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Project abstract

Antibiotic resistance is of increasing global concern and marine organisms may provide

alternative sources of antimicrobial compounds for future therapies. The red seaweed As-

paragopsis taxiformis produces more than 100 variants of halogenated compounds, some of

which are antibacterial. However, many of these compounds are volatile and therefore diffi-

cult to isolate and concentrate from the seaweed. This study evaluated a new method of cap-

turing the volatile compounds in the condensed water from the seaweed drying process and

determined their antibacterial activities using bioassay-guided fractionation in tandem with

96-microwell plate growth assays and nutrient agar assays. Three drying runs were eval-

uated against four bacteria (Acinetobacter baumannii, Staphylococcus aureus, Salmonella

enterica subsp. typhimurium, and Escherichia coli), with Run 1 demonstrating the strongest

antibacterial activity compared to the other two seaweed collections separated by 6 weeks.

Run 1 Fraction 4 (of six fractions) was most active against the two target bacteria (A. bau-

mannii and S. enterica). Further fractionation by liquid-liquid extraction (LLE), distillation

and normal-phase chromatography yielded multiple fractions of multiple components when

examined by gas-chromatography mass-spectrometry (GC-MS). As the active preparations

of runs, fractions and elutions did not always contain the same compounds post-fractionation

and concentration, the antibacterial activity relates to multiple compounds that likely have

an additive effect or potentially work synergistically. A total of 44 compounds were found

in the active preparations with eight of these being lead antibacterial candidates (including

1,1,3-tribromoacetone and dibromoiodomethane). Future evaluation of synergistic interac-

tions between these compounds will be instructive. Overall, the closed-loop drying system

proved to be a viable extraction mechanism for seaweed natural products. Further, the other-

wise waste by-product of a drying operation may yield a solution to antimicrobial resistance,

one of humanity’s most imminent threats.
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Prologue

Introduction

Asparagopsis taxiformis represents a viable means to reduce global warming by mitigating

the enteric methane production and emission in ruminant animals (Machado et al. 2016a;

Machado et al. 2016b; McCauley et al. 2020). Transporting the material from a marine

environment or distant aquaculture centre presents a logistical problem minimised by first

drying the seaweed (Abbott et al. 2020). A. taxiformis drying processes may result in the

loss of volatile compounds which is concerning given bromoform, the compound responsible

for antimethanogenic activity, is volatile (Magnusson et al. 2020). However, A. taxiformis

expresses over 100 such volatile compounds of which some are associated with antibacterial

activity (Burreson, Moore, and Roller 1975; Burreson, Moore, and Roller 1976; Fenical

1974).

Antibacterial compounds represent a source of significant interest given the rise of an-

timicrobial resistant (AMR) pathogens (Wright and Sutherland 2007). The associated costs

of AMR, both economic and societal, are significant (Saharman et al. 2021; Serra-Burriel

et al. 2020). Salmonella alone is responsible for 39% of all food-borne pathogen deaths and

is becoming increasingly resistant to conventional treatments such as antibiotics (Eng et al.

2015). Curtailing such resistance is therefore considered an utmost priority in the scope of

human health.

A closed loop drying system has been developed which allows volatile compounds of A.

taxiformis to be collected with the water driven off to produce a condensate. This project

was developed to evaluate antibacterial activity of the condensate using bioassay-guided

fractionation. Bioassay-guided fractionation is routinely used in natural products discovery

as it allows the linear reduction of possibly active compounds until that exhibiting the most

effect is determined (Eloff 2004; Jamil et al. 2012; Strömstedt, Felth, and Bohlin 2014).

Bioassay-guided fractionation largely involves the solvation of compounds from solid ma-

terial in a process called solid-liquid extraction (SLE) (Cutignano et al. 2015; Malviya and

Malviya 2017). The solvated material or ‘extract’ may then be fractionated by chemical

means such as chromatography. The fractions are then submitted to assays to determine

which is most active before further fractionation is made (Weller 2012). This is repeated

until key active compounds are identified. Subsequent structural elucidation and possible
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synthesis may then be attempted. Bioassay-guided fractionation is largely associated with

the identification of plant-derived compounds; however, it has gained significant traction as

a tool for probing those derived from seaweed also (Pérez, Falqué, and Domínguez 2016).

To the author’s knowledge, no other study has evaluated the antibacterial activity of A. taxi-

formis condensate derived from this drying method.

Project aims

The overarching aim of this study was to evaluate the antibacterial activity of volatile nat-

ural products from the red seaweed Asparagopsis taxiformis (Treville) collected from the

Sunshine Coast, Queensland, Australia.

More specifically, the two aims of my thesis were to:

1. evaluate antibacterial activity of the condensate produced by A. taxiformis in a closed

loop drying apparatus

2. identify which compounds are responsible for antibacterial activity using bioassay

guided fractionation coupled with gas-chromatography mass-spectrometry analysis

A note on style

Note that the remainder of the thesis is presented in a style consistent with the “Journal

of Chemical Ecology” with Appendices included for deeper insights into the methods and

results.
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Abstract—Antibiotic resistance is of increasing global concern and marine organisms

may provide alternative sources of antimicrobial compounds for future therapies. The red

seaweed Asparagopsis taxiformis produces more than 100 variants of halogenated com-

pounds, some of which are antibacterial. However, many of these compounds are volatile

and therefore difficult to isolate and concentrate from the seaweed. This study evaluated a

new method of capturing the volatile compounds in the condensed water from the seaweed

drying process and determined their antibacterial activities using bioassay-guided fractiona-

tion in tandem with 96-microwell plate growth assays and nutrient agar assays. Three drying

runs were evaluated against four bacteria (Acinetobacter baumannii, Staphylococcus aureus,

Salmonella enterica subsp. typhimurium, and Escherichia coli), with Run 1 demonstrating

the strongest antibacterial activity compared to the other two seaweed collections separated

by 6 weeks. Fraction 4 (of six) was most active against the two target bacteria (A. bauman-

nii and S. enterica). Further fractionation by liquid-liquid extraction (LLE), distillation and

normal-phase chromatography yielded multiple fractions of multiple components when ex-

amined by gas-chromatography mass-spectometery (GC-MS). As the active preparations of

runs, fractions and elutions did not always contain the same compounds post-fractionation

and concentration, the antibacterial activity relates to multiple compounds that likely have

an additive effect or potentially work synergistically. A total of 44 compounds were found in

the active preparations with 8 of these being lead antibacterial candidates (including 1,1,3-

tribromoacetone and dibromoiodomethane). Future evaluation of synergistic interactions

between these compounds will be instructive. Overall, the closed-loop drying system proved

to be a viable extraction mechanism for seaweed natural products. Further, the otherwise

waste by-product of a drying operation may yield a solution to antimicrobial resistance, one

of humanity’s most imminent threats.
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INTRODUCTION

The search for novel antibacterial compounds is of increasing interest given rising inci-

dences of antibiotic resistance. It is estimated that worldwide 700 000 deaths are attributable

annually to antibiotic resistant infections while the United States alone spends billions of ad-

ditional dollars in healthcare each year to combat the threat (Dadgostar 2019; Serra-Burriel

et al. 2020). Common bacteria of concern include Staphylococcus aureus, Acinetobacter

baumannii, Salmonella enterica and Escherichia coli (Ayoub Moubareck and Hammoudi

Halat 2020; Bassetti and Righi 2013; Eng et al. 2015; Vila et al. 2016; Wright and Suther-

land 2007). Novel antibiotics may ameliorate the threat posed by these and other bacteria

(O’Neill 2016; Wright and Sutherland 2007). One likely source of antibiotic replacements

lies in the marine environment (Barbosa et al. 2020; Bhowmick et al. 2020; Shannon and

Abu-Ghannam 2016; Silva et al. 2020).

The marine environment is a relatively untapped source of natural products. Marine

bacteria, fungi, algae, sponges, cnidarians and many others are known to express compounds

of human interest (Blunt et al. 2016). Of the seemingly countless possibilities, halogenated

compounds represent a promising source of bioactive natural products (Cabrita, Vale, and

Rauter 2010). Over 5000 halogenated natural products are currently known with the majority

originating from marine sources (Gribble 2015). These halogenated compounds have been

associated with a plethora of therapeutic uses including antiviral, antifungal, antiparasitic

and antibacterial activities among others (Cabrita, Vale, and Rauter 2010; Gribble 2015).

Seaweeds exploit the antibacterial effects of their secondary metabolites to prevent foul-

ing (Pinteus et al. 2021; Smit 2004). Asparagopsis taxiformis is one such seaweed whose

brominated products have been associated with antibacterial activity (Greff et al. 2014; Paul,

Nys, and Steinberg 2006). However, the antimethanogenic activity of A. taxiformis when

fed to ruminating animals has instead garnered the majority of attention (Abbott et al. 2020;

Kinley et al. 2016; Li et al. 2018; McCauley et al. 2020; Vucko et al. 2017). Bromoform, the

major secondary metabolite expressed by A. taxiformis, represents the compound responsi-

ble for this activity (Machado et al. 2016b). However, a wide variety of other halogenated

products are expressed by A. taxiformis some of which have been identified as antimicrobial

(Fenical 1974).

Over 100 halogenated products have been identified in A. taxiformis including aldehy-

des, ketones, acids and others (Burreson, Moore, and Roller 1975; Burreson, Moore, and

Roller 1976; Fenical 1974; Marshall et al. 1999; Woolard 1977; Woolard, Moore, and Roller

1976; Woolard, Moore, and Roller 1979). Such products may prove useful in the search for

bioactive natural products. Indeed, several studies have sought to determine the activities of
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A. taxiformis with activities ranging from antibacterial to immune system boosting reported

(Manilal et al. 2010; Pérez, Falqué, and Domínguez 2016; Thépot et al. 2021; Vedhagiri

et al. 2009). However, despite interest in alternative uses of the seaweed, few efforts have

been made to identify the compounds responsible for these effects (Genovese et al. 2013;

Hutson et al. 2012; Marino et al. 2016). Difficulties regarding the recovery and concentra-

tion of volatile compounds may partially explain hesitancy in categorically determining A.

taxiformis bioactive compounds and possible synergism should not be discounted.

Natural products discovery is often hindered by synergistic effects which may see a dras-

tic reduction of activity over even a single fractionation attempt (Strömstedt, Felth, and

Bohlin 2014). Regardless, given the lack of understanding surrounding the activities of

volatile halogenated products produced by A. taxiformis it was determined to identify which

of these compounds were antibacterial. Further, the realisation of a commercial scale dry-

ing facility generating these products as a waste by-product provided a convenient means to

secure material.

In this study, condensate generated during drying of A. taxiformis in a closed-loop sys-

tem was captured and evaluated for antibacterial effect. A. taxiformis products have been

recovered previously by solid-liquid extraction and reduced-pressure distillation (Burreson,

Moore, and Roller 1976; Thépot et al. 2021). However, recovery by a commercial closed-

loop system has not been previously investigated. Further, despite observed antibacterial

activity of A. taxiformis extracts, the assay of volatile components alone is largely unre-

searched. Bacteria representative of common infections, namely A. baumannii, S. enterica

subsp. typhimurium, S. aureus, and E. coli, were used as model organisms in well-plate

assays. Antibacterial effect was confirmed by nutrient agar plating of microwell treatments

following a 24-hour growth period. Of the three Runs collected, Run 1 was shown to be

the most effective. Of Run 1, Fraction 4 exhibited greatest antibacterial effect with a simi-

lar efficacy to gentamicin against A. baumannii and S. enterica. Subsequent assays revealed

strong synergistic effects between the antibacterial compounds which frustrated efforts to de-

termine individual compounds responsible. Future studies are advised to employ statistical

methodologies to determine the compounds responsible followed by preparation or purchase

of chemical standards to conduct subsequent antibacterial screening. The condensate repre-

sents a novel extract with antibacterial compounds which have the potential to mitigate the

deleterious effects of increasing antimicrobial-resistant pathogens.

METHODS AND MATERIALS

Seaweed material

The seaweed material used for analysis was collected and processed prior to the start of

the project. In brief, the gametophyte-stage of the red seaweed Asparagopsis taxiformis was

collected by members of the USC Seaweed Research Group from Moffatt Beach (26.7934°

S, 153.1355° E) during three separate collections conducted 11 November, 24 November,
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and 8 December 2020. The seaweed was suspended in seawater obtained from the site of

collection and transferred in Nally bins to a drying facility in Brisbane within 1.5 hours.

Here it was spun in a washing machine at 1000 RPM (Simpson, top loader model MW513)

until water discharge ceased. The spun-dry material (21 to 26 kg fresh weight) was evenly

distributed between 16 drying racks in a custom-built, low temperature (<50°C) drying ap-

paratus. The apparatus was a closed loop system which meant that water and any volatiles

were captured in a “condensate”. The condensate was collected in multiple amber containers

(1 – 2 L capacity). The sequence of collection meant that the condensate was fractionated

over time; several fractions were collected (ranging from 6 – 10 per run).

The production of condensate and dry material production are presented in Figure 1.1.

The condensate Fractions were stored frozen at -20°C, together with the dried seaweed

(‘dried material’) in vacuum sealed bags for longer-term storage. At the commencement

of the project, subsamples of frozen material were defrosted and stored at 4°C for shorter-

term use. Further details on the material collected and obtained from the drying process can

be found in Appendix A.1.1.

A. taxiformis collected from Moffat Beach, Sunshine Coast, Nov - Dec 2020

Run 2Run 1 Run 3

Condensate

Fractions

1: 1.96 L

2: 1.96 L

3: 3.34 L

4: 3.16 L

5: 3.24 L

6: 2.50 L

Dry material

16 x bags

6.34 kg total

Condensate

Fractions

1: 1.58 L

2: 2.16 L

3: 2.62 L

4: 2.19 L

5: 0.29 L

6: 2.06 L

7: 1.79 L

8: 2.76 L

Dry material

16 x bags

7.62 kg total

Condensate

Fractions

1: 1.68 L

3: 1.87 L

2: 2.06 L

4: 1.73 L

5: 1.60 L

6: 1.44 L

7: 2.56 L

8: 1.73 L

9: 1.51 L

10: 0.30 L

Dry material

16 x bags

5.83 kg total

FIG. 1.1. The processing of raw A. taxiformis across three separate collections detailing the

volume of condensate (Fractions) and dry material generated.
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Bioassay-guided fractionation

Bioassay-guided fractionation was used to evaluate whether the antibacterial activity and

concentration of volatile compounds in the condensate differed across the three drying runs

(Figure 1.2). Briefly, the individual Fractions from each Run (Figure 1.1) were thawed and

combined to create a representative condensate for each Run (Run 1-3). The condensate

from the most active Run was selected (i.e., that demonstrating most potent antibacterial ef-

fect against the selected bacterial strains: see section Microbiology) and the individual Frac-

tions of this Run were then tested individually. Having identified the most active Fraction,

liquid-liquid extraction (LLE) was used to further fractionate the compound(s) responsible

for activity. The most active LLE portion was then fractionated again by normal-phase liquid

chromatography. At each level of fractionation, the different preparations were assayed for

their antibacterial effect. The general process of bioassay-guided fractionation is depicted in

Figure 1.2 Panel A while the levels of separation conducted over the course of the project

are shown by Figure 1.2 Panel B. Condensate fractions were stored in dark conditions at 4°C

between bioassays and compound analysis by GC-MS.
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Identify most
bioactive
material

Obtain
separated
material

Identify the
compound(s)

present

Spectroscopy & spectrometryBioactivity assays

Separation of components

Condensate Fractions

Definitive or individual
compound identification

Bioassay 2Bioassay 1 Bioassay 3 Bioassay 4

3 x Runs Fractions LLE SPE

Separation Separation Separation

Compound Identification

B

A

FIG. 1.2. Bioassay-guided fractionation methodology (A) and the specific method used

during the project (B). The general methodology is circular in that the most active fraction is

feedstock for the next round of chemical separations and antibacterial assays. However, as

seen for the project, a linear workflow is realised.
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Microbiological methods and material

Bacterial strains

The Gram-positive bacterium Staphylococcus aureus and the Gram-negative bacteria Es-

cherichia coli, Salmonella enterica subsp. typhimurium and Acinetobacter baumannii were

obtained from the University of the Sunshine Coast (USC) collection of clinical strains. The

genetic identify of these strains was confirmed by Sanger sequencing of the near-full-length

(1350 bp) bacterial 16S rRNA gene generated using 27F (5’-AGAGTTTGATCCTGGCTCAG-

3’) and 1392R (5’-GGTTACCTTGTTACGACTT-3’) primers following DNA extraction from

single colonies using DNA QiaAmp Mini kit (Qiagen, Australia). Strains were stored as 25%

glycerol stocks at -80°C prior to experiments.

Bacterial growth curves

Growth curve assays were conducted for each tested species prior to assaying seaweed

for antibacterial activity. Single colonies of A. baumannii, S. enterica subsp. typhimurium, S.

aureus and E. coli were obtained by streaking stock cultures on nutrient agar (NA) (Edwards

Group, Australia) and incubating overnight at 37°C with 5% CO2. Single colonies of each

species were then transferred to liquid broth (LB) (5 mL, Edwards Group, Australia) and

further incubated overnight at 37°C on an orbital shaker-incubator at 200 RPM. Sterile fresh

LB (5 mL) was inoculated with overnight LB cultures (50 µL) followed by 4.5 hours of

incubation to yield a plating culture with an optical density of approximately 0.1 – 0.2. Five

replicates of the plating cultures (200 µL) and sterile LB (to control for contamination) were

added to a 96-well plate and covered by Breathe-Easy® sealing membrane (Sigma Aldrich,

Australia). The plate was then incubated for 24-hours at 37°C in a Perkin-Elmer EnSpire

Multilabel Reader (s/n 2300 1543) with OD600 measurements taken every twenty minutes

following 45 seconds of shaking and a 15 second delay over a 24-hour period.

Bacterial plate assays of seaweed condensate/derived preparations.

96 well plate assay.

The microwell plate assay for evaluating antibacterial activity of seaweed condensates

was employed as initial trials using disc-diffusion assays yielded inconclusive results and

lacked the sensitivity to differentiate between the antibacterial activities of the different treat-

ments. Plating cultures were prepared as per section Growth Curve. For all microwell plate

assays, a solution of gentamicin sulphate (0.2 g/L) was prepared as a positive control for

antibacterial activity by diluting a gentamicin sulphate stock (Sigma Aldrich, Australia) in

autoclaved 0.9% saline solution. Antibacterial activity of seaweed condensate/condensate-

derived material was subsequently evaluated by adding the following treatments in speci-

fied volumes to the 96-well plates, each in five replicates: a) condensate/condensate-derived
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preparations, b) antibacterial control (gentamicin), c) negative bacterial control (untreated

plating culture), and d) contamination control (sterile LB; data not shown). The plates were

incubated in the same conditions as outlined above. Treatments and positive controls were

prepared by combining LB (130 µL), condensate preparation or gentamicin at 0.2 g/L (50

µL) and plating culture (20 µL) to a microwell. Negative controls were prepared by intro-

ducing LB (180 µL) and plating culture (20 µL) while contamination controls consisted of

LB only (200 µL). Microwell inoculation is detailed in Table A.10.

Nutrient agar assay.

In addition to the 24-hour microwell assay, antibacterial activity was confirmed at the 24-

hour point by inoculating Nutrient Agar (NA) with treated and untreated 96-well plate cul-

tures (10 µL). Inoculated NA was then incubated as outlined above (section Growth Curve)

prior to visual inspection for growth. Where no growth was observed from a well, a score of

1 was attributed. Antibacterial activity was expressed as a percentage for each treatment as

outlined in Equation (1.1).

wng

wp

×100 = pab (1.1)

Where wng is wells plated that did not produce growth; wp is the total wells plated for

that treatment; and pab is the antibacterial percentage (expressed as %).

Analytical and chemical methods

Dichloromethane ‘SupraSolv’ and naphthalene analytical standard were purchased from

Merck. n-Pentane (GC-grade) and acetone (AR) were purchased from Acros Organic and

LabCo respectively. Solvents were used without further purification. Type 1 ultrapure water

(henceforth MilliQ) was provided by the USC in-house Milli-Q system.

Representative Runs.

Solutions representative of total runs (henceforth ‘Runs’) were prepared by combining

their constituent fractions proportionally (see Appendix A.1.2). Run volumes of up to 5

mL were prepared for either antibacterial assays or compound identification on the day of

analysis (see section Elucidation).

Run and Fraction compound elucidation.

Runs and Fractions (hereafter ‘material’) were partitioned into an organic solvent by

LLE. Briefly, material (5 mL) was dispensed to test tubes followed by extraction into dichloromethane

(DCM) (2 mL) spiked with 16 ppm (m/v) naphthalene internal standard. The mixture was

vortexed for 15 seconds prior to the DCM being recovered via glass pipette. Each material
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replicate was extracted in three volumes of DCM in this manner. DCM extracts were pooled

and dried over anhydrous sodium sulphate, filtered, and analysed by gas-chromatography

mass-spectrometry (GC-MS). LLE was performed on duplicate material.

All GC-MS analyses were performed on a Perkin Elmer Clarus 580 GC coupled to Perkin

Elmer Clarus SQ8S MS as described by Paul, Nys and Steinberg (2006). The column used

was an Elite-5MS (30 m × 0.25 mm × 0.25 µm). The helium carrier gas had a constant flow

of 1.0 mL/min. The injection port was 280°C with a split ratio of 50:1. The temperature

program was operated from 40.0°C for 1.0 min, ramping at 20.0°C/min until 250.0°C and

holding for 0.0 min. The mass spectrometer analysed a mass range from 50 to 340 (m/z),

from 3.0 to 12.0 min at 70 eV. Data was analysed by TurboMass software with reference

to NIST (2008) internal libraries to tentatively identify compounds. Peak areas were deter-

mined in the Total Ion Chromatogram. For material submitted for analysis from Bioassay 1

and 2 (Figure 1.2 Panel B), the peak area (PA) ratio of each compound was calculated as in

Equation (1.2):

PAratio =
PAcompound

PAI.S.

(1.2)

Where PAratio is the peak area ratio; PAcompound is the peak area of the compound deter-

mined by the GC-MS software; and PAI.S. is the peak area of the internal standard determined

by the GC-MS software. Peak area ratios were then averaged across duplicates and these val-

ues used to construct compound profiles generated using GGPlot2 (Wickham 2016) within

R (R Core Team 2020).

Biomass compound elucidation.

Randomly sampled biomass (20.0 mg) was added to a test tube to which methanol (5

mL) spiked with 160 ppm naphthalene internal standard was dispensed. The method was

based on the work of Paul (2006) where, briefly, samples were refrigerated at 4°C for 72

hours to allow esterification of carboxylic acids prior to filtration and analysis by GC-MS as

described in section Elucidation. Compound profiles were prepared as described in section

Elucidation.

Bioassay-guided fractionation - experimental logic (see section Results for more details).

The method and material used at each step of the Bioassay-guided fractionation depended

on the results of the previous experiments. These results were used to identify lead prepa-

rations which were subsequently separated by the appropriate chemical methods. Runs did

not require separation as they were provided as Fractions. The chemical compositions of

separated leading preparations were analysed as described in section Bioassay-guided Frac-

tionation. Antibacterial activity was then evaluated in plate-well assays (described in section

Plate Assay). The full workflow of the project is shown in Figure 1.3, where for each level of
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separation (denoted by Bioassays) the leading preparation was further separated and evalu-

ated for antibacterial activity as per bioassay-guided fractionation methodology (refer to sec-

tion Bioassay-guided Fractionation). The material and methods for each step are described

below.

Collections (x 3)

Run2Run 1 Run 3Bioassay 1

Fraction 3Fraction 2Fraction 1 Fraction 4 Fraction 5 Fraction 6Bioassay 2

LLE Organic PortionLLE Aqueous Portion pH Adjusted PreparationBioassay 3

Elution 3Elution 2Elution 1 Elution 4 Elution 5Bioassay 4

FIG. 1.3. Project workflow regarding leading preparations. Preparations circled in green

were lead preparations. Elution 2 of Bioassay 4 represents the lead preparation of the final

experiment.
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Bioassay 1 - Runs and bacterial selection.

Representative Runs were prepared from constituent Fractions as explained in section

Representative Runs. Each representative Run was then applied as a treatment in the 96-well

plate assay detailed in section Plate Assay and analysed by GC-MS (refer to section Eluci-

dation). The four bacteria available were subjected to the three Run condensate treatments

alongside a negative control (no condensate added; “bacteria” growth). Of these, the two

bacteria that the condensates were most active against were selected for subsequent bioas-

says. Activity was determined by optical density at time 24 hours (lower OD600 indicating

greater susceptibility). Comparisons of optical density were also made between the con-

densate treatments and gentamicin (positive antimicrobial control). Suspected antibacterial

activity was confirmed by NA assays described in section Plate Assay. Similarly, the most

active Run was determined by the lowest OD600 at time 24 hours and analysis of NA plated

inoculated treatments.

Bioassay 2 - Fraction selection within Run 1

Bioassay 2 evaluated the Fractions of Run 1 using A. baumannii and S. enterica (see

section Results 1). This work was split into two experiments. Firstly, undiluted fractions of

Run 1 were investigated (Experiment 2A). The six undiluted Fractions of Run 1 were applied

as treatments for the 96-well plate assay described in section Plate Assay. Secondly, dilutions

of Fractions 4 and 5 were assayed (Experiment 2B). Fractions 4 and 5 demonstrated similar

antibacterial activity (section Results 2). To ascertain the most potent Fraction, dilutions of 4

and 5 were prepared in MilliQ water. Dilutions of 1
2
, 1

10
and 1

100
(all v/v) were prepared from

Fractions 4 and 5. Each of these dilutions was then applied as a treatment according to the

96-well plate assay described in section Plate Assay. For both experiments, the efficacy of

treatments was evaluated as before (section Data Analysis) with treatment OD600 compared

to that of gentamicin (positive antimicrobial control).

Bioassay 3 - Partitioning of Fraction 4 to yield a DCM extract.

Liquid-liquid extraction (LLE) into dichloromethane (DCM) was used to further frac-

tionate the lead preparation (Fraction 4 from Run 1) (see section Results 2). The workflow

to process material for Bioassay 3 (Part A) is described by Figure 1.4.

Experiment 3A. Fraction 4 (25 mL) was placed in a separatory funnel and extracted four

times in DCM (5 mL). The extracts were pooled in a stoppered Erlenmeyer flask, dried

over anhydrous sodium sulphate for 20 minutes and then decanted into a round bottom flask

(RBF). The Erlenmeyer was rinsed with an additional portion of DCM (5 mL) which was

also added to the RBF. An aliquot (<250 µL) of this material was then analysed by GC-MS.

The organic extract in the RBF was distilled using a Snyder column with the receiving flask

cooled by an ice-water bath. Heating was provided by a water bath maintained at 55°C and
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distillate collected at 37.5 – 39°C (see Figure A.1 for an image of the distillation apparatus).

The distilland remaining was a viscous brown material (~0.1 mL). Once cool, the apparatus

was disassembled and any remaining solvent evaporated by introducing a stream of gaseous

nitrogen. To ascertain possible compound loss, the distillate in the receiving vessel was

analysed by GC-MS.

The RBF residue was then suspended in MilliQ (25 mL) to yield a treatment designated

‘1-4 Organic Extract’. The post-extraction aqueous portion was subsequently extracted into

a fifth volume (5 mL) of DCM to confirm quantitative transfer of volatile compounds. This

DCM extract was then dried over anhydrous sodium sulphate and analysed by GC-MS. The

aqueous portion of the LLE was recovered for use as a treatment designated ‘1-4 Aqueous

Extract’. The above process of LLE followed by evaporation by distillation/nitrogen stream

was repeated using MilliQ in lieu of Fraction 4 to detect any method-based antibacterial ef-

fects. The MilliQ resuspended DCM-evaporated extracts of Fraction 4, the aqueous portions

recovered post-LLE and the MilliQ method blanks were subsequently applied as treatments

using the microwell assay described in section Plate Assay.
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Run 1 Fraction 4/MilliQ

LLE into DCM

Aqueous layer

Additional extrac-
tion into DCM

Dried DCM Material

Aliquot for
GC analysis

Aqueous material

Assayed against
bacteria

DCM layer

Dry over sodium
sulphate

Aliquot for
GC analysis

Fractional distillation

Boiling flask materialReceiving flask material

Dried to oily residue under N2

Resuspend residue in MilliQ

Assayed against
bacteria

Aliquot for
GC analysis

FIG. 1.4. Workflow of material preparation for Bioassay 3A. Treatments of Fraction 4 (and

MilliQ control) were prepared by liquid-liquid extraction (LLE).

Experiment 3B. Prior separation attempts using reverse-phase solid-phase extraction

(SPE) with methanol eluent indicated the presence of organic acids in Fraction 4. Acids

are known to influence bacterial growth (Dekic et al. 2018; Lianou and Koutsoumanis 2011;

Núñez-Hernández et al. 2013); however, characterisation of these acids was not attempted

given the aqueous matrix of 1-4 aqueous extract and incompatibilities with GC-MS. Deter-

mining acid-induced antibacterial activity was explored by neutralising Fraction 4 and testing

the distillate. Fraction 4 (approximately 15 mL) was added to a flask and the pH adjusted to

6.95 with additions of 0.1 M sodium hydroxide. The flask was assembled for simple distil-

lation with distillate collected at 99°C. The distillation was driven to dryness. The distillate

was subsequently assayed as a preparation (designated ‘pH adjusted distillate’) using the

microwell assay described in section Plate Assay.
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Bioassay 4: Solid-phase extraction (SPE) of LLE organic portion

The lead preparation from Bioassay 3 was identified as 1-4 Organic Extract (see section

Results 3). A larger-scale preparation of 1-4 Organic Extract was made followed by normal

phase chromatography to yield 5 portions (designated ‘elutions’).

Fraction 4 of Run 1 (50 mL) was extracted four times into DCM (10 mL) which was

later evaporated by fractional distillation and nitrogen like that of section Methods 3. Hav-

ing reduced to a minimal volume (<0.1 mL) the extract was resuspended in pentane (4 mL).

A normal phase SPE column (Bond Elut SI, Agilent) was rinsed with portions of acetone,

DCM and pentane. Following addition of the sample, five fractions were collected which

represented the five eluent solvents (the ‘elutions’). These solvents were, respectively, pen-

tane, 1:1 pentane:DCM, DCM, 1:1 DCM:acetone and acetone. Aliquots of these fractions

(200 µL) were submitted to GC-MS. The extracts were then dried under a stream of nitro-

gen prior to reconstitution in MilliQ (4 mL) to yield treatments. These treatments were then

submitted to a microwell plate assay (see section Plate Assay). The workflow for this ex-

periment is depicted in Figure 1.5. Further attempts at separation were not made on the lead

preparation of Bioassay 4 due to time constraints.
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Run 1 Fraction 4

LLE into DCM

Aqueous layer

Discarded

DCM layer

Dry over sodium
sulphate

Aliquot for
GC analysis

Fractional distillation

Vacuum trapped material Boiling flask materialReceiving flask material

Aliquot for
GC analysis Dried to oily residue under N2

Resuspend residue in pentane

SPE with silica column

Fractions

1

Pentane
3

DCM
5

Acetone
2

DCM/Pentane
4

DCM/Acetone

Bioassay 5
Aliquot for GC analysis
Assayed against bacteria

FIG. 1.5. Workflow to yield solid-phase extraction (SPE) Elution one through five. Note

the liquid-liquid extraction (LLE) of Fraction 4 yielded an organic extract which was subse-

quently separated using normal-phase chromatography.
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Data analysis

Data for the microwell bioassays are presented as 24-hour time series with hourly mea-

surements of optical density (OD600, left panel, mean of n = 5 wells per treatment, no vari-

ance reported) and a bar graph of the final 24-hour measurement (OD600, right panel, mean

of n = 5 wells per treatment, 1 standard error). Microwell data at the 24-hour end point of

the bioassay were analysed using one-factor ANOVA and followed where appropriate by

Tukey’s HSD post hoc comparisons to compare treatment means. Data for the nutrient agar

assays are presented as annotated photographs of the plates. No formal statistical analysis

was conducted.

Chemical data are presented as GC-MS traces and compound profiles generated by peak

areas (or peak area ratios as outlined in section Elucidation). Data obtained for Run and Frac-

tion comparisons are based on the means of duplicate extractions while absolute compound

concentrations were not quantified due to lack of available standards. No formal statistical

analysis was conducted.

Statistical analyses and plots were generated by R using packages including GGPlot2

(Wickham 2016), Tidyverse (Wickham and Wickham 2017), Cowplot (Wilke, Wickham,

and Wilke 2019), XTable (Dahl et al. 2009) and RColorBrewer (Neuwirth and Neuwirth

2011).

RESULTS

Bioassay 1 - Runs and bacterial selection

Each seaweed drying Run demonstrated different degrees of effectiveness in inhibiting

bacterial growth, however Run 1 was consistently the most effective, Run 3 second-most

effective and Run 2 the least effective regardless of bacteria treated (Figure 1.6). With regards

to bacteria, S. enterica was most inhibited by Run 1 followed by A. baumannii, E. coli and

finally S. aureus. As observed in Figure 1.6 all Runs, while not bactericidal, may exhibit a

bacteriostatic effect for each bacterium tested.

A. baumannii

When assaying A. baumannii against seaweed condensate Runs, Run 1 displayed the

most antibacterial activity (Figure 1.6) by producing a similar curve and final OD600 that did

not differ significantly from gentamicin (x̄difference = 0.0114; p = 0.59; n = 5, 5; ANOVA).

In comparison to other treatments, including the untreated A. baumannii plating cultures,

Run 1 showed significant differences (p < 0.05 in all cases). Based on NA plating post

24-hour microwell experiments, Run 1 aliquots produced 1/3 colonies (67% antibacterial

activity) in contrast to gentamicin which produced 0/3 colonies (100% antibacterial activity)

(Figure B.1 and Table B.5). The final optical density of Runs 2 and 3 was significantly
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different to that of gentamicin; further, Run 2 was not significantly different to untreated A.

baumannii (Figure 1.6 and Table B.1).

E. coli

When assaying E. coli against seaweed condensate runs, Run 1 also displayed the most

antibacterial activity (Figure 1.6) by producing a similar curve and final OD600 that did not

differ significantly from gentamicin (x̄difference = 0.0102; p = 0.99; n = 5, 5; ANOVA. Based

on NA plating post 24-hour microwell experiments, Run 1 aliquots produced 2/3 colonies

(33% antibacterial activity) in contrast to gentamicin which produced 0/3 colonies (100%

antibacterial activity) (Figure B.1 and Table B.5). The final optical density of Runs 2 and 3

was significantly different to that of gentamicin (Figure 1.6 and Table B.3).

S. aureus

When assaying S. aureus against seaweed condensate Runs, all the Runs produced a dis-

similar curve and final OD600 significantly different from gentamicin (p < 0.05 in all cases)

(Figure 1.6 and Table B.4). In comparison to other treatments Run 1 showed significant dif-

ferences (p < 0.05 in all cases). Based on NA plating post 24-hour microwell experiments,

all Run aliquots produced 3/3 colonies (0% antibacterial activity) in contrast to gentamicin

which produced 0/3 colonies (100% antibacterial activity) (Figure B.1 and Table B.5).

S. enterica subsp. typhimurium

When assaying S. enterica against seaweed condensate Runs, Run 1 displayed most an-

tibacterial activity (Figure 1.6) by producing a similar curve and final OD600 that did not

differ significantly from gentamicin (x̄difference = -0.0022; p = 1.00; n = 5, 5; ANOVA). In

comparison to other treatments, including the untreated S. enterica plating cultures, Run 1

showed significant differences (p < 0.05 in all cases). Based on NA plating post 24-hour

microwell experiments, Run 1 aliquots and gentamicin both produced 0/3 colonies (100%

antibacterial activity) (Figure B.1 and Table B.5). The final optical density of Runs 2 and 3

was significantly different to that of gentamicin Figure 1.6 and Table B.2.

Run potency and Run compound elucidation

Runs were evaluated against the four bacteria by determining the mean final OD600 across

the four bacteria assayed (e.g. the mean of the final OD600 of Run against the four bacteria).

The mean ranking of inhibitory effect of Runs, determined by optical density, across the four

species assayed was Run 1 = 1, Run 3 = 2, Run 2 = 3.

The peak area ratios of the three Runs are presented in Figure C.1 while a breakdown of

compound distribution may be found in Table C.1. The raw chromatograms may be found

in Figure C.2.

19



FIG. 1.6. Antibacterial assays of the Runs together with controls (bacteria only and gen-

tamicin) against A baumannii, E. coli, S. aureus and S. enterica subsp. typhimurium (n = 5

replicates in all cases). The left panel plots the mean OD600 (y-axis) across the Run and con-

trol replicates over 24 hours (x-axis). The right panel shows the mean OD600 across the Run

and control replicates at hour 24 with error bars indicating 1 s.e. No significant difference

(Tukey’s HSD) between Run 1 and gentamicin against A. baumannii, E. Coli and S. enterica

as indicated by ‘n.s.’.
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Bioassay 2: Fraction selection within Run 1.

Each Fraction of Run 1 demonstrated a different degree of effectiveness in inhibiting

bacterial growth depending on the bacteria studied. Fraction 4 was the most potent followed

by Fractions 5 and 3. Figure 1.7 displays the growth curves of each condensate treatment

against A. baumannii and S. enterica as explained in section Data Analysis.

Part A and B: Undiluted and diluted fractions.

Fractions 4 and 5 undiluted were both bactericidal as confirmed by NA plating of con-

densate treatments post 24-hour growth. These Fractions were therefore diluted for Part B.

Fraction 4 and five diluted exhibited similar activity according to growth curves. Fraction

4 was bactericidal against both bacteria at 1
2

concentration (by NA plating of condensate

treatments post 24-hour growth) while Fraction 5 was not.

A. baumannii

When assaying A. baumannii against Fractions of Run 1, Fractions 2, 3, 4 and 5 dis-

played most antibacterial activity (Figure 1.7) by producing a similar curve and OD600 that

did not differ significantly from gentamicin (p > 0.95 in all pairwise cases; ANOVA) (see

Table B.6). In comparison to Fractions 1 and 6 and untreated A. baumannii plating cul-

ture, Fractions 2 to 5 showed significant differences (p < 0.05 in all cases). Based on NA

plating post 24-hour microwell experiments, Fractions 2 and 3 produced 3/3 colonies (0%

antibacterial) and Fractions 4 and 5 produced 0/3 colonies (100% antibacterial) compared to

gentamicin which produced 0/3 colonies (100% antibacterial activity) (Figure B.2 and Ta-

ble B.10). The final optical density of Fractions 1 and 6 was significantly different to that

of gentamicin (p > 0.05); further Fraction 1 was not significantly different to untreated A.

baumannii culture growth (Figure 1.7 and Table B.6). As observed in Figure 1.7 Fraction 6,

while not bactericidal, may exhibit a bacteriostatic effect.

Part A S. enterica.

When assaying S. enterica against Fractions of Run 1, Fractions 3, 4, 5 and 6 displayed

most antibacterial activity (Figure 1.7) by producing a similar curve and OD600 that did not

differ significantly from gentamicin (p > 0.1 in all cases; ANOVA) (see Table B.7). Frac-

tions 3, 4 and 5 did not differ significantly from each other (p > 0.99 in all cases; ANOVA).

Fraction 6 also did not differ significantly from 3, 4 and 5 (p > 0.06 in all cases). Based

on NA plating post 24-hour microwell experiments, Fraction 6 produced 5/5 colonies (0%

antibacterial) and Fractions 3, 4 and 5 produced 0/3 colonies (100% antibacterial) compared

to gentamicin which produced 0/3 colonies (100% antibacterial activity) (Figure B.2 and Ta-

ble B.10). The final optical density of Fractions 1 and 2 was significantly different to that

of gentamicin (p > 0.05); further Fraction 1 was not significantly different to untreated S.

21



enterica culture growth (Figure 1.7 and Table B.7). As observed in Figure 1.7 Fraction 2,

while not bactericidal, may exhibit a bacteriostatic effect.

FIG. 1.7. Antibacterial assays of Fractions 1-6 together with controls (bacteria only and

gentamicin) against A baumannii, and S. enterica subsp. typhimurium (n = 5 replicates in

all cases). The left panel plots the mean OD600 (y-axis) across the Fraction and control

replicates over 24 hours (x-axis). The right panel shows the mean OD600 across the Fraction

and control replicates at hour 24 with error bars indicating 1 s.e. No significant difference

(Tukey’s HSD) between Fraction 4, 5 and gentamicin against A. baumannii and S. enterica

as indicated by ‘n.s.’.

Part B A. baumannii.

When assaying A. baumannii against 1
2

dilutions of Fractions 4 and 5, both displayed

similar antibacterial activity (Figure 1.8) by producing a similar curve and OD600 that did

not differ significantly from gentamicin (p = 1; n = 5 in all cases; ANOVA) (see Table B.8).

In comparison to other condensate treatments, including A. baumannii culture only, Fractions

4 and 5 at ½ concentration showed significant differences (p < 0.05 in all cases). Based on

NA plating post 24-hour microwell experiments, Fractions 4 and 5 at ½ concentration pro-

duced 0/3 colonies (100% antibacterial) like gentamicin which produced 0/3 colonies (100%

antibacterial activity) (Figure B.3 and Table B.11). The final optical density of all other con-

densate treatments was significantly different to that of gentamicin (p > 0.05) (Figure 1.8

and Table B.8).
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Part B S. enterica.

When assaying S. enterica against 1
2

dilutions of Fractions 4 and 5, both displayed sim-

ilar antibacterial activity (Figure 1.8) by producing a similar curve and OD600 that did not

differ significantly from gentamicin (p > 0.73; n = 5 in all cases; ANOVA) (see Table B.9).

In comparison to other condensate treatments, including S. enterica culture only, Fractions

4 and 5 at 1
2

concentration showed significant differences (p < 0.05 in all cases). Based on

NA plating post 24-hour microwell experiments, Fractions 4 at 1
2

concentration produced 0/3

colonies (100% antibacterial) and Fraction 5 at 1
2

concentration produced 3/3 colonies (0%

antibacterial) in comparison to gentamicin which produced 0/3 colonies (100% antibacterial

activity) (Figure B.3 and Table B.11). The final optical density of all other condensate treat-

ments was significantly different to that of gentamicin (p > 0.05) (Figure 1.8 and Table B.9).

Further, except for Fractions 4 and 5 at 1
2

concentration, the OD600 of the other condensate

treatments was not significantly different to the untreated S. enterica growth curve (p> 0.43;

n = 5 in all cases).

FIG. 1.8. Antibacterial assays of Fractions 4 and 5 diluted together with controls (bacte-

ria only and gentamicin) against A baumannii, and S. enterica subsp. typhimurium (n = 5

replicates in all cases). The left panel plots the mean OD600 (y-axis) across the Fraction and

control replicates over 24 hours (x-axis). The right panel shows the mean OD600 across the

Fraction and control replicates at hour 24 with error bars indicating 1 s.e. No significant

difference (Tukey’s HSD) between Fraction 4 and 5 at 1
2

strength and gentamicin against A.

baumannii and S. enterica as indicated by ‘n.s.’.
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Fraction compound elucidation.

The peak area ratios of the six Fractions are presented in Figure C.3 while a breakdown

of compound distribution may be found in Table C.2. The raw chromatograms may be found

in Figure C.4.

Bioassay 3: Partitioning of Fraction 4 to yield a DCM extract

Of the three separate treatments trialled, none exhibited bactericidal effects. Further, 1-

4 aqueous extract did not significantly differ to the 1-4 organic extract in the case of both

bacteria trialled. The organic fraction was considered the lead preparation due to ease of

separation.

A. baumannii

When assaying A. baumannii against 1-4 aqueous extract and 1-4 organic extract, no

significant difference was found (p > 0.67; n = 5; ANOVA). When comparing 1-4 organic

extract, 1-4 aqueous extract and pH adjusted distillate none produced a similar curve or final

OD600 to that of gentamicin (p < 0.05; n = 5 in all cases; ANOVA) (Figure 1.9 and Ta-

ble B.12). Further, compared to A. baumannii untreated culture, none of the preparations

demonstrated a significant difference (p > 0.86; n = 5 in all cases; ANOVA). Based on NA

plating post 24-hour microwell experiments, 1-4 organic extract, 1-4 aqueous extract and

pH adjusted distillation produced 3/3 colonies (0% antibacterial) in contrast to gentamicin

which produced 0/3 colonies (100% antibacterial activity) (Figure B.4 and Table B.14).

S. enterica

When assaying S. enterica against 1-4 aqueous extract and 1-4 organic extract, no sig-

nificant difference was found (p > 0.3; n = 5, 5; ANOVA). However, when comparing 1-4

organic extract, 1-4 aqueous extract and pH adjusted distillate none produced a similar curve

or final OD600 to that of gentamicin (p < 0.05; n = 5 in all cases; ANOVA) (Figure 1.9

and Table B.13). Based on NA plating post 24-hour microwell experiments, 1-4 organic

extract, 1-4 aqueous extract and pH adjusted distillation produced 3/3 colonies (0% antibac-

terial) in contrast to gentamicin which produced 0/3 colonies (100% antibacterial activity)

(Figure B.4 and Table B.14). As observed in Figure 1.9 1-4 aqueous extract and 1-4 or-

ganic extract, while not bactericidal, may exhibit a bacteriostatic effect as minimal growth is

observed until hour 10.

LLE compound elucidation

The peak areas (raw) of non-aqueous LLE material are presented in Figure C.5 which

include material in the boiling flask prior to evaporative concentration, the fifth extraction

and the material in the receiving flask post-distillation. Chromatograms are presented in in
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Figure C.6. Bromoform was the dominant compound in the boiling flask material (desig-

nated 1-4 organic extract following concentration and resuspension). There was a total of 26

compounds in the boiling flask (5 unique), 20 in the fifth extraction (2 unique), and 17 in the

receiving flask (2 unique) (see Table C.3).

FIG. 1.9. Antibacterial assays of extracts and pH adjusted distillate together with controls

(bacteria only and gentamicin) against A baumannii, and S. enterica subsp. typhimurium

(n = 5 replicates in all cases). The left panel plots the mean OD600 (y-axis) across the

extracts, distillate and control replicates over 24 hours (x-axis). The right panel shows the

mean OD600 across the extracts, distillate and control replicates at hour 24 with error bars

indicating 1 s.e. No significant difference (Tukey’s HSD) between 1-4 aqueous extract and

1-4 organic extract against both A. baumannii and S. enterica as indicated by ‘n.s.’.

Bioassay 4: Solid-phase extraction (SPE) of LLE organic portion

Elution 2 demonstrated antibacterial activity against both bacteria assayed while Elution

4 was antibacterial against A. baumannii only. The mean ranking of inhibitory effect of

elutions, as determined by optical density, across the two species was Elution 4 = 1, Elution

2 = 2, Elution 3 = 3, Elution 1 = 4, and Elution 5 = 5.

A. baumannii

When assaying A. baumannii against Elution 1 to 5, Elution 2 and 4 displayed the greatest

antibacterial activity (Figure 1.10) by producing a similar curve and OD600 that did not differ

significantly from gentamicin (p > 0.99; n = 5 in all cases; ANOVA) (see Table B.15). Based
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on NA plating post 24-hour microwell experiments, Elution 4 produced 3/3 colonies (0 %

antibacterial) compared to Elution 2 and gentamicin which produced 0/3 colonies (100%

antibacterial activity) (Figure B.5 and Table B.17). The final optical density of Elution 1

did not significantly differ to the untreated A. baumannii plating culture (p > 0.36; n = 5,

5; ANOVA). Additionally, the final optical density of Elution 5 exceeded the untreated A.

baumannii plating culture (difference = 0.11; p < 0.05; n = 5, 5; ANOVA). As observed in

Figure 1.10 Elution 3, while not bactericidal, may exhibit a bacteriostatic effect as minimal

growth is observed until hour 16.

S. enterica

When assaying S. enterica against Elution 1 to 5, Elution 2, 3 and 4 displayed the greatest

antibacterial activity (Figure 1.10) by producing a similar curve and OD600 that did not

differ significantly from gentamicin (p > 0.98; n = 5 in all cases; ANOVA) (see Table B.16).

Based on NA plating post 24-hour microwell experiments, Elution 3 produced 3/3 colonies

(0% antibacterial) and Elution 4 produced 1/3 colonies (67% antibacterial). Conversely,

Elution 2 and gentamicin produced 0/3 colonies (100% antibacterial activity) (Figure B.5

and Table B.17). The final optical density of Elution 5 did not significantly differ to the

untreated S. enterica plating culture (p > 0.74; n = 5, 5; ANOVA). Additionally, the final

optical density of Elution 1 exceeded the untreated S. enterica plating culture (difference =

0.03; p < 0.05; n = 5, 5; ANOVA).
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FIG. 1.10. Antibacterial assays of solid phase extracts (’elutions’) together with controls

(bacteria only and gentamicin) against A baumannii, and S. enterica subsp. typhimurium (n

= 5 replicates in all cases). The left panel plots the mean OD600 (y-axis) across the elutions

and control replicates over 24 hours (x-axis). The right panel shows the mean OD600 across

the elutions and control replicates at hour 24 with error bars indicating 1 s.e. No significant

difference (Tukey’s HSD) between Elution 2, Elution 4, and gentamicin against A. baumannii

and S. enterica as indicated by ‘n.s.’.

SPE compound elucidation

The material prepared for solid-phase extraction (SPE) contained a total 39 compounds

of which three compounds (with retention time 3.78, 5.03, and 5.41 minutes) were not found

in any of the prior preparations (see Table C.5). There was a total of 11 compounds in

Elution 1 (3 unique), 18 in Elution 2 (2 unique), 20 in Elution 3 (2 unique), 30 in Elution 4

(13 unique), and 2 in Elution 5 (0 unique). The plots of the raw peak areas of compounds

found in the material prior to SPE in addition to elution one to five are shown in Figure C.7

with compounds unique to each preparation highlighted with red fill. Figure C.8 presents the

chromatograms of the five preparations assayed in Bioassay 4.

Compounds tentatively identified by GC-MS in Elution 2 are presented in Table 1.1.

Compounds tentatively identified are referred to by name whereas those whose isomers could

not be discerned are given by formula only. Peak areas for the compounds are also provided

in brackets. The mass spectra and, where considered sensible, NIST (2008) library matches

of eluting compounds are given in Appendix C.5.
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TABLE 1.1. GC-MS identification of halogenated compounds in Elution 2 relative to reten-

tion time (RT). Names of identified compounds or the formula are provided where possible

with peak areas in brackets.

RT Elution 2 Compound (Peak area)

3.62 Dibromochloromethane (19 023)

4.50 Tribromomethane (649 076)

5.05 Unknown (23 174)

5.30 C4H6Br2 (229 719)

5.68 Dibromoiodomethane (133 641)

6.15 Unknown (5 858)

6.23 Unknown (17 948)

6.52 Unknown (5 000)

6.66 Unknown (32 534)

6.74 1,1-dichloro-3-chloroacetone (28 189)

6.78 Bromodiiodomethane (38 711)

7.39 1,1,3-tribromoacetone (659 602)

8.11 1,1,3-tribromo-3-chloroacetone (82 431)

8.16 Unknown (7 010)

8.27 C4H8I2 (166 394)

8.81 1,1,3,3-Tetrabromoacetone (942 572)

9.43 C2H3Br3O (6 455)

9.56 C3H2Br2O (153 526)

Comparing compounds across lead preparations

The final step in the fractionation of the initial condensate was the preparation of 5 elu-

tions. Elution 2 was the most active of these (section Bioassay 4, Figure 1.10). It was not

possible to identify a single compound uniquely responsible for antibacterial activity as no

clear compound-antibacterial activity relationship could be identified (Tables 1.2 and C.5).
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TABLE 1.2. Comparison of compounds from the most potent preparations across exper-

iments. Note the omission of Bioassay 3 as antibacterial activity was lost relative to the

Fraction 4 feedstock of Bioassay 2. Compounds common across all lead preparations in-

clude 3.62, 4.50, 5.30, 5.68, 6.78, 7.39, 8.27, and 9.43 indicated by *.

Retention Time
Run 1

(Bioassay 1)

Fraction 4

(Bioassay 2)

Elution 2

(Bioassay 4)

3.39 5 072 0 0

*3.62 3 428 3 684 19 023

3.72 0 1 500 0

4.11 13 769 0 0

4.13 0 24 374 0

*4.50 58 373 214 414 649 076

4.95 3 556 0 0

5.05 5 110 0 23 174

*5.30 1 366 69 633 229 719

5.51 10 845 0 0

*5.68 10 514 17 610 133 641

5.83 5 841 3 574 0

6.06 2 866 2 738 0

6.15 6 325 0 5 858

6.23 2 456 0 17 948

6.35 3 320 1 657 0

6.52 10 546 0 5 000

6.58 212 0 0

6.64 2 504 0 0

6.66 0 0 32 534

6.74 2 840 0 28 189

*6.78 7 075 1 584 38 711

6.83 1 034 0 0

6.93 2 675 0 0

*7.39 15 848 61 146 659 602

7.54 2 986 0 0

7.62 3 642 0 0

7.73 3 158 0 0

7.80 5 652 0 0

7.88 50 694 73 998 0

8.11 2 548 0 82 431

8.16 2 947 0 7 010

*8.27 4 340 9 718 166 394

8.60 1 405 0 0

8.71 827 0 0

8.79 0 32 640 0

8.81 18 248 0 942 572

*9.43 5 924 2 500 6 455

9.55 0 5 236 0

9.56 3 452 0 153 526

10.04 0 3 910 0

Shared Total 106 868 380 289 1 902 621

Not shared Total 174 530 149 627 1 298 242

Total 281 398 529 916 3 200 863
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Compounds common across lead preparations (refer to Tables 1.2 and C.5).

The eight compounds eluting at 3.62, 4.50, 5.30, 5.68, 6.78, 7.39, 8.27 and 9.43 min-

utes were common across the lead preparations. Except for compounds eluting at 6.78 and

9.43 minutes, the peak area of the remaining six compounds increased during subsequent

bioassays consistent with the methodology increasing compound concentration.

Dibromochloromethane (retention time 3.62 minutes) was common to all lead prepa-

rations. Regarding Bioassay 1, dibromochloromethane was identified in Run 1 (P.A. = 3

428) but also Run 2 (P.A. = 47 102, 1 374% of Run 1). Regarding Bioassay 2, dibro-

mochloromethane was identified in Fraction 4 (P.A. = 3 684) but also Fractions 1, 5, 6 and

most notably 2 (P.A. = 10 076, 275%).

Bromoform (retention time 4.50 minutes) was common to all preparations. Regarding

Bioassay 1, bromoform was identified in Run 1 (P.A. = 58 373), Run 2 (P.A. = 885 330,

1515% of Run 1) and Run 3 (P.A. = 894 434, 1530% of Run 1). Regarding Bioassay 2, bro-

moform was identified in Fraction 4 (P.A. = 214 414) in addition to all other fractions, most

notably Fraction 2 (P.A. = 539 141, 250% of Run 1). Regarding Bioassay 4, bromoform

was found in Elution 2 (P.A. = 649 076), Elution 1 (P.A. = 164 135) and Elution 3 (P.A. =

32 035). Bromoform was the most highly concentrated compound in Runs 1 to 3, Fractions

1 to 4, the organic LLE portion of Bioassay 3, and Elution 1.

The compound eluting at 5.30 minutes (‘Compound 5.30’) was common to all lead prepa-

rations. Regarding Bioassay 1, Compound 5.30 was unique to Run 1 (P.A. = 1 366). Re-

garding Bioassay 2, Compound 5.30 was identified in Fraction 4 (P.A. = 69 633), in addition

to Fractions 2, 3, 5, and 6. Regarding Bioassay 4, Compound 5.30 was identified in Elution

2 (P.A. = 229 719), Elution 4 and most notably Elution 3 (P.A. = 594 981, 260% of Elution

2).

Dibromoiodomethane (retention time 5.68 minutes) was common to all lead prepara-

tions. This compound was also identified in every preparation across every Bioassay except

for Elution 5. Regarding Bioassay 1, dibromoiodomethane was most concentrated in Run 3

(P.A. = 235 052) and least concentrated in Run 1 (the leading preparation) (P.A. = 10 514).

Regarding Bioassay 2, dibromoiodomethane was identified in Fraction 4 (P.A. = 17 610) but

was most concentrated in Fraction 2 (P.A. = 58 668, 335% of Fraction 4). Regarding Bioas-

say 4, dibromoiodomethane was most concentrated in Elution 2 (P.A. = 133 641) followed

by Elution 3 (P.A. = 102 565, 75% of Elution 2) then Elution 1 (P.A. = 16 462) and Elution

4 (P.A. = 10 538).

Bromodiiodomethane (retention time 6.78 minutes) was common to all lead preparations.

Regarding Bioassay 1, bromodiiodomethane was identified in Run 1 (P.A. = 7 075) and Run

2 (P.A. = 2 500). Regarding Bioassay 2, bromodiiodomethane was identified in Fraction 4

(1 584) in addition to Fraction 3, 5, 6 and, most notably, Fraction 2 (P.A. = 3 717, 235% of

Fraction 4). Regarding Bioassay 4, compound 6.78 was unique to Elution 2.

The compound eluting at 7.39 minutes (1,1,3-tribromoacetone) was common to all lead
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preparations. Regarding Bioassay 1, the compound 1,1,3-tribromoacetone was unique to

Run 1 (P.A. = 15 848). Regarding Bioassay 2, 1,1,3-tribromoacetone was identified in Frac-

tion 4 (P.A. = 61 146), Fractions 2, 5, 6 and, most notably, Fraction 3 (P.A. = 71 565, 120%

of Fraction 4). Regarding Bioassay 4, 1,1,3-tribromoacetone was identified in Elution 2 (P.A.

= 659 602), Elution 3 (285 284, 45% of Elution 2) and Elution 4 (P.A. = 34 378).

The compound eluting at 8.27 minutes (‘Compound 8.27’) was common to all lead prepa-

rations. Regarding Bioassay 1, Compound 8.27 was identified in Run 1 (P.A. = 4 340) and

Run 2 (P.A. = 8 845, 205% of Run 1). Regarding Bioassay 2, Compound 8.27 was identified

most notably in Fraction 4 (P.A. = 9 718) in addition to Fractions 2, 3, 5 and 6. Regarding

Bioassay 4, Compound 8.27 was identified in Elution 2 (P.A. = 166 394) in addition to Elu-

tions 3 (P.A. = 96 251) and 4 (P.A. = 40 151).

The compound eluting at 9.43 minutes (‘Compound 9.43’) was common to all lead prepa-

rations. Regarding Bioassay 1, Compound 9.43 was identified in Run 1 (P.A. = 5 924), Run

2 (P.A. = 37 224, 630% of Run 1) and Run 3 (P.A. = 5 046). Regarding Bioassay 2, Com-

pound 9.43 was identified in Fraction 4 (P.A. = 2 500) in addition to all other fractions, most

notably, Fraction 2 (P.A. = 4 582, 185% of Fraction 4). Regarding Bioassay 4, Compound

9.43 was found in Elution 2 (P.A. = 6 455), Elution 3 (P.A. = 34 595, 535% of Elution 2)

and Elution 4 (P.A. = 69 105, 1 070% of Elution 2).

DISCUSSION

Asparagopsis taxiformis derived bromoform represents a natural product of ongoing in-

terest due to its antimethanogenic activity when fed to ruminant animals (Abbott et al. 2020;

Kinley et al. 2016; Li et al. 2018; Roque et al. 2019). Further, whole A. taxiformis has

generated interest due to immune-boosting activity and antibacterial effects; however, the

definitive identification of the compounds responsible is required (Marino et al. 2016; Paul,

Nys, and Steinberg 2006; Thépot et al. 2021). In this study, a time-fractionated conden-

sate representing a waste by-product of an A. taxiformis drying process was evaluated for

antimicrobial activity against Acinetobacter baumannii, Escherichia Coli, Salmonella enter-

ica subsp. typhimurium, and Staphylococcus aureus. The three whole Runs were evaluated

followed by Fractions of Run 1, LLE of Fraction 4 of Run 1 and, finally, the normal-phase

chromatographic elutions of the distilled organic layer of the LLE portions.

The condensate derived from drying A. taxiformis exhibited antibacterial effects against

two out of four pathogens assayed in our study. The most evident antimicrobial activity was

observed against A. baumannii and S. enterica. Bioassay 1 revealed significant differences

in the antimicrobial activity of the different Runs; however, Run 1 consistently exhibited

superior performance in this regard followed by Run 3 then Run 2. The microwell assay

suggested Run 1 exhibited a similar antibacterial effect to that of gentamicin to three bacte-

ria assayed; however, NA plating confirmed a 100%, 66.7% and 33.3% antibacterial action
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against S. enterica, A. baumannii and E. Coli respectively. Bioassay 2 revealed that Frac-

tions 4 and 5 undiluted exhibit a 100% antibacterial action against both S. enterica and A.

baumannii. Further, even at ½ concentration Fraction 4 exhibited 100% antibacterial action

against these two pathogens. Bioassay 3 represented the assaying of aqueous and organic

portions of Fraction 4 following LLE. All antibacterial effect was lost at this stage with A.

baumannii producing a curve and final OD600 like that of untreated A. baumannii. Given

no difference between the antibacterial performance of organic and aqueous portions of the

LLE, the organic portion was selected as a lead preparation to avoid the significant loss

of volatile compounds associated with evaporating reverse-phase chromatographic solvents.

Bioassay 4 represented a five-fold concentration of the organic portion of the LLE which saw

antibacterial activity restored. The microwell assay suggested Elutions 2 and 4 exhibited a

similar antibacterial effect to that of gentamicin. However, NA plating confirmed 100% an-

tibacterial action of Elution 2 against both A. baumannii and S. enterica whereas Elution 4

was 67% and 0% antibacterial against S. enterica and A. baumannii respectively.

Differences in susceptibility to antibiotic compounds more generally exist not only be-

tween species but within species (Gugala et al. 2019). Overall, the seaweed condensate

did not have any antimicrobial effect on the Gram-positive S. aureus compared to the three

gram-negative bacteria studied. However, other antibacterial seaweed-derived products have

indicated susceptibility may not be determined by the bacteria being Gram-positive or Gram-

negative but a more nuanced compound-species dependence (Cox, Abu-Ghannam, and Gupta

2010). Of greatest interest was that undiluted Fraction 4 and 5 exhibited a similar antibac-

terial activity against S. enterica and A. baumannii as the clinically relevant wide-range

aminoglycoside antibiotic gentamicin (Chaves and Tadi 2021). As antimicrobial resistance

(AMR) is a globally recognised public health problem, the search for alternative antimicro-

bial agents widens (Barbosa et al. 2020; Bassetti and Righi 2013; Dadgostar 2019). Non-

typhoid Salmonella is responsible for 39% of deaths resulting from foodborne pathogens,

with isolates displaying clinically relevant AMR (Eng et al. 2015; Williamson et al. 2018).

A. baumannii is another clinically relevant AMR considered a ‘critical priority pathogen’

by the World Health Organisation and is a major source of nosocomial infections (Ayoub

Moubareck and Hammoudi Halat 2020; Eliopoulos, Maragakis, and Perl 2008). The an-

tibacterial activity exhibited by the seaweed-derived condensate may find application as a

stand-alone antibacterial treatment or a complement to current antibiotic therapies.

A total of 49 peaks were identified by GC-MS in the recovered A. taxiformis-derived

condensate of which 44 were identified in the different lead preparations. Of these 44, eight

were common to all lead preparations and where characterised have all been previously

identified in A. taxiformis (Burreson, Moore, and Roller 1975; Burreson, Moore, and Roller

1976; Fenical 1974; Woolard 1977; Woolard, Moore, and Roller 1976; Woolard, Moore, and

Roller 1979). These 44 compounds represent prospective antibacterial compounds of which

the common 8 are lead candidate compounds. These eight compounds included halogenated
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alcohols, halogenated methane derivatives, halogenated ketones, and halogenated methyl

acrylic acids. Assigning action to any one compound proved impossible. Compound 6.78,

for example, was common to all lead preparations and was most highly concentrated in Run

1 and Elution 2 of Bioassays 1 and 4 respectively. However, regarding Bioassay 2 it was most

concentrated in Fraction 2 yet exhibited no antibacterial effect. Each compound identified

presented similarly ambiguous findings. The most likely reason for this finding is synergistic

effects between the compounds.

Bromoform, the major compound of A. taxiformis (Burreson, Moore, and Roller 1975)

was determined to be an unlikely source of A. taxiformis condensate antibacterial activity

due to it being present in high concentration in preparations which exhibited little activity.

Haloketones have previously been described as strong antimicrobial agents; however, the

compounds identified during this study are largely unresearched with regards to antibacterial

effect, particularly in combinatorial preparations (Fenical 1974). This represents a poten-

tially untapped resource of antibacterial preparations as synergistic effects were identified in

this study.

Synergistic effects generally are well-documented and imply the action of two or more

compounds used in concert effect a greater response than the sum of the compounds used

individually (Roell, Reif, and Motsinger-Reif 2017). This is typified by Bioassay 3 whereby

the organic portion and aqueous portion exhibited little effect individually but combined (as

per Bioassay 2, Fraction 4) induced an antibacterial effect like that of gentamicin. Unfor-

tunately, instrument incompatibilities with volatile compounds in the aqueous LLE portion

prevented further investigation of their synergistic effects in this study. Synergistic effects

are useful in a clinical setting as lower doses of compounds may be used to induce the same

or greater antibacterial effect (Torella, Chait, and Kishony 2010). While useful clinically,

synergy may hinder bioassay-guided drug discovery (Wagner 2011). Fractionation is often

necessary to determine active constituents; however, separating interacting compounds may

see loss of activity which can frustrate efforts to determine those compounds responsible

(Caesar and Cech 2019). Given common difficulties associated with latent synergistic ef-

fects, several statistical methods have been proposed to identify compounds participating in

such interactions (Dettweiler et al. 2020; Meyer et al. 2020; Romano and Tatonetti 2019;

Yadav et al. 2015).

Identifying the compounds responsible for antibacterial activity in experiments performed

to date is the priority of future studies. Identifying compounds present in the aqueous portion

of the LLE is also necessary. More rigorous elucidation of compound structure could also

be performed by further concentration of material in concert with NMR experiments where

feasible. Once lead compounds are identified, their preparation or purchase will allow defini-

tive elucidation while providing material for future individual and combinatorial assays to

quantitate synergistic effects. Future experiments would also benefit from a wider selection

of bacteria to determine the versatility of these compounds. Determination of crude product
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efficacy could then be made by analytical chemistry means and provide a solid benchmark

for refining commercial processes to generate condensate with maximum antibacterial effect.

Given bromoform retention is desirable to preserve antimethanogenic effect in stock feed,

commercial operators may determine drying profiles which maximise bromoform retention

in biomass while capturing the antibacterial compounds in condensate. Also of commercial

interest is optimising physical, biological and collection factors to maximise expression of

secondary metabolites as significant variation such as that observed in Bioassay 1 may occur

(Dubber and Harder 2008; Mata, Gaspar, and Santos 2012; Mata, Lawton, et al. 2017; Trigui

et al. 2013). Development of new technologies may inadvertently realise novel and commer-

cially viable extraction techniques of bioactive compounds (Ali, Chua, and Chow 2019). It

may therefore prove useful to evaluate the condensate collected from other seaweeds that

require drying.

A. taxiformis expresses over 100 halogenated compounds. Of these, 44 were observed

in a commercial drying waste by-product which may exhibit antibacterial effect. Of these,

8 were common to the most active preparations of a bioassay-guided fractionation approach

and represent likely antibacterial compounds. Future work should focus on the definitive

structural elucidation of these compounds to guide further antibacterial assays against a

wide range of pathogens. Given the novel closed loop drying apparatus and collection of

condensate, other seaweeds may also yield compounds of interest and should be evaluated.

Such studies may illuminate an alternative source of antibacterial compounds necessary to

humanity if the rising instances of AMR are to be curtailed. The ocean represents a large

and relatively untapped resource of natural products which may present solutions to many of

humanity’s problems.
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Appendix A

Methods

A.1 Material

A.1.1 Material collected
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Run 1 dry material and condensate

TABLE A.1. Solid material from Run 1.

Left Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1200 339 861 3.62 0.34

2 1200 329 871 3.77 0.34

3 1200 324 876 3.15 0.34

4 1200 349 851 2.84 0.34

5 1200 378 822 2.73 0.38

6 1200 406 794 2.4 0.42

7 1500 422 1078 4.89 0.42

8 1500 582 918 6.90 0.58

Average 1275 391 884 3.79 0.40

Total 10 200 3 129 7 071 - -

Right Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1500 427 1073 2.98 0.44

2 1500 416 1084 2.91 0.44

3 1500 412 1088 2.87 0.44

4 1500 413 1087 3.22 0.42

5 1500 402 1098 2.60 0.42

6 1500 384 1116 2.66 0.38

7 1500 384 1116 3.45 0.38

8 1500 373 1127 2.71 0.38

Average 1500 401 1099 2.92 0.41

Total 12 000 3 211 8 789 - -

TABLE A.2. Condensed liquid Fractions from Run 1.

Fraction Volume (L) Duration (hours) Fraction Volume (L) Duration (hours)

1 1.96 1.08 4 3.16 2.38

2 1.96 1 5 3.24 3.48

3 3.34 2 6 2.5 10.13
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Run 2 dry material and condensate

TABLE A.3. Solid material from Run 2.

Left Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1420 420 1000 3.04 0.41

2 1480 460 1020 3.43 0.42

3 1500 460 1040 4.475 0.41

4 1480 440 1040 3.94 0.38

5 1480 420 1060 3.26 0.42

6 1520 400 1120 3.395 0.35

7 1460 440 1020 2.73 0.38

8 1520 380 1140 3.86 0.36

Average 1482 428 1055 3.52 0.39

Total 11 860 3 420 8 440 - -

Right Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1760 560 1200 3.105 0.45

2 1760 580 1180 2.955 0.45

3 1720 560 1160 2.705 0.43

4 1820 540 1280 6.015 0.42

5 1760 620 1140 2.365 0.44

6 1740 500 1240 2.39 0.41

7 1740 460 1280 2.97 0.41

8 1080 380 700 2.34 0.41

Average 1672 525 1148 3.11 0.43

Total 13 380 4 200 9 180 - -

TABLE A.4. Condensed liquid Fractions from Run 2.

Fraction Volume (L) Duration (hours) Fraction Volume (L) Duration (hours)

1 1.577 1 5 0.288 4

2 2.16 1 6 2.057 2

3 2.618 1 7 1.79 4

4 2.191 1 8 2.755 6
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Run 3 dry material and condensate

TABLE A.5. Solid material from Run 3.

Left Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1380 414 948 3.02 0.36

2 1350 347 985 3.13 0.34

3 1340 314 1008 3.47 0.36

4 1380 349 1013 2.36 0.33

5 1340 336 986 2.53 0.32

6 1320 338 964 2.52 0.31

7 1380 347 1015 3.33 0.3

8 1340 381 951 2.02 0.29

Average 1354 353 984 2.80 0.33

Total 10 830 2 826 7 870 - -

Right Side

Weight

Stack Number Wet (g) Dry (g) Difference (g) Moisture (%) Water activity

1 1380 449 913 2.77 0.34

2 1360 387 955 2.66 0.35

3 1340 378 944 2.6 0.35

4 1380 368 994 2.54 0.35

5 1340 366 956 2.66 0.33

6 1360 347 995 2.56 0.35

7 1340 338 984 2.61 0.33

8 1360 368 974 2.37 0.32

Average 1358 375 964 2.60 0.34

Total 10 860 3 001 7 715 - -

TABLE A.6. Condensed liquid Fractions from Run 3.

Fraction Volume (L) Duration (hours) Fraction Volume (L) Duration (hours)

1 1.679 1 6 1.437 1

2 1.872 1 7 2.557 2

3 2.06 1 8 1.726 2

4 1.727 1 9 1.513 4

5 1.604 1 10 0.297 6
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A.1.2 Run equivalent preparation

TABLE A.7. Proportions of individual Fractions combined to create Run 1 equivalent. Note

that the 4 mL preparation for microwell assays is given in terms of volume.

Fraction Proportion (%) Volume (µL)

1 13 528

2 13 528

3 23 899

4 21 851

5 22 862

6 8 323

Total 100 4001

TABLE A.8. Proportions of individual Fractions combined to create Run 2 equivalent. Note

that the 4 mL preparation for microwell assays is given in terms of volume.

Fraction Proportion (%) Volume (µL)

1 10 409

2 14 560

3 17 678

4 14 568

5 2 75

6 13 533

7 12 464

8 18 714

Total 100 4001

TABLE A.9. Proportions of individual Fractions combined to create Run 3 equivalent. Note

that the 4 mL preparation for microwell assays is given in terms of volume.

Fraction Proportion (%) Volume (µL)

1 10 408

2 11 455

3 13 500

4 10 419

5 10 390

6 9 349

7 16 621

8 10 419

9 9 367

10 2 72

Total 100 4001
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A.2 Microbiological

TABLE A.10. Well preparation including the volumes of controls, bacterial LB (‘plating’

cultures), sterile LB and condensate preparation. Each well was made to 200 µL.

Well designation LB only (µL) Well

designation (µL)

Gentamicin

solution (µL)

Plating culture

(µL)

Condensate preparation 130 50 - 20

Contamination control 200 - - -

Antibacterial (positive)

control

130 - 50 20

Bacterial growth

(negative) control

180 - - 20
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A.3 Chemistry

Boiling flask

Snyder column

Still head

Thermometer

Condenser

Receiver
adapter

Receiving
flask

Hot water bath

FIG. A.1. The fractional distillation apparatus used to evaporate solvent (DCM) from the

organic extract following liquid-liquid extraction. This apparatus was used for both Bioassay

3 and Bioassay 4.

46



Appendix B

Microbiological

B.1 Bioassay 1

B.1.1 ANOVA results

TABLE B.1. Bioassay 1 - A. baumannii Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.31 -0.34 -0.29 0.00

Run 1 - Negative control (standard growth) -0.30 -0.33 -0.28 0.00

Run 2 - Negative control (standard growth) -0.01 -0.04 0.01 0.42

Run 3 - Negative control (standard growth) -0.06 -0.09 -0.04 0.00

Run 1 - Positive control (gentamicin) 0.01 -0.01 0.03 0.59

Run 2 - Positive control (gentamicin) 0.30 0.28 0.32 0.00

Run 3 - Positive control (gentamicin) 0.25 0.23 0.28 0.00

Run 2 - Run 1 0.29 0.27 0.31 0.00

Run 3 - Run 1 0.24 0.22 0.26 0.00

Run 3 - Run 2 -0.05 -0.07 -0.03 0.00

TABLE B.2. Bioassay 1 - S. enterica Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.22 -0.25 -0.18 0.00

Run 1 - Negative control (standard growth) -0.22 -0.25 -0.19 0.00

Run 2 - Negative control (standard growth) -0.05 -0.09 -0.02 0.00

Run 3 - Negative control (standard growth) -0.13 -0.17 -0.10 0.00

Run 1 - Positive control (gentamicin) -0.00 -0.04 0.03 1.00

Run 2 - Positive control (gentamicin) 0.17 0.13 0.20 0.00

Run 3 - Positive control (gentamicin) 0.08 0.05 0.12 0.00

Run 2 - Run 1 0.17 0.13 0.20 0.00

Run 3 - Run 1 0.09 0.05 0.12 0.00

Run 3 - Run 2 -0.08 -0.12 -0.05 0.00
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TABLE B.3. Bioassay 1 - E. coli Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.57 -0.63 -0.50 0.00

Run 1 - Negative control (standard growth) -0.56 -0.62 -0.49 0.00

Run 2 - Negative control (standard growth) -0.09 -0.15 -0.02 0.01

Run 3 - Negative control (standard growth) -0.11 -0.18 -0.05 0.00

Run 1 - Positive control (gentamicin) 0.01 -0.06 0.08 0.99

Run 2 - Positive control (gentamicin) 0.48 0.41 0.54 0.00

Run 3 - Positive control (gentamicin) 0.45 0.39 0.52 0.00

Run 2 - Run 1 0.47 0.40 0.53 0.00

Run 3 - Run 1 0.44 0.38 0.51 0.00

Run 3 - Run 2 -0.02 -0.09 0.04 0.84

TABLE B.4. Bioassay 1 - S. aureus Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.41 -0.44 -0.38 0.00

Run 1 - Negative control (standard growth) -0.31 -0.34 -0.28 0.00

Run 2 - Negative control (standard growth) -0.15 -0.18 -0.12 0.00

Run 3 - Negative control (standard growth) -0.17 -0.20 -0.14 0.00

Run 1 - Positive control (gentamicin) 0.10 0.07 0.13 0.00

Run 2 - Positive control (gentamicin) 0.26 0.23 0.29 0.00

Run 3 - Positive control (gentamicin) 0.24 0.21 0.27 0.00

Run 2 - Run 1 0.16 0.13 0.19 0.00

Run 3 - Run 1 0.14 0.11 0.17 0.00

Run 3 - Run 2 -0.02 -0.05 0.01 0.18

48



B.1.2 Nutrient agar

Contam. control

Gentamicin

Run 3
Run 2

Run 1

A. baumannii Contam. control

Gentamicin

Run 3

Run 2

Run 1

S. enterica

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Runs 1 -3 in ad-

dition to controls applied to A. baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Runs 1-3 in ad-

dition to controls applied to S. enterica.

Run 2

Run 1

Contam. control

Run 3

E. coli Gentamicin

Run 2

Run 1

Contam. control

Gentamicin

S. aureus

Run 3

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Runs 1 -3 in ad-

dition to controls applied to E. coli.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Runs 1-3 in ad-

dition to controls applied to S. aureus.

FIG. B.1. Bioassay 1 - Nutrient agar (NA) plate confirmation of growth/antibacterial activity.

TABLE B.5. Tabulated nutrient agar (NA) plate confirmation of antibacterial activity during

Bioassay 1.

Bacteria Treatment

Well aliquots with

observed bacterial

growth (Count)

Plated

aliquots

(Count)

Antibacterial

effect (%)

A. baumannii

Run 1 1 3 66.7

Run 2 3 3 0

Run 3 3 3 0

E. coli

Run 1 2 3 33.3

Run 2 3 3 0

Run 3 3 3 0

S. aureus

Run 1 3 3 0

Run 2 3 3 0

Run 3 3 3 0

S. enterica

Run 1 0 3 100

Run 2 3 3 0

Run 3 3 3 0
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B.2 Bioassay 2

B.2.1 ANOVA results

TABLE B.6. Bioassay 2A - A. baumannii Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.40 -0.48 -0.31 0.00

Fraction 1 - Negative control (standard growth) 0.06 -0.03 0.15 0.38

Fraction 2 - Negative control (standard growth) -0.37 -0.46 -0.28 0.00

Fraction 3 - Negative control (standard growth) -0.39 -0.48 -0.31 0.00

Fraction 4 - Negative control (standard growth) -0.40 -0.48 -0.31 0.00

Fraction 5 - Negative control (standard growth) -0.40 -0.48 -0.31 0.00

Fraction 6 - Negative control (standard growth) -0.24 -0.33 -0.15 0.00

Fraction 1 - Positive control (gentamicin) 0.46 0.37 0.54 0.00

Fraction 2 - Positive control (gentamicin) 0.03 -0.06 0.11 0.97

Fraction 3 - Positive control (gentamicin) 0.00 -0.08 0.09 1.00

Fraction 4 - Positive control (gentamicin) 0.00 -0.09 0.09 1.00

Fraction 5 - Positive control (gentamicin) 0.00 -0.09 0.09 1.00

Fraction 6 - Positive control (gentamicin) 0.16 0.07 0.24 0.00

Fraction 2 - Fraction 1 -0.43 -0.52 -0.34 0.00

Fraction 3 - Fraction 1 -0.45 -0.54 -0.36 0.00

Fraction 4 - Fraction 1 -0.46 -0.54 -0.37 0.00

Fraction 5 - Fraction 1 -0.45 -0.54 -0.37 0.00

Fraction 6 - Fraction 1 -0.30 -0.39 -0.21 0.00

Fraction 3 - Fraction 2 -0.02 -0.11 0.06 0.99

Fraction 4 - Fraction 2 -0.03 -0.11 0.06 0.97

Fraction 5 - Fraction 2 -0.03 -0.11 0.06 0.98

Fraction 6 - Fraction 2 0.13 0.04 0.22 0.00

Fraction 4 - Fraction 3 -0.00 -0.09 0.08 1.00

Fraction 5 - Fraction 3 -0.00 -0.09 0.09 1.00

Fraction 6 - Fraction 3 0.15 0.07 0.24 0.00

Fraction 5 - Fraction 4 0.00 -0.09 0.09 1.00

Fraction 6 - Fraction 4 0.16 0.07 0.24 0.00

Fraction 6 - Fraction 5 0.16 0.07 0.24 0.00
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TABLE B.7. Bioassay 2A - S. enterica Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.24 -0.27 -0.22 0.00

Fraction 1 - Negative control (standard growth) -0.02 -0.05 0.00 0.16

Fraction 2 - Negative control (standard growth) -0.20 -0.22 -0.17 0.00

Fraction 3 - Negative control (standard growth) -0.24 -0.27 -0.22 0.00

Fraction 4 - Negative control (standard growth) -0.25 -0.27 -0.22 0.00

Fraction 5 - Negative control (standard growth) -0.24 -0.27 -0.22 0.00

Fraction 6 - Negative control (standard growth) -0.22 -0.25 -0.19 0.00

Fraction 1 - Positive control (gentamicin) 0.22 0.20 0.25 0.00

Fraction 2 - Positive control (gentamicin) 0.05 0.02 0.07 0.00

Fraction 3 - Positive control (gentamicin) 0.00 -0.03 0.03 1.00

Fraction 4 - Positive control (gentamicin) -0.00 -0.03 0.02 1.00

Fraction 5 - Positive control (gentamicin) -0.00 -0.03 0.03 1.00

Fraction 6 - Positive control (gentamicin) 0.02 -0.00 0.05 0.10

Fraction 2 - Fraction 1 -0.17 -0.20 -0.15 0.00

Fraction 3 - Fraction 1 -0.22 -0.25 -0.20 0.00

Fraction 4 - Fraction 1 -0.22 -0.25 -0.20 0.00

Fraction 5 - Fraction 1 -0.22 -0.25 -0.20 0.00

Fraction 6 - Fraction 1 -0.20 -0.22 -0.17 0.00

Fraction 3 - Fraction 2 -0.05 -0.07 -0.02 0.00

Fraction 4 - Fraction 2 -0.05 -0.08 -0.02 0.00

Fraction 5 - Fraction 2 -0.05 -0.08 -0.02 0.00

Fraction 6 - Fraction 2 -0.02 -0.05 0.00 0.08

Fraction 4 - Fraction 3 -0.00 -0.03 0.02 1.00

Fraction 5 - Fraction 3 -0.00 -0.03 0.02 1.00

Fraction 6 - Fraction 3 0.02 -0.00 0.05 0.11

Fraction 5 - Fraction 4 0.00 -0.03 0.03 1.00

Fraction 6 - Fraction 4 0.03 -0.00 0.05 0.06

Fraction 6 - Fraction 5 0.02 -0.00 0.05 0.08
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TABLE B.8. Bioassay 2B - A. baumannii Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.31 -0.37 -0.25 0.00

Fraction 4 1/2 - Negative control (standard growth) -0.31 -0.37 -0.25 0.00

Fraction 5 1/2 - Negative control (standard growth) -0.31 -0.37 -0.25 0.00

Fraction 4 1/10 - Negative control (standard growth) 0.18 0.12 0.24 0.00

Fraction 5 1/10 - Negative control (standard growth) 0.21 0.15 0.27 0.00

Fraction 4 1/100 - Negative control (standard

growth)

0.17 0.12 0.23 0.00

Fraction 5 1/100 - Negative control (standard

growth)

0.15 0.09 0.21 0.00

Fraction 4 1/2 - Positive control (gentamicin) 0.00 -0.06 0.06 1.00

Fraction 5 1/2 - Positive control (gentamicin) 0.00 -0.06 0.06 1.00

Fraction 4 1/10 - Positive control (gentamicin) 0.49 0.44 0.55 0.00

Fraction 5 1/10 - Positive control (gentamicin) 0.52 0.46 0.58 0.00

Fraction 4 1/100 - Positive control (gentamicin) 0.49 0.43 0.54 0.00

Fraction 5 1/100 - Positive control (gentamicin) 0.46 0.40 0.52 0.00

Fraction 5 1/2 - Fraction 4 1/2 -0.00 -0.06 0.06 1.00

Fraction 4 1/10 - Fraction 4 1/2 0.49 0.43 0.55 0.00

Fraction 5 1/10 - Fraction 4 1/2 0.52 0.46 0.58 0.00

Fraction 4 1/100 - Fraction 4 1/2 0.48 0.43 0.54 0.00

Fraction 5 1/100 - Fraction 4 1/2 0.46 0.40 0.52 0.00

Fraction 4 1/10 - Fraction 5 1/2 0.49 0.44 0.55 0.00

Fraction 5 1/10 - Fraction 5 1/2 0.52 0.46 0.58 0.00

Fraction 4 1/100 - Fraction 5 1/2 0.49 0.43 0.54 0.00

Fraction 5 1/100 - Fraction 5 1/2 0.46 0.40 0.52 0.00

Fraction 5 1/10 - Fraction 4 1/10 0.03 -0.03 0.09 0.78

Fraction 4 1/100 - Fraction 4 1/10 -0.01 -0.07 0.05 1.00

Fraction 5 1/100 - Fraction 4 1/10 -0.03 -0.09 0.03 0.69

Fraction 4 1/100 - Fraction 5 1/10 -0.04 -0.09 0.02 0.50

Fraction 5 1/100 - Fraction 5 1/10 -0.06 -0.12 -0.00 0.05

Fraction 5 1/100 - Fraction 4 1/100 -0.02 -0.08 0.04 0.91
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TABLE B.9. Bioassay 2B - S. enterica Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.24 -0.26 -0.22 0.00

Fraction 4 1/2 - Negative control (standard growth) -0.25 -0.27 -0.22 0.00

Fraction 5 1/2 - Negative control (standard growth) -0.23 -0.25 -0.21 0.00

Fraction 4 1/10 - Negative control (standard growth) 0.01 -0.02 0.03 0.99

Fraction 5 1/10 - Negative control (standard growth) 0.00 -0.02 0.03 1.00

Fraction 4 1/100 - Negative control (standard

growth)

0.01 -0.01 0.04 0.44

Fraction 5 1/100 - Negative control (standard

growth)

0.01 -0.01 0.03 0.49

Fraction 4 1/2 - Positive control (gentamicin) -0.00 -0.02 0.02 1.00

Fraction 5 1/2 - Positive control (gentamicin) 0.01 -0.01 0.03 0.74

Fraction 4 1/10 - Positive control (gentamicin) 0.25 0.23 0.27 0.00

Fraction 5 1/10 - Positive control (gentamicin) 0.25 0.22 0.27 0.00

Fraction 4 1/100 - Positive control (gentamicin) 0.26 0.23 0.28 0.00

Fraction 5 1/100 - Positive control (gentamicin) 0.26 0.23 0.28 0.00

Fraction 5 1/2 - Fraction 4 1/2 0.01 -0.01 0.04 0.40

Fraction 4 1/10 - Fraction 4 1/2 0.25 0.23 0.27 0.00

Fraction 5 1/10 - Fraction 4 1/2 0.25 0.23 0.27 0.00

Fraction 4 1/100 - Fraction 4 1/2 0.26 0.24 0.28 0.00

Fraction 5 1/100 - Fraction 4 1/2 0.26 0.24 0.28 0.00

Fraction 4 1/10 - Fraction 5 1/2 0.24 0.22 0.26 0.00

Fraction 5 1/10 - Fraction 5 1/2 0.24 0.21 0.26 0.00

Fraction 4 1/100 - Fraction 5 1/2 0.25 0.22 0.27 0.00

Fraction 5 1/100 - Fraction 5 1/2 0.24 0.22 0.27 0.00

Fraction 5 1/10 - Fraction 4 1/10 -0.00 -0.02 0.02 1.00

Fraction 4 1/100 - Fraction 4 1/10 0.01 -0.01 0.03 0.89

Fraction 5 1/100 - Fraction 4 1/10 0.01 -0.01 0.03 0.92

Fraction 4 1/100 - Fraction 5 1/10 0.01 -0.01 0.03 0.81

Fraction 5 1/100 - Fraction 5 1/10 0.01 -0.01 0.03 0.85

Fraction 5 1/100 - Fraction 4 1/100 -0.00 -0.02 0.02 1.00
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B.2.2 Nutrient agar

Fraction 1

Gentamicin

A. baumannii

Fraction 2

Fraction 1

Gentamicin

S. enterica

Fraction 2

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 1-2 in

addition to controls applied to A. bauman-

nii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 1-2 in

addition to controls applied to S. enterica.

Fraction 5

Fraction 4

Fraction 3

Contam. control

Fraction 5

Fraction 4

Fraction 3

Contam. control

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 3-4 in

addition to controls applied to A. bauman-

nii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 3-4 in

addition to controls applied to S. enterica.

A. baumannii

Fraction 6S. enterica

Fraction 6

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 5-6 in

addition to controls applied to A. baumannii

and S. enterica.

FIG. B.2. Bioassay 2A - Nutrient agar (NA) plate confirmation of growth/antibacterial ac-

tivity.
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TABLE B.10. Tabulated nutrient agar (NA) plate confirmation of antibacterial activity during

Bioassay 2A.

Bacteria Treatment

Well aliquots with

observed bacterial

growth (Count)

Plated

aliquots

(Count)

Antibacterial

effect (%)

A. baumannii

Fraction 1 3 3 0

Fraction 2 3 3 0

Fraction 3 3 3 0

Fraction 4 0 3 100

Fraction 5 0 3 100

Fraction 6 4 5 20

S. enterica

Fraction 1 3 3 0

Fraction 2 3 3 0

Fraction 3 0 3 100

Fraction 4 0 3 100

Fraction 5 0 3 100

Fraction 6 5 5 0
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Gentamicin

Fraction 5

1/2
Contam. control

Fraction 4

1/2

Gentamicin

Fraction 5

1/2
Contam. control

Fraction 4

1/2

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 4 1/2

and 5 1/2 in addition to controls applied to

A. baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 4 1/2

and 5 1/2 in addition to controls applied to

S. enterica.

Fraction 5

1/10

Fraction 4

1/100
A. baumannii

Fraction 5

1/100

Fraction 4

1/10

Fraction 5

1/10

Fraction 4

1/100

Fraction 4

1/10

S. enterica

Fraction 5

1/100

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 4 and

5 at 1/10 and 1/100 in addition to controls

applied to A. baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of Fractions 4 and

5 at 1/10 and 1/100 in addition to controls

applied to S. enterica.

FIG. B.3. Bioassay 2B - Nutrient agar (NA) plate confirmation of growth/antibacterial ac-

tivity.

TABLE B.11. Tabulated nutrient agar (NA) plate confirmation of antibacterial activity during

Bioassay 2B.

Bacteria Treatment

Well aliquots with

observed bacterial

growth (Count)

Plated

aliquots

(Count)

Antibacterial

effect (%)

A. baumannii

Fraction 4 1/2 0 3 100

Fraction 4 1/10 3 3 0

Fraction 4 1/100 3 3 0

Fraction 5 1/2 0 3 100

Fraction 5 1/10 3 3 0

Fraction 5 1/100 3 3 0

S. enterica

Fraction 4 1/2 0 3 100

Fraction 4 1/10 3 3 0

Fraction 4 1/100 3 3 0

Fraction 5 1/2 3 3 0

Fraction 5 1/10 3 3 0

Fraction 5 1/100 3 3 0

56



B.3 Bioassay 3

B.3.1 ANOVA results

TABLE B.12. Bioassay 3 - A. baumannii Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.54 -0.64 -0.45 0.00

1 - 4 Aqueous Extract-Negative control (standard

growth)

-0.02 -0.12 0.07 0.94

1 - 4 Organic Extract-Negative control (standard

growth)

0.01 -0.08 0.11 1.00

pH Adjusted Distillate - Negative control (standard

growth)

-0.03 -0.13 0.06 0.87

1 - 4 Aqueous Extract-Positive control (gentamicin) 0.52 0.42 0.61 0.00

1 - 4 Organic Extract-Positive control (gentamicin) 0.55 0.46 0.65 0.00

pH Adjusted Distillate - Positive control

(gentamicin)

0.51 0.41 0.60 0.00

1 - 4 Organic Extract-1-4 Aqueous Extract 0.04 -0.06 0.13 0.80

pH Adjusted Distillate - 1-4 Aqueous Extract -0.01 -0.10 0.09 1.00

pH Adjusted Distillate - 1-4 Organic Extract -0.04 -0.14 0.05 0.68

TABLE B.13. Bioassay 3 - S. enterica Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.28 -0.31 -0.26 0.00

1 - 4 Aqueous Extract-Negative control (standard

growth)

-0.09 -0.12 -0.07 0.00

1 - 4 Organic Extract-Negative control (standard

growth)

-0.08 -0.10 -0.05 0.00

pH Adjusted Distillate - Negative control (standard

growth)

-0.04 -0.06 -0.01 0.00

1 - 4 Aqueous Extract-Positive control (gentamicin) 0.19 0.16 0.21 0.00

1 - 4 Organic Extract-Positive control (gentamicin) 0.20 0.18 0.23 0.00

pH Adjusted Distillate - Positive control

(gentamicin)

0.25 0.22 0.27 0.00

1 - 4 Organic Extract-1-4 Aqueous Extract 0.02 -0.01 0.04 0.31

pH Adjusted Distillate - 1-4 Aqueous Extract 0.06 0.03 0.08 0.00

pH Adjusted Distillate - 1-4 Organic Extract 0.04 0.02 0.07 0.00
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B.3.2 Nutrient agar

Fraction 4

MilliQ

Aq. LLE

pH Neutralised

Fraction 4

Fraction 4

Org. LLE

Fraction 4

Aq. LLE

MilliQ

Org. LLE

MilliQ

Aq. LLE

Fraction 4

pH Neutralised

Fraction 4

Fraction 4

Org. LLE

Fraction 4

Aq. LLE
MilliQ

Org. LLE

Nutrient agar confirmation of bacterio-

static/bactericidal effect of liquid-liquid ex-

tracts, pH-adjusted distillate, and method

blanks in addition to controls applied to A.

baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of liquid-liquid ex-

tracts, pH-adjusted distillate, and method

blanks in addition to controls applied to S.

enterica.

Gentamicin

A. baumannii

Contam. control

Dichloromethane

Pentane

Contam. control

Dichloromethane

Gentamicin
S. enterica

Pentane

Nutrient agar confirmation of bacterio-

static/bactericidal effect of controls in ad-

dition to controls applied to A. baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of controls in ad-

dition to controls applied to S. enterica.

FIG. B.4. Bioassay 3 - Nutrient agar (NA) plate confirmation of growth/antibacterial activity.

TABLE B.14. Tabulated nutrient agar (NA) plate confirmation of antibacterial activity during

Bioassay 3.

Bacteria Treatment

Well aliquots with

observed bacterial

growth (Count)

Plated

aliquots

(Count)

Antibacterial

effect (%)

A. baumannii

1-4 Aqueous Extract 3 3 0

1-4 Organic Extract 3 3 0

pH adjusted distillate 3 3 0

S. enterica

1-4 Aqueous Extract 3 3 0

1-4 Organic Extract 3 3 0

pH adjusted distillate 3 3 0
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B.4 Bioassay 4

B.4.1 ANOVA results

TABLE B.15. Bioassay 4 - A. baumannii Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.54 -0.60 -0.48 0.00

Elution 1 - Negative control (standard growth) 0.04 -0.02 0.09 0.36

Elution 2 - Negative control (standard growth) -0.54 -0.59 -0.48 0.00

Elution 3 - Negative control (standard growth) -0.29 -0.35 -0.24 0.00

Elution 4 - Negative control (standard growth) -0.54 -0.59 -0.48 0.00

Elution 5 - Negative control (standard growth) 0.11 0.05 0.16 0.00

Elution 1 - Positive control (gentamicin) 0.58 0.52 0.63 0.00

Elution 2 - Positive control (gentamicin) 0.00 -0.05 0.06 1.00

Elution 3 - Positive control (gentamicin) 0.25 0.19 0.30 0.00

Elution 4 - Positive control (gentamicin) 0.00 -0.05 0.06 1.00

Elution 5 - Positive control (gentamicin) 0.65 0.59 0.70 0.00

Elution 2 - Elution 1 -0.57 -0.63 -0.52 0.00

Elution 3 - Elution 1 -0.33 -0.39 -0.27 0.00

Elution 4 - Elution 1 -0.57 -0.63 -0.52 0.00

Elution 5 - Elution 1 0.07 0.01 0.12 0.01

Elution 3 - Elution 2 0.24 0.19 0.30 0.00

Elution 4 - Elution 2 -0.00 -0.06 0.06 1.00

Elution 5 - Elution 2 0.64 0.59 0.70 0.00

Elution 4 - Elution 3 -0.24 -0.30 -0.19 0.00

Elution 5 - Elution 3 0.40 0.34 0.45 0.00

Elution 5 - Elution 4 0.64 0.59 0.70 0.00
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TABLE B.16. Bioassay 4 - S. enterica Tukey’s post-hoc test values.

Treatment Treatment

mean

difference

Lower

C.I.

Upper

C.I

Adjusted p value

Positive control (gentamicin) - Negative control

(standard growth)

-0.28 -0.30 -0.27 0.00

Elution 1 - Negative control (standard growth) 0.03 0.02 0.04 0.00

Elution 2 - Negative control (standard growth) -0.29 -0.30 -0.27 0.00

Elution 3 - Negative control (standard growth) -0.28 -0.29 -0.27 0.00

Elution 4 - Negative control (standard growth) -0.29 -0.30 -0.27 0.00

Elution 5 - Negative control (standard growth) -0.01 -0.02 0.01 0.75

Elution 1 - Positive control (gentamicin) 0.31 0.30 0.33 0.00

Elution 2 - Positive control (gentamicin) -0.00 -0.02 0.01 0.99

Elution 3 - Positive control (gentamicin) 0.00 -0.01 0.02 0.99

Elution 4 - Positive control (gentamicin) -0.00 -0.02 0.01 0.98

Elution 5 - Positive control (gentamicin) 0.28 0.26 0.29 0.00

Elution 2 - Elution 1 -0.32 -0.33 -0.30 0.00

Elution 3 - Elution 1 -0.31 -0.32 -0.30 0.00

Elution 4 - Elution 1 -0.32 -0.33 -0.30 0.00

Elution 5 - Elution 1 -0.04 -0.05 -0.02 0.00

Elution 3 - Elution 2 0.01 -0.01 0.02 0.80

Elution 4 - Elution 2 -0.00 -0.01 0.01 1.00

Elution 5 - Elution 2 0.28 0.27 0.29 0.00

Elution 4 - Elution 3 -0.01 -0.02 0.01 0.72

Elution 5 - Elution 3 0.27 0.26 0.29 0.00

Elution 5 - Elution 4 0.28 0.27 0.29 0.00

60



B.4.2 Nutrient agar

Elution 1

Acetone

Elution 5

Elution 4

Elution 3

Elution 2

Elution 4

Elution 5

Elution 3
Elution 2

Elution 1

Acetone

Nutrient agar confirmation of bacterio-

static/bactericidal effect of liquid-liquid ex-

tracts, pH-adjusted distillate, and method

blanks in addition to controls applied to A.

baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of liquid-liquid ex-

tracts, pH-adjusted distillate, and method

blanks in addition to controls applied to S.

enterica.

Gentamicin

A. baumannii

Contam. control

Dichloromethane

Pentane

Contam. control

Dichloromethane

Gentamicin
S. enterica

Pentane

Nutrient agar confirmation of bacterio-

static/bactericidal effect of controls in ad-

dition to controls applied to A. baumannii.

Nutrient agar confirmation of bacterio-

static/bactericidal effect of controls in ad-

dition to controls applied to S. enterica.

FIG. B.5. Bioassay 4 - Nutrient agar (NA) plate confirmation of growth/antibacterial activity.

TABLE B.17. Tabulated nutrient agar (NA) plate confirmation of antibacterial activity during

Bioassay 4.

Bacteria Treatment

Well aliquots with

observed bacterial

growth (Count)

Plated

aliquots

(Count)

Antibacterial

effect (%)

A. baumannii

Elution 1 3 3 0

Elution 2 0 3 100

Elution 3 3 3 0

Elution 4 3 3 0

Elution 5 3 3 0

S. enterica

Elution 1 3 3 0

Elution 2 0 3 100

Elution 3 3 3 0

Elution 4 1 3 67

Elution 4 3 3 0
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Appendix C

Chemistry

C.1 Bioassay 1

C.1.1 Compound tables and relative peak areas

TABLE C.1. The number of compounds identified in each Run. Run 1 expresses the largest

number of different and unique compounds (35 and 8 respectively). Compounds unique

to Run 1 have retention times of 5.3, 6.52, 6.83, 7.39, 7.62, 8.11, 8.71 and 8.81 minutes.

Run 2 contains 27 individual compounds of which 1 is unique with a retention time of 6.66

minutes. Run 3 contains a total of 7 compounds (above the limit of detection) of which

none are unique. Example chromatograms of the three Runs are shown in C.2 compared to

a sample of dried biomass.

Run Number Number of compounds identified Number of compounds unique to Run

1 35 8

2 27 1

3 7 0
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FIG. C.1. Peak area ratios of compounds in representative Runs 1-3. Representative Runs were applied as treatments against the four bacteria in

Bioassay 1. Note the red fill indicates that the compound detected is unique to that Run.
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C.1.2 Chromatograms

FIG. C.2. Chromatograms of Biomass and Runs 1 to 3 as used in Bioassay 1. and for comparison to dried material. Note that internal standard

peaks have been removed for clarity.
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C.2 Bioassay 2

C.2.1 Compound tables and relative peak areas

TABLE C.2. The number of compounds identified in each Fraction. Fraction 5 expresses the

largest number of different compounds (18). No Fraction includes any unique compounds.

Fractions 2, 4 and 6 contains 17 individual compounds. Example chromatograms of the six

Fractions are shown in C.4.

Fraction Number Number of compounds identified Number of compounds unique to Fraction

1 11 0

2 17 0

3 15 0

4 17 0

5 18 0

6 17 0
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FIG. C.3. Peak area ratios of compounds in Fractions 1-6. Fractions were applied as treatments against the two bacteria in Bioassay 2. Note the

absence of red fill indicating no unique compounds in any Fraction.
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C.2.2 Chromatograms

FIG. C.4. Chromatograms of Fractions 1 to 6 as used in Bioassay 2.
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C.3 Bioassay 3

C.3.1 Compound tables and relative peak areas

TABLE C.3. The number of compounds identified in Bioassay 3 preparations able to be

analysed by GC-MS. The boiling flask expresses the largest number of different and unique

compounds (26 and 5 respectively). The fifth extraction contains 20 individual compounds

of which 2 are unique. The receiving flask (i.e. the evaporated solvent solutions) contains

a total of 17 compounds (above the limit of detection) of which 2 are unique. Example

chromatograms of the three preparations are shown in C.6.

Preparation Number of compounds identified
Number of compounds unique

to Preparation

Boiling flask 26 5

Fifth extraction 20 2

Receiving flask 17 2
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FIG. C.5. Peak area ratios of compounds in Bioassay 3 preparations able to be analysed by GC-MS. Boiling flask material was applied as a

treatment against two bacteria. Note that red fill indicates compounds unique to a particular preparation.
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C.3.2 Chromatograms

FIG. C.6. Chromatograms of material prepared from liquid-liquid extraction of Fraction 4, Run 1 as used in Bioassay 3.
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C.4 Bioassay 4

C.4.1 Compound tables and relative peak areas

TABLE C.4. The number of compounds identified in each elution. Elution 4 expresses

the largest number of different and unique compounds (30 and 13 respectively). Elution 2

contains 18 different compounds of which 2 are unique. Example chromatograms of the five

elutions are shown in C.8.

Elution Number Number of compounds identified
Number of compounds unique

to elution

1 11 3

2 18 2

3 20 2

4 30 13

5 2 0
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FIG. C.7. Peak area ratios of compounds in Elution 1-5. Elutions were applied as treatments against the two bacteria in Bioassay 4. Note the red

fill indicates that the compound detected is unique to that elution.
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C.4.2 Chromatograms

FIG. C.8. Chromatograms of Elutions 1 to 5 as used in Bioassay 4.
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C.5 Mass spectra and NIST comparisons

C.5.1 3.62

FIG. C.9. Mass spectrum of compound with retention time 3.62 minutes (red, above x-axis) compared to NIST database mass spectrum of

dibromochloromethane (blue, below x-axis) (NIST 2008).
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C.5.2 4.50

FIG. C.10. Mass spectrum of compound with retention time 4.50 minutes (red, above x-axis) compared to NIST database mass spectrum of

tribromomethane (bromoform) (blue, below x-axis) (NIST 2008).
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C.5.3 5.05

FIG. C.11. Mass spectrum of compound with retention time 5.05 minutes.
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C.5.4 5.30

FIG. C.12. Mass spectrum of compound with retention time 5.30 minutes.
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C.5.5 5.68

FIG. C.13. Mass spectrum of compound with retention time 5.68 minutes. This compound is suspected to be dibromoiodomethane.
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C.5.6 6.15

FIG. C.14. Mass spectrum of compound with retention time 6.15 minutes.
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C.5.7 6.23

FIG. C.15. Mass spectrum of compound with retention time 6.23 minutes.
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C.5.8 6.52

FIG. C.16. Mass spectrum of compound with retention time 6.52 minutes.
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C.5.9 6.66

FIG. C.17. Mass spectrum of compound with retention time 6.66 minutes.
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C.5.10 6.74

FIG. C.18. Mass spectrum of compound with retention time 6.74 minutes (red, above x-axis) compared to NIST database mass spectrum of

1,1-dibromo-3-chloroacetone (blue, below x-axis) (NIST 2008).
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C.5.11 6.78

FIG. C.19. Mass spectrum of compound with retention time 6.78 minutes (red, above x-axis) compared to NIST database mass spectrum of

bromodiiodomethane (blue, below x-axis) (NIST 2008).
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C.5.12 7.39

FIG. C.20. Mass spectrum of compound with retention time 7.39 minutes (red, above x-axis) compared to NIST database mass spectrum of

1,1,3-tribromoacetone (blue, below x-axis) (NIST 2008).
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C.5.13 8.11

FIG. C.21. Mass spectrum of compound with retention time 8.11 minutes (red, above x-axis) compared to NIST database mass spectrum of

1,1,3-tribromo-3-chloroacetone (blue, below x-axis) (NIST 2008).
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C.5.14 8.16

FIG. C.22. Mass spectrum of compound with retention time 8.16 minutes.
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C.5.15 8.27

FIG. C.23. Mass spectrum of compound with retention time 8.27 minutes.
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C.5.16 8.81

FIG. C.24. Mass spectrum of compound with retention time 8.81 minutes (red, above x-axis) compared to NIST database mass spectrum of

1,1,3,3-tetrabromoacetone (blue, below x-axis) (NIST 2008).
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C.5.17 9.43

FIG. C.25. Mass spectrum of compound with retention time 9.43 minutes.
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C.5.18 9.56

FIG. C.26. Mass spectrum of compound with retention time 9.56 minutes.
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C.6 Experiment summary

C.6.1 Compound tables and relative peak areas
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TABLE C.5. Compound peak areas (raw) of preparations during the project.

Retention

Time

Run 1 Run 2 Run 3 Fraction

1

Fraction

2

Fraction

3

Fraction

4

Fraction

5

Fraction

6

LLE

Organic

Boiling

Flask

Elution

1

Elution

2

Elution

3

Elution

4

Elution

5

3.39 5072 31134 0 0 2405 1023 0 2532 0 0 0 0 14394 0 0

3.62 3428 47102 0 3478 10076 0 3684 3574 2384 0 0 19023 8750 2000 0

3.72 0 0 0 1756 2176 4464 1500 12657 13318 0 0 0 0 0 0

3.78 0 0 0 0 0 0 0 0 0 0 0 0 14222 23242 0

4.11 13769 77920 0 0 0 0 0 0 0 19694 0 0 0 614901 0

4.13 0 0 0 1000 3250 14678 24374 14578 5000 0 0 0 0 0 0

4.50 58373 885330 894434 299386 539141 164566 214414 48236 16426 109625 164135 649076 32035 0 0

4.95 3556 8265 0 0 0 0 0 0 0 0 0 0 0 51699 0

5.03 0 0 0 0 0 0 0 0 0 0 0 0 22515 0 0

5.05 5110 2276 0 0 0 0 0 0 0 0 0 23174 47857 15119 0

5.30 1366 0 0 0 8702 8000 69633 16116 2646 49247 0 229719 594981 94388 0

5.41 0 0 0 0 0 0 0 0 0 0 0 0 0 76787 0

5.51 10845 45789 0 0 0 0 0 0 0 0 0 0 0 92197 0

5.68 10514 114018 235052 31191 58668 33446 17610 5442 758 15201 16462 133641 102565 10538 0

5.83 5841 38968 0 0 1435 0 3574 14730 13558 0 0 0 0 50197 0

6.06 2866 3062 0 2825 0 0 2738 5030 3000 0 0 0 0 131871 0

6.15 6325 55010 0 0 0 0 0 0 0 0 3000 5858 11345 1833 0

6.23 2456 3468 0 0 0 0 0 0 0 0 1488 17948 14153 4242 0

6.35 3320 2782 0 3914 1828 3516 1657 2130 1666 45033 0 0 0 1226304 0

6.52 10546 0 0 0 0 0 0 0 0 0 5511 5000 5000 0 0

6.58 212 4568 0 0 0 0 0 0 0 0 0 0 0 0 0

6.64 2504 4440 0 0 0 0 0 0 0 0 0 0 0 0 0

6.66 0 7937 0 0 0 0 0 0 0 0 0 32534 0 0 0

6.74 2840 2250 0 0 0 0 0 0 0 0 0 28189 26618 11057 0

6.78 7075 2500 0 0 3717 1676 1584 3000 1500 0 0 38711 0 0 0

6.83 1034 0 0 0 0 0 0 0 0 4102 0 0 0 22970 0

6.93 2675 2315 0 0 0 0 0 0 0 1746 0 0 0 2000 2174

7.12 0 0 0 0 0 0 0 0 0 2408 7710 0 0 0 0

7.21 0 0 0 0 0 0 0 0 0 13142 0 0 0 100609 0

7.25 0 0 0 0 0 0 0 0 0 3119 1019 0 0 0 0

7.39 15848 0 0 0 38178 71565 61146 11500 4000 57572 0 659602 285284 34378 0

7.54 2986 3901 0 0 0 0 0 0 0 6831 0 0 0 0 0

7.62 3642 0 0 0 0 0 0 0 0 4897 0 0 0 0 0

7.73 3158 9898 0 0 0 0 0 0 0 2784 0 0 0 37812 0

7.80 5652 8240 18880 0 0 0 0 0 0 6200 6872 0 0 0 0

7.88 50694 150212 162900 16000 52818 62331 73998 67666 43517 74967 0 0 0 1194404 0

8.11 2548 0 0 0 0 0 0 0 0 11400 2000 82431 65828 30748 0

8.16 2947 4338 0 0 0 0 0 0 0 3621 3901 7010 6548 26932 0

8.27 4340 8845 0 0 2128 3229 9718 7830 1500 15419 0 166394 96251 40151 0

8.50 0 0 0 0 0 0 0 0 0 1126 0 0 0 0 0

8.60 1405 6418 11074 0 0 0 0 0 0 3175 16410 0 0 3000 750

8.71 827 0 0 0 0 0 0 0 0 2365 0 0 0 29897 0

8.79 0 0 0 0 27942 41593 32640 14144 2000 0 0 0 0 0 0

8.81 18248 0 0 0 0 0 0 0 0 68033 0 942572 550840 98917 0

9.43 5924 37224 5046 2436 4582 2750 2500 4250 2000 7000 0 6455 34595 69105 0

9.50 0 0 0 0 0 0 0 0 0 1000 0 0 11156 16174 0

9.55 0 0 0 4509 2168 4740 5236 3473 3000 0 0 0 0 0 0

9.56 3452 0 6540 0 0 0 0 0 0 9344 0 153526 33634 0 0

10.04 0 0 0 0 5526 1061 3910 500 0 0 0 0 0 46362 0
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