63
4 [3—H, OH] 286.2018 286.2005 4.54
5 [4 —H, OH] 268.1912 268.1912 0.00
6 M-C H,NO,] 276.1811 276.1811 0.00
7 [6 — H, OH] 258.1705 258.1706 -0.39
8 [7 —H, OH] 240.1599 240.1593 2.50
9 [8 — C=0] 212.1650 212.1637 6.13
10 [8 — Ser] 153.1279 153.1291 -7.84
11 [6 — C10H205] 106.0504 106.0492 11.32
12 [5 — Ser] 181.1592 181.1591 0.55
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Fig. B6. Fragmentation profile and structure of the compound ion [M+H]" at m/z 561.3749.
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Table B7. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 561.3749.

Assigned ion Theoretical ) +
(m/z 561.3749) [M+H] Experimental [M+H] Error (ppm)
M + H] 561.3754 561.3749 0.89
1 [M — H, OH] 543.3648 543.3660 -2.21
2 M-C H,NO] 304.2124 304.2103 6.90
3 [2—H,OH] 286.2019 286.2025 -2.10
4 [3—H,OH] 268.1913 268.1901 4.47
5 M—C H,NO,] 276.1811 276.1803 2.90
6 [5—H, OH] 258.1706 258.1696 3.87
7 [6 —H, OH] 240.1600 240.1584 6.66
8 [8 - C=0] 212.1650 212.1626 11.31
9 [7 - Ser] 153.1279 153.1275 2.61
10 [5 — C10H207] 106.0504 106.0498 5.66
11 [4 - Ser] 181.1592 181.1585 3.86
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Fig. B7. Fragmentation profile and structure of the compound ion [M+H]" at m/z 571.3931.

Table B8. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 571.3931.

Assigned ion Theoretical . +
(m/z 571.3931) (M+H] Experimental [M+H] Error (ppm)
M + H] 571.3958 571.3931 4.98
1 [M = H, OH] 553.3853 553.3831 3.98
2 [M — C=0 — H, OH] 525.3903 525.3911 -1.52
3 M-C H,NO,] 304.2124 304.2106 5.92
4 [3 —H, OH] 286.2019 286.2004 5.24
5 [4 —H, OH] 268.1913 268.1897 5.97
6 [5 - C=0] 240.1964 240.1944 8.33
7 [6 —H, OH] 222.1858 222.1853 2.25
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Fig. B8. Fragmentation profile and structure of the compound ion [M+H]" at m/z 559.3600.

Table B9. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 559.3600.

Assigned ion Theoretical Experimental
(m/z 559.3600) [M+H]* [M+H]" Error (ppm)
[M + H] 559.3594 559.3600 -1.03
1 [M—H, OH] 541.3489 541.3496 -1.29
2 [1-H,OH] 523.3383 523.3380 0.57
3 [M — Ser — H, OH] 454.3168 454.3156 2.64
4 M-C_H,NO,] 302.1967 302.1963 1.32
5 [4—H,OH] 284.1862 284.1851 3.87
6 [5 - H, OH] 266.1756 266.1729 10.14
7 M-C H,NO,] 276.1811 276.1808 1.09
8 [7—H, OH] 258.1705 258.1701 1.55
9 [6 — Ser] 179.1436 179.1419 9.49
10 [7 — C10H20;] 106.0504 106.0497 6.60
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Fig. B9. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 587.3908.

Table B10. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 587.3908.

(?ns}ilggn;edgégg) Th[e,\?:ﬁ]ifal Experimental [M+H]" Error (ppm)

[M+H] 587.3907 587.3908 -0.13
1 [M = H, OH] 569.3802 569.3787 2.63
2 [M = C15H29NO,] 302.1967 302.1951 5.29
3 [2 —H, OH] 284.1862 284.1854 2.82
4 [3—H, OH] 266.1756 266.1751 1.88
5 [M — C15H27NO,] 304.2124 304.2101 7.56
6 [5—-H,OH] 286.2018 286.2006 4.19
7 [6 — H, OH] 268.1912 268.1924 -4.47
8 [4 — Ser] 179.1436 179.1463 0.0
9 [8 — H, OH] 161.1330 161.1337 -4.34
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Fig. B10. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 585.3738.

e m/z
580

Table B11. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 585.3738.

(?ns/iigg:.%;gg) Th[?\jl)ith]lfal Experimental [M+H] Error (ppm)

M + H] 585.3751 585.3738 2.26
1 [M — H, OH] 567.3646 567.3681 -6.17
2 [M-C_H, NO,] 302.1967 302.1949 5.96
3 [2—-H, OH] 284.1862 284.1844 6.33
4 [3—H, OH] 266.1756 266.1736 7.51
5 [4 - Ser] 179.1436 179.1417 10.61
6 [5—H, OH] 161.1330 161.1326 2.48
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Fig. B11. Fragmentation profile and structure of the compound ion [M+H]" at m/z 585.4117.

Table B12. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 585.4117.

Assigned ion Theoretical ) +
(m/z 585.4117) [IM+H] Experimental [M+H] Error (ppm)
M + H] 585.4115 585.4117 -0.30
1 M-C, H NO]J 354.3008 354.2999 2.54
2 [1+ Na—H] 376.2828 376.2832 -1.06
3 M-C,HNO,] 232.1185 232.1163 9.48
4 [3—H, OH] 214.1079 214.1069 4.67
5 [4 — H, OH] 196.0973 196.0971 1.02
6 [4 — C4He0] 144.0660 144.0654 4.16
7 [6 — H, OH] 126.0555 126.0549 4.76
8 [5 - CH,0] 166.0868 166.0854 8.43
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Fig. B12. Fragmentation profile and structure of the compound ion [M+H]" at m/z 573.4136.

Table B13. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 573.4136.

Assigned ion Theoretical . +
(m/z 573.4136) [M+H]+ Experimental [M+H] Error (ppm)
M] 573.4115 573.4136 -3.66
1 M-C H NO] 342.3008 342.2991 4.97
2 [1+ Na- H] 364.2828 364.2823 1.37
3 M- C,H,NO,] 232.1185 232.1186 -0.43
4 [3-H,0] 214.1079 214.1080 -0.47
5 [4 - H,0] 196.0973 196.0967 3.06
6 [4 — C4H60] 144.0660 144.0646 9.72
7 [6 — H, OH] 126.0555 126.0544 8.73
8 [5 — CH;0] 166.0868 166.0862 3.61
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Fig. B13. Fragmentation profile and structure of the compound ion [M+H]" at m/z 559.3953.

Table B14. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 559.3953.

Assigned ion Theoretical _ N
(m/z 559.3953) (M+H] Experimental [M+H] Error (ppm)
M + H] 559.3958 559.3953 0.89
1 [M-C, H, NO] 328.2851 328.2819 9.75
2 [1+ Na - H] 350.2671 350.2667 1.14
3 [M-C H_NO.J 232.1185 232.1181 1.72
4 [3—H, OH] 214.1079 214.1079 0.00
5 [4 —H, OH] 196.0973 196.0969 2.04
6 [4 — C4H60] 144.0660 144.0661 -0.69
7 [6 — H, OH] 126.0555 126.0559 -3.17
8 [5 - CH,0] 166.0868 166.0868 0.00
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Fig. B14. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 557.3804.

Table B15. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 557.3804.

Assigned ion Theoretifal . + Error (ppm)
(m/z 557.3804) [M+H] Experimental [M+H] pp
M + H] 557.3802 557.3804 -0.31
1 [M-C, H, NO] 326.2695 326.2669 7.97
2 [1+Na-H] 348.2515 348.2509 1.72
3 M-C H,NO,J 232.1185 232.1177 3.45
4 [3—H, OH] 214.1079 214.1082 -1.40
5 [4 —H, OH] 196.0973 196.0981 -4.08
6 [4 — C4H60] 144.0660 144.0661 -0.69
7 [6 —H, OH] 126.0555 126.0546 7.14
8 [5 — CH,O] 166.0868 166.0860 4.82
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Fig. B15. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 589.4056.

Table B16. Summary of the theoretical and experimental fragmentation ions and mass error for the compound
ion [M+H]" at m/z 589.4056.

Assigned ion Theoretical ) +
(m/z 589.4056) [M+H] Experimental [M+H] Error (ppm)
[M + H] 589.4064 589.4056 1.40
1 [M-C, HNO] 358.2957 358.2958 -0.28
2 [1-H,OH] 340.2851 340.2863 -3.53
3 [1+ Na-—H] 380.2777 380.2774 0.79
4 [M-C,H,NO,] 232.1185 232.1190 -2.15
5 [4—H,OH] 214.1079 214.1077 0.93
6 [5—H, OH] 196.0973 196.0966 3.57
7 [5 — C4H6O] 144.0660 144.0658 1.39
8 [7 = H, OH] 126.0555 126.0543 9.52
9 [6 — CH,0] 166.0868 166.0854 8.43
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Fig. B16. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 583.3947.

Table B17. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 583.3947.

(/rxns/:igg;ggz% Th[?\;)ﬁ]lfal Experimental [M+H] Error (ppm)

M + H] 583.3958 583.3947 2.13
1 [M-C, H, NO] 352.2851 352.2823 7.95
2 [1 + Na-H] 374.2671 374.2656 4.01
3 M-C,H_NO,] 232.1185 232.1186 -0.43
4 [3—H, OH] 214.1079 214.1065 6.54
5 [4 - H, OH] 196.0973 196.0966 3.57
6 [4 — C4H0] 144.0660 144.0647 9.02
7 [6 — H, OH] 126.0555 126.0542 10.31
8 [5 — CH,0] 166.0868 166.0854 8.43
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Fig. B17. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 575.3902.

Table B18. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 575.3902.

Assigned ion Theoretical _ +
(m/z 575.3902) [M+H] Experimental [M+H] Error (ppm)
M + H] 575.3907 575.3902 0.91
1 [M—C HNO] 344.2801 344.2798 0.87
2 [1+ Na - H] 366.2621 366.2610 3.00
3 [M—C H,NO ] 232.1185 232.1168 7.32
4 [3 - H,OH] 214.1079 214.1077 0.93
5 [4 - H, OH] 196.0973 196.0954 9.69
6 [4 — C4HsO] 144.0660 144.0653 4.86
7 [6 — H, OH] 126.0555 126.0544 8.73
8 [5 - CH,O] 166.0868 166.0856 7.23
9 [1-H,OH] 326.2695 326.2694 0.38
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Fig. B18. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 545.3787.

Table B19. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 545.3787.

Assigned ion Theoretical ) +
(m/z 545.3787) [M+H] Experimental [M+H] Error (ppm)
M + H] 545.3802 545.3787 2.75
1 [M — C10H17NOs] 314.2695 314.2716 -6.68
2 [1+Na-H] 336.2515 336.2500 4.46
3 [M — CyH35NO3] 232.1185 232.1163 9.48
4 [3—H, OH] 214.1079 214.1071 3.74
5 [4 - H, OH] 196.0973 196.0962 5.61
6 [4 — C4H60] 144.0660 144.0646 9.72
7 [6 — H, OH] 126.0555 126.0550 3.97
8 [5 — CHQ] 166.0868 166.0868 0.00
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Fig. B19. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 599.4265.

Table B20. Summary of the theoretical and experimental fragmentation ions and mass error for the
compound ion [M+H]" at m/z 599.4265.

Assigned ion Theoretical _ +
(m/z 599.4265) [M+H] Experimental [M+H] Error (ppm)
M + H] 599.4271 599.4265 1.04
1 [M-C, H NO] 368.3164 368.3160 1.09
2 [1+ Na - H] 390.2984 390.2947 9.48
3 [M-C_H, NO,] 232.1185 232.1179 2.58
4 [3—H, OH] 214.1079 214.1068 5.14
5 [4 — H, OH] 196.0973 196.0961 6.12
6 [4 — C4H60] 144.0660 144.0647 9.02
7 [6 — H, OH] 126.0555 126.0548 5.55
8 [5 — CH,0] 166.0868 166.0857 6.62
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Fig. B20. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 587.4268.

Table B21. Summary of the theoretical and experimental fragmentation ions and mass error for the
compound ion [M+H]" at m/z 587.4268.

Assigned ion Theoretical ) +
(m/z 587.4268) [M+H]+ Experimental [M+H] Error (ppm)
M + H] 587.4271 587.4268 0.55
1 M-C, H NO]J 356.3164 356.3164 0.00
2 [1+Na-H] 378.2984 378.2987 -0.79
3 M-C, H,NO] 232.1185 232.1182 1.29
4 [3—H, OH] 214.1079 214.1074 2.34
5 [4—H, OH] 196.0973 196.0972 0.51
6 [4 — C4H60] 144.0660 144.0658 1.39
7 [6 — H, OH] 126.0555 126.0550 3.97
8 [5— CH.0] 166.0868 166.0867 0.60
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Fig. B21. Fragmentation profile and putative structure of the compound ion [M+H]" at m/z 627.4192.

Table B22. Summary of the theoretical and experimental fragmentation ions and mass error for the compound

ion [M+H]" at m/z 627.4192.

Assianed ion Theoretical +
(m/z 227.4192) [M+H]+ Experimental [M+H] Error (ppm)
[M + H] 627.4220 627.4192 4.46
1 M—-C_H NO] 354.3008 354.3016 -2.26
2 [1+Na-H] 376.2828 376.2820 2.13
3 M-C, H,NO,] 274.1290 274.1287 1.09
4 [3-H,OH] 256.1185 256.1174 4.29
5 [4 — C4H4O] 144.0660 144.0663 -2.08
6 [5—H, OH] 126.0555 126.0545 7.93

190



Stellenbosch University https://scholar.sun.ac.za

14.01
100 571.40 100 571.3959
o\o% %
O O-trprrrr e et e MJZ
10.00  12.00 14.00  16.00 400 500 600 700
13.77
100 587.39 100 587.3911
. [
O O‘W‘mmmmmmw[uwumuwm/z
10.00  12.00 14.00  16.00 400 500 600 700
13.07
100 543.36 100 543.3638
LT
O o+t miz
10.00  12.00 14.00  16.00 400 500 600 700
12.77
100 541.35 100 541.3485
7 o 7
- 0\‘””‘””HH‘HH‘“JH‘HHHu‘uu\m/z
10.00  12.00 14.00  16.00 400 500 600 700
12.47
100 585.37 100 585.3734
7 | 7
o T Ow‘”w””““\“““““\‘[““““\““‘m/z
10.00  12.00 14.00  16.00 400 500 600 700
11.49
100 515.33 100 515.3322
4 | ?
O R R B I I R O e e Mz
10.00  12.00 14.00  16.00 400 500 600 700
11.28
100 561.38 100 561.3750
c\% é’%
o Ow‘”w””H‘w‘”w“”[w””H“\“H‘m/Z
10.00 12.00 14.00  16.00 400 500 600 700
11.20
100 559.36 100 559.3587
N ?
0H\‘Hw“‘wH‘/w‘Hw‘”w‘”w‘”w‘Timeow”‘w””HH\HHMH(‘\HHH“\“H‘m/Z
10.00  12.00 14.00  16.00 40 500 600 700

Fig. B22. The UPLC profiles (left panel) and ESI-MS spectra (right panel) of the serratamolide homologues

produced by P1 and/or NP1 strains (representatives from both strains).
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Fig. B23. The UPLC profiles (left panel) and ESI-MS spectra (right panel) of the glucosamine derivative

homologues produced by P1 and/or NP1 strains (representatives from both strains).
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Appendix C

Biofilm disruption and antiadhesive activity of secondary metabolites produced by Serratia

marcescens strains
Tanya Clements? Thando Ndlovu® Nusrat Begum® and Wesaal Khan®

@Department of Microbiology, Faculty of Science, Stellenbosch University, Private Bag X1,
Stellenbosch, 7602, South Africa

® Department of Chemistry and Polymer Science, Faculty of Science, Stellenbosch University,
Private Bag X1, Stellenbosch, 7602, South Africa

*Corresponding Author: Wesaal Khan; Phone: +27 21 808 5804; E-mail: wesaal@sun.ac.za
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Table C1. The efficiency and linear regression coefficient values for the gPCR analysis conducted

during the MBEC Assay® analysis and the antifouling analysis of the coated polymers.

Assay used prior to
gPCR analysis

Microorganism

gPCR efficiency range
for BD and AD*

Linear regression
coefficient (R?
value

MBEC Assay®
(Innovotech)

Enterococcus spp.

2.07 (103.5%) -
2.08 (104%)

1.00

Pseudomonas spp.

1.88 (94%) -
1.96 (98%)

0.98 -1.00

Antifouling Activity of
Crude Extract-
immobilised Polymers

Enterococcus spp.

2.03 (101.5%)

1.00

Pseudomonas spp.

1.96 (98%)

1.00

*BD — biofilm disruption; AD — antiadhesive
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