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Results and Discussion

Essentially, our genomic-based approach limited us to the antiSMASH-identified biosynthetic
gene clusters. It did however guide us to focus on a different approach to identify the genetic
determinants responsible for the bioactivity. Considering the limitations with targeted
transcription profiling, we applied a bioassay-guided-fractionation approach to identify the

bioactive compound/s, described in the following chapter.
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Results and Discussion
Chapter 4: Isolation of bioactive compounds: bioassay-guided
fractionation using fast performance liquid chromatography (FPLC)

coupled with LCMS

4.1: Introduction

Bioassay-guided fractionation is a procedure whereby an extract is fractionated and
refractionated until a pure biologically active compound is isolated. In this procedure, each
fraction is evaluated in a bioassay system and only active fractions are further fractionated
(Malviya & Malviya, 2017). This method has been shown to be quite effective in isolating
biologically active compounds due-to the ability-to-directly.link the analysed extract to the
target compound and has thus been commonly employed.in drug discovery research. In this
chapter, a bioassay guided fractionation assay was canducted using fast performance liquid
chromatography (FPLC) coupled to liquid chromatography mass spectrometry (LCMS/MS) to

aid in the identification of the bioactive compound.

4.2 Size fractionation assay

A size fractionation assay was conducted on the crude bioactive extract (generated from T.
viridans cultured in MB containing the variety of carbon sources used in this study) using
Amicon molecular weight cut-off filters (Section 2.7.5) to identify the approximate size of the
active compound. The bioactivity assay results revealed that fractions < 3 kDa and 3 kDa- 50
kDa were inactive against all of the indicator organisms while the > 50 kDa fraction retained
the antimicrobial activity (Figure 4.1; Table 4.1). These findings indicated that the compound
producing the bioactivity was most probably a protein or a polysaccharide, and not a
secondary metabolite since these are typically low molecular weight compounds less than 3
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kDa in size (Zahner, 1979) with the 5.033 kDa, non-ribosomal peptide, Polytheonamide A
being an exception (Hamada et al., 2005). These results further highlight the limitations of
taking a genome mining approach to targeting secondary metabolite gene clusters, none of
which appeared to be responsible for producing the biologically active compound in our

study.

+ control
+ control

> 50KDa
> 50KDa

E. coli 1699

+ control

+ control
> 50KDa

> 50KDa

B.icereus
S. epidermidis

Figure 4.1.: Representation of size fractionated extracts from T. viridans cultured in yeast extract-
supplemented MB, assessed using the well diffusion assay. Crude extracts produced by T. viridans when
cultured in the selected carbon source were subjected to size fractionation and tested against the indicator
organisms; P. putida, E. coli 1699, S. epidermidis and B. cereus. All of the bioactivity was retained in the > 50kDa
fraction for all of the carbon sources. Bioactivity is indicated by the clearance zone around the well. The positive
control consisted of the crude extract prior to size fractionation, and the negative control contained distilled

water in which the dried crude extract was resuspended.
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Table 4.1: Size fractionation of crude extracts produced by T. viridans supplemented with different

carbon sources.

Culture media  Size fraction in P. putida B. cereus S. epidermidis E.coli 1699
kDa

Yeast >50 +++ ++ +++ ++
<50 - - = -
>3 - = - -
<3 - - o -

Positive Crude extract +++ ++ +++ ++

control

Maltose >50 ++ + ++ ++
<50 - - = -
>3 - - - -
<3 - = = -

Positive Crude extract ++ - +++ ++

control

Cellobiose > 50 ++ - ++ +
<50 - - - -
>3 - - <. -
<3 - = = -

Positive Crude extract ++ T ++ +

control

Sucrose >50 - - = -
<50 - - o -
>3 - = = -
<3

Positive Crude extract - - - -

control

Glucose > 50 ++ - + +
<50 - - o -
>3 - = = -
<3 - = = -

Positive Crude extract ++ + ++ +

control

Starch > 50 ++ = + +
<50 - - o -
>3 - - - -
<3 - - = -

Positive Crude extract ++ + ++ +

control

The (+) sign represents antibacterial activity and the number of (+) signs represents the intensity of
antibacterial activity; where + represents a zone clearance diameter of 1mm, (++) represents 4mm

and (+++) represents a zone diameter of 7mm. The (-) sign is indicative of no antibacterial activity.
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Considering the size fractionation and carbon-supplementation results (Table 4.1),
subsequent experiments were conducted on the > 50 kDa fraction of the crude extract,
generated by T. viridans cultured in yeast extract-supplemented MB. The yeast extract profile
seemed more consistent, in that the > 50 kDa activity profile closely resembled the bioactivity
profile of the positive control (crude extract before size fractionation) (Table 4.1). Essentially,
the antimicrobial activity was retained in the > 50 kDa fraction. In addition, the intensity of the
antibacterial zones for the > 50 kDa fraction had a larger zone diameter than the > 50 kDa

fractions generated by T. viridans when cultured in the other carbon sources (Table 4.1).

In parallel to the antimicrobial tests performed on the > 50 kDa yeast extract fraction, a
zymography assay was conducted to-assess-the-active fraction at a protein level and also
conclude whether the antimicrobialiactivity was bacteriostatic (growth inhibition) or
bacteriolytic (killing cells by lysis). Zymography is an electrophoretic technique used for the
detection of hydrolytic enzymes, on the basis of substrate degradation (Vandooren et al.,
2013). In this study the substrate was one of the indicator organisms, P. putida. From the
results obtained in Figure 4.2, we deduced that the antimicrobial activity is a hydrolytic
enzyme (approximately 52 kDa) causing bacteriolytic (cell lysis) activity, indicated by the white

zone observed on the zymogram (Figure 4.2).
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80 KDa

58 KDa

46 KDa

Figure 4.2: Zymogram of > 50 kDafraction, generated by 7. viridans cultured in yeast extract-
supplemented MB. Lane 1: Molecular weight marker, lane 2: > 50 kDa (MB+ yeast extract) fraction

approximately 52 kDa in size. The white zone encircled in red depicts antimicrobial activity.
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4.3 Fast protein/performance liquid chromatography (FPLC)

Fast protein liquid chromatography (FPLC, formerly named as “fast performance liquid
chromatography) is a form of medium to high performance liquid chromatography originally
developed to purify or separate biopolymers, including proteins at a high resolution (Walls &
Loughran, 2011). FPLC allows the use of different chromatography modes such as gel
filtration, ion exchange, chromatafocusing, hydrophobic interaction and reverse phase.
However, anion exchange and gel filtration chromatography are the most commonly used

modes (Kosanovié et al., 2017).

4.3.1 lon exchange and gel permeation chromatography

The >50kDa fraction was subjected to ion exchange chromatography (IEC) for further
separation and purification (Section 2.7.6). IEC is a process that involves the separation of
ionisable molecules based on their total charge (Coskun, 2016). Both the positive and
negatively charged molecules ;were. collected. and. assessed for antimicrobial activity.
Bioactivity screening results showed that both fractions had antimicrobial activity, with more
pronounced bioactivity retained in the positively charged fraction indicated by a larger

clearance zone (Figure 4.3).
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" Active compound/(s) is ’
1 50 KDa or larger

Negatively charged protein

FPLC (IEC)

| -

Positively charged protein [

Figure 4.3: Anion exchange chromatography and bioactivity test of the >50kDa yeast-extract fraction.
Both positive controls (crude extract and the >50kDa fraction retained bioactivity). The buffer in which the
proteins were eluted (100mM Tris-HCI, pH8) was tested as the negative control. The positively charged
protein fraction retained more bioactivity than the negatively charged protein. fraction indicated by the

difference in zone diameter.

The bioactive positively-charged protein| fraction was subjected to gel permeation
chromatography (GPC) for further separation and purification (Section 2.7.7). GPC separates
dissolved macromolecules by size, based on their elution from columns filled with a porous
gel matrix (Walls & Loughran, 2011). In this process, larger/molecules are the first to elute
from the column as they are excluded from'the pores, resulting in high molecular weight
peaks on the chromatogram. Smaller molecules have high access to the pores and are the last
to elute, represented by low molecular weight peaks. Figure 4.4 shows the GPC
chromatogram output of the positively charged bioactive fraction. The four fractions that
were generated were collected and assessed for antimicrobial activity. The bioactivity test
results showed that peak 2 was the only fraction that retained the active antimicrobial protein

(Figure 4.4). This peak represents proteins > 50 kDa.
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Figure 4.4: lllustration of the chromatogram output of the positively charged bioactive fraction on
GPC. The peaks show different molecular weights with peaks on the left having higher molecular
weights and peaks on the right, lower molecular weights. Broad molecular weight distribution peaks
indicate that there are many different molecules with different molecular weights. A sharp peak is
indicative of one narrow molecular range.

4.4 Protein identification by liquid chromatography-mass spectrometry (LC-
MS/MS).

To assess the purity, the bioactive fraction 2 generated from GPC (Figure 4.4) was subjected
to SDS PAGE in a 12% acrylamide gel (Section 2.7.3) to detect'the number of proteins present
in the fraction. Results obtained revealed the presence of approximately four protein bands
indicating that bioactive fraction 2 was “semi-pure” (Figure 4.5). Subsequently, liquid
chromatography mass spectrometry (LCMS/MS) was used to identify the proteins in the
“semi-pure” fraction. LCMS/MS is an analytical technique used for protein identification,
whereby a purified protein or complex mixture of proteins are digested into peptide
fragments. During LCMS/MS precursor mass data and fragment ion spectra data are obtained
and are matched to known sequence databases to identify the peptide and consequently the
protein (Hird et al.,, 2014). In addition to the “semi-pure” bioactive fraction, total protein

isolated from the crude extract
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produced by T. viridans cultured in selected carbon sources (Figure 4.6) were also subjected

to LCMS/MS to aid in the identification of the bioactive protein.

=

UNIVERSITY of the

Figure 4.5: A 12% Coomassie stained SDS-PAGE illustrating the number of protein bands present in
8 ‘ W ROS P e Rptipe e pber of p P

GPC bioactive fraction 2. Lane 1: semi-pure protein fraction generated from gel permeation

chromatography (GPC) and lane 3: molecular weight marker. The faint band encircled in red at

approximately 52 kDa is the target band (that corresponded to the zone of clearance in Figure 4.2) that

was excised and subjected to LCMS/MS for identification.
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80KDa

58KDa

46KDa
32KDa
25KDa
17KDa

11KDa

Figure 4.6: A 12% silver stained SDS-PAGE gel representing total protein extracted from T. viridans
cultures (marine broth supplemented with different carbon sources). Lane 1: Molecular weight
marker, lane 2: MB + yeast, lane 3: MB + maltose, lane 4: MB + sucrose, lane 5: MB + starch, lane 6:

MB + glucose, lane 7: MB + cellobiose.

LCMS/MS data generated from the. “semi-pure” bioactive fraction (generated from GPC in
figure 4.4) revealed the presence of five proteins (Table 4.2). Considering these findings, the
proteins identified in the “semi-pure” bioactive fraction were compared to the LCMS/MS
protein profiles generated from the other carbon sources. The protein highlighted in Table
4.2 was the only protein in the “semi-pure” bioactive fraction that was absent in the sucrose
profile (where no bioactivity was observed) and present in all the other carbon source protein
profiles (where bioactivity was observed). In addition, the size of the identified protein
corresponded to our size fractionation assay and to the size of the clearance zone depicted in
the zymogram at approximately 52 kDa (Figure 4.2). To further validate the identification of
the bioactive protein, the faint band circled in Figure 4.5 at approximately 52 kDa was excised
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and subjected to LCMS/MS. The result generated in Table 4.2 (bottom row) provided

secondary confirmation which identified the same protein.
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Table 4.2: LCMS/MS profile of proteins produced from T. viridans when cultured in MB supplemented with different carbon sources.

# of # of mod #AA'sin
Cellobiose Accession number Protein description unique peptides peptides protein
AOAOD8DCAS8 Uncharacterized protein 8 1 729
AOAODSDGN4 Aminopeptidase B 7 2 428
AOAOD8DII6 Uncharacterized protein 6 0 911
Dihydrodipicolinate
AOAOD8CQW3 synthetase 4 1 300
AOAODSCUE1 7 0 932
AOAODSDBMS 11 0 1070
AOAOD8DIK3 5 1 455
Yeast extract
AOAOD8DKN2 3 0 460
AOAOD8DGN4 12 3 428
AOA0ODS8DI24 7 2 481
AOAOD8CUE1 8 1 932
AOAODS8DFLS8 9 2 963
AOAODSDFX0 Tail proteiny [, 4 % X of the 3 0 387
AOAOD8DIK3 Glutathione reductase . 4 0 455
Maltose WEMSMIERIN UAFLE
AOAOD8DKN2 Uncharacterized protein 3 0 460
AOAOD8DGN4 Aminopeptidase B 14 3 428
AOA0ODS8DI24 Flagellin 11 3 481
AOAOD8DBMS8 Membrane protein 7 0 1070
AOAOD8CUE1 TonB-dependent receptor 7 0 932
Dihydrodipicolinate
AOAOD8CQWS3 synthetase 4 1 300
AOAOD8D2Q4 TonB-dependent receptor 8 1 865

http://etd.uwc.ac.za/
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Sucrose
Dihydrolipoamide
AOAOD8DHG6 dehydrogenase 4 1 476
AOAODSDEWS3 Methyltransferase 4 0 249
Dihydrodipicolinate
AOAOD8CQWS3 synthetase 2 1 300
AOAOD8DIK3 Glutathione reductase 2 0 455
AOAOD8DIC3 Probable cyt 2 1 502
6,7-dimethyl-8-ribityllumazine
AOAOD8D987 synthase 2 0 154
AOAOD8DFW6 Superoxide dismutase 2 0 193
Starch
AOAOD8DKN?2 Uncharacterized protein 4 0 460
AOAOD8CUE1 TonB-dependent receptor 17 2 932
AOAOD8DBMS Membrane protein 18 1 1070
AOAOD8DCAS8 Uncharacterized protein 13 2 729
AOAOD8DG46 Uncharacterized protein 14 1 900
AOAOD8DGN4 Aminopeptidase B 10 2 428
AOAODSDFYO URchivadtariedlirétein I Y of the 4 1 462
AOA0D8D6I8 Uncharacterized protein 11 2 892
Glucose
AOAOD8DKN?2 Uncharacterized protein 3 0 460
AOAOD8DGN4 Aminopeptidase B 14 4 428
AOAOD8DFYO0 Uncharacterized protein 7 2 462
AOA0D8DI24 Flagellin 11 4 481
AOAOD8DEA7 Tail protein 8 2 167
AOAOD8CUE1 TonB-dependent receptor 11 0 932
AOA0OD8D1G1 Uncharacterized protein 3 1 264
AOA0D8DI75 Flagellin 9 4 471

Semi pure protein fraction
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Dihydrodipicolinate
synthetase

AOAOD8CQW3

AOAOD8DHW1 Uncharacterized protein
AOAOD8DDZ1 Uncharacterized protein 2 0 155
AOAOD8DH33 Uncharacterized protein 2 0 223

Target band excised

The different coloured blocks in the table represent some of the proteins that were identified to be produced in the respected carbon sources. The “semi-
pure” protein fraction and target band excised sections are highligur as the yeast extract results since those fractions were generated

from T. viridans cultured with yeast extract. The protein proposed to -.Jﬁ.’nq,z::: tivity is highlighted in grey.

TN TN Y TN BT

Junnng

UNIVERSITY of the
WESTERN CAPE
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4.5 Bioinformatic analysis of the identified antimicrobial protein

The novelty of the antimicrobial protein identified in this study was assessed through
bioinformatic analyses using the basic local alignment search tool (BLAST). A BLASTp search
was conducted using this protein sequence as query against the NCBInr, Uniprot and IMG/VR
700 000 metagenomic viral contig databases. The BLAST results revealed that the
antimicrobial protein had no similarity to any proteins in any of these databases, highlighting
its novelty. To identify the genomic origin of the protein, additional genomic analyses were
conducted using CLC genomic workbench 11.0 where the target sequence was aligned to the
genome sequence of T. viridans. The analysis suggested that the bioactive protein is located
on a predicted bacteriophage integrated-into the-genome of T. viridans (Figure 4.7). From
here onwards the identified unknown. bioactive protein highlighted in Figure 4.7 will be

referred to as TVP1.
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ihypthetical protein

hypothetical protein
helix-turn-helix domain-containi...
ihypothetical protein
replication protein DnaD
hypothetical protein

itail tube protein hypothetical protein jhypthetical protein
hypothetical protein hypothetical protein \putative phage related protein  \| hypothetical protein
thypothetical protein ‘ Unknown identified bioactive pro... jhypothetical protein \tail fibre protein hypthetical protein
|tail component protein ihypothetical protein hypothetical protein tail assembly-like type protein putative lysozyme
[Putative tail sheath protein| RegT family recombinase hypothetical protein \tail protein hypothetical protein |putative tail proteln
Putative Phage | \XRE family transcriptional regul....  hypothetical protein l tail fibre protein| jputative tail fibre proteln \
\Putative head completion protein thypothetical protein hyoothetical protein \putative tail protein ihypothetical protein | Iysozyme
putatlve head completion protein Il baseplate protein hypothetical protein jhypothetical protein \hypothetical protein | |hypothetlcal proteiny | \\
Ban iphage related tail protein | | hypethetical protel || tail protein baseplate protein || \phage baseplate assembly protein \ ihypothetical proteln
Fixpoint hypothetlcal protein [Salinivbri... contractile sheath protein hypothetical protein putative tail protein baseplate assembly protein baseplate assembly protem
LB% Lx* Py, L,;m,>[> I)Q>t>t:>

annotated prophage selection

T L e T Y T =

Figure 4.7: Linear representation of the annotated putative prophage integrated in T. viridans with the highlighted target protein (TVP1) located on the tail

region of the prophage.
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Interestingly, analysis of the prophage sequence predicted that TVP1 was located in the tail
region. Bacteriophage tail regions are comprised of proteins that are responsible for the
physical structure of the phage tail (sheath protein, tail protein), determining phage tail length
(tape measure protein), recognising and attaching to a specific host (Fokine & Rossmann,
2014) as well as genes coding for lytic proteins (holins, spannins and endolysins) whose
function is to degrade the bacterial host cell wall (Section 1.7). Based on the genomic loci and
observed bioactivity, we assume that TVP1 might be used by the phage as a mechanism of
infection. Another possibility is that TVP1 might be responsible for reducing the integrity of
the hosts cell wall by attacking one of the four major bonds in the peptidoglycan, thus
functioning as either an endo-B-N-acetylglucosiminidase or N-acetylmurimidase (lysozyme)
(both of which act on the sugarrmoiety of the-bacterial cell wall); an endopeptidase (which
acts on the peptide moiety); or an N-acetylmuramoyl-L- alanine amidase (amidase), which
hydrolyses the amide bond connecting the glycan strand and peptide moieties (Young, 1992;
Fischetti, 2005; Courchesne et al., 2009) thereby effecting it's antimicrobial activity. Another
plausibility is that TVP1 is actingras a:holin or a.type of pone forming bacteriocin (forming
“holes” in the cytoplasmic membrane of the bacterial host) or as a spannin disrupting the

outer membrane of the cell (Young, 2002; Rajaure et al., 2015).

Bioinformatic analysis of the identified phage in T. viridans revealed that the proposed
prophage was similar to three other Vibrio phages namely: Vibrio harveyi phage VHML, Vibrio
phage vB_Vpam_MAR and Vibrio phage VP58.5 (Table 4.3). While it is well established that
phages are very specific to their hosts, recent literature indicates that some phages are
polyvalent or have a broader host range (Ross et al., 2016). Given the high percentage identity
to other Vibrio phages, we pursued antimicrobial testing of the >50 kDa fraction against other

Vibrio and Pseudovibrio species. Functional screening results presented in Table 4.4 showed
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that the extract (>50kDa size fraction) from which TVP1 was derived, was not only active
against the organisms presented in Table 4.1 but also exhibited activity against Vibrio sp,

Pseudovibrio sp as well as T. viridans (the producer of TVP1) (Table 4.4).

Table 4.3: NCBI nucleotide BLAST of the bacteriophage identified on contig 35 in the bacterial genome

of T. viridans.

Donp o Tota soore Max soore Hn E-eabe Max Selden, ..

014158 Paudomenad citronsliols stran P3ES5, comphe b Qename 158,00 95,00 3, 74E-12 68,56
ViSETE Poeeudemonad citronelials #ir an 5ITE-3, complete gencme 318.00 105,00 7 LE-15 72,00
POO0EY 1 Chewanela balbea OF 195, complete Gencme 206,00 128,00 2.69E-20 75,00
POOZIE3 Shewanela baltca G567, complete genoms 256,00 152,00 &, 4E-27 41
P01 Shewarnela halfaxenss HAW-EB4, complete genome 138,00 128,00 2,69E-20 T2.2%

L2300 Stenotrophomonas sodamimiphils stran ZAC 1402 _NAIMIS_2, complete genome 8,00 @, 00 3. TE-12

TR0 Synthetic construct Yersnia pseudotuberculoss done F LHA0E45.0 16 PTIIAAS gere complets sequsnce 54,00 S, 00 N, S

] be gerome 210,00 #2800 .00

Vibrio phage +8_VpaM_MAR, complete genome 1,415.00 742.00 Q.00

Vibrio ¥P5E.5, O b — 1,042.00 ?E.III 2'}0

Wolbachia endosymbiont of Cadra cautela DMA, genome fragment 2 containing phage WlcauB 3 L1DE. 00 108.00 7. XE-15

2384 Wolbadhis endosymbeont of Drosophia simulsns wHa, complete genome 53.00 98.00 3. 7THE-12

DIS5I0 Wolbachia endesymbiont of Folsomia candida strain Berlin, complete genome: 202.00 108.00 7.23E-15

G521 Wolbachia phage sr IWOdamaA done Contigl Qenomic Sequsnce 55,00 9E.00 1.31E-11

OO 1301 Wolbachia sp. will, comple e genome in&. 00 108, O 7. IE=15

011975 Yersinia aleksicise sirain 159, complete genome 162.00 106.00 2.52E-14
- ————— e — =

Table 4.4: Antimicrobial screening results of the >50kDa fraction (generated by T. viridans in yeast

supplemented MB) against Pseudovibrio, Vibrio bacterial species as well T. viridans (the native host

from which the extract is produced).

level of bioactivity detected |
(>50kDa)
PE 14-07 (Pseudovibrio sp.)  4+++
PE 14-03 (Pseudovibrio sp.) +
PE 14-63 (Pseudovibrio sp.) +++
PE 5-40 (Pseudovibrio sp.) ++
B781 (Vibrio percolans) ++++
B782 (Vibrio rubicundus) +++
B1037 (Vibrio neocistes) ++
Vibrio chagasii +++
T. viridans XOM25 ++

The (+) sign represents antibacterial activity and the number of (+) signs represents the intensity of
antibacterial activity; where (+) represents a zone clearance diameter of 1mm, (++) represents 4mm,

(+++) represents a zone diameter of 7mm and (++++) represents a zone diameter of 10mm.
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These results suggest that TVP1 (assuming it is the only bioactive compound in the >50 kDa
fraction) could be responsible for lysis from within since TVP1 is active against its producing
host. To lyse Gram negative bacteria, along with endolysins, a holin protein or spannin is
required to kill the host cell because of the outer membrane cell layer that they possess.
However, when the amino acid sequence of TVP1 was analysed with a variety of software
programs such as TMMOD (a hidden Markov Model that predicts transmembrane topology
and identifies transmembrane proteins) (Kahsay et al., 2005), TOPCONS (a web server for
consensus prediction of membrane protein topology and signal peptides) (Bernsel et al.,
2009), DAS (a dense alignment surface method that predicts transmembrane domains in
protein sequences) (Cserzo et al., 2002) and Signal P 3.0 (a web server that predicts signal
peptides from amino acid sequences) (Bendtsen et al., 2004), this ruled out our endolysin,
holin or spannin hypothesis. This was chiefly due to the lack of a signal peptide,
transmembrane, glycosyl hydrolase, protease or amidase domains which are well described
features of endolysins, holins and/or. spannins (Oliveira et al., 2013). At this point the lysis

mechanism of the antimicrobial protein, TVP1 is.comptetelyunknown.

In a parallel study, our colleagues (D Isaacs, unpublished results) detected the presence of
tailocins in the > 50 kDa fraction through transmission electron microscopy (TEM) (Figure 4.8).
This same fraction showed broad-range antibacterial activity against indicator organisms used

in this study (Table 4.1; Table 4.4).
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Figure 4.8: TEM Images of tailocins. A) Tailocins found in the > 50kDa fraction of T. viridans (D lIsaacs,
2017). B) Tailocin elements found in bacteriocin preparations of P. luteoviolacea (adapted from

Freckelton et al., 2017).

Tailocins as defined in section 1.6.2 are bacteriocins that marphologically resembles the tail
structures of defective prophages (Ghequire & De Mat, 2015). They function primarily by
puncturing the bacterial cell- membranes;. resulting in membrane depolarization and
eventually cell death (Michel-Briand & Baysse, 2002; Scholl & Martin, 2008; Ling et al., 2010).
This finding raises the question as to whether TVP1 was solely responsible for the observed
antimicrobial activity, or if the tailocins (of which this protein may be a part) were responsible.
However, when TVP1 was purified from the > 50 kDa fraction through bioassay- guided
fractionation (Section 4.1.2) it still exhibited antibacterial activity against P. putida, thus
suggesting its bioactivity against this test organism in the absence of the larger tailocin

structures.

To slow down the development of antimicrobial resistance, antimicrobial compounds with

novel modes of action, that are less susceptible to microbial resistance are required to reduce
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the spread of infective agents (Briissow, 2017). Phage proteins have been shown to meet
these requirements and are now being investigated as alternatives to antibiotics due to their
high specificity and diverse action mechanisms that makes them less susceptible to
antimicrobial resistance (Behrens et al., 2017; Pattanayak, 2017). In light of TVP1 being highly
novel and exhibiting antibacterial activity, it could contribute to the development of novel
therapeutic drugs required by the public health sectors to combat antimicrobial resistance
(Levy, 1998; Saha et al., 2014). More interestingly, although the mechanism of action is
unknown, the fact that TVP1 was found to be a phage derivative is an added advantage
because phage proteins generally have a reduced risk of resistance evolution (Young, 2002;

Rajaure et al., 2015).

Should TVP1 be found to exhibit antibacterial activity against an even broader range of
bacteria then this protein may not be considered suitable as oral administration since a broad
antimicrobial spectrum would not only target the pathogenic bacteria but also kill the normal
microbiota inhabiting the body, which is likely to increase the antibiotic resistant rate (Leekha
et al., 2011; Rea et al., 2011). However, TVP1 could be developed into a potential therapeutic
drug to treat bacterial infections when the infecting bacterium has not been identified (broad
spectrum antibiotic). It could potentially also be used topically on skin or mucous membranes
to treat ailments. In addition, there are many other applications that would appreciate broad-
range antimicrobials. For example, it can be used in the food industry (to control food
pathogens during food processing), as a green disinfectant (to decontaminate environmental
pathogens), in veterinary science (to prevent zoonotic disease and avoid pathogen
transmission through food) and in agriculture (to eliminate phytopathogenic bacteria). In
contrast, TVP1 exhibit a narrow-spectra of antibacterial activity, it can be used as a potential

drug candidate to treat infections caused by Pseudomonas sp without causing damage to the
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host’s microbiota. However, further experimentation investigating the true antimicrobial

range of TVP1 will better inform the range of biotechnological applications it is suitable for.

Apart from the antimicrobial activity displayed by TVP1, the role it plays in the prophage and
perhaps more broadly, in its host bacterium, was also of interest. T. viridans, from which TVP1
is derived, was isolated from oyster larvae of Ostrea edulis (Pujalte et al., 1999). Studies have
shown that marine invertebrates and their associated bacteria share a mutualistic
relationship where the invertebrate hosts provide a favourable habitat and sufficient
nutrients while the symbionts in turn eliminate pathogens and/or reduce the settlement of
pathogens (Sneed et al., 2014). These symbionts present in complex biofilms have also been
shown to promote the settlement and metamorphasis of marine invertebrate larvae, a crucial
process for the persistence of benthic marine populations (Freckelton et al., 2017). For
example, bacterial biofilms have been shown to induce the settlement of larvae of sea
sponges (Whalan et al., 2008; Abdul Wahab et al., 2014; Whalan & Webster, 2014), bryozoans
(Dobretsov & Qian, 2006), cnidarians’(Webster et al.,,2004), molluscs (Bao et al., 2007;
Gribben et al., 2009), annelids' (Hadfield et al., 2014), echinoderms (Dworjanyn & Pirozzi,
2008; Huggett et al., 2006) and crustaceans (Khandeparker et al., 2006). Although recent
literature has highlighted a range of microorganisms that induce ecological metamorphosis
and settlement of larvae, very few studies have isolated the inducing agent. In one successful
study by Sneed et al (2014), the settlement of larvae of some corals were shown to be partially
or completely induced by a single small, non-polar bacterial metabolite, tetrabromopyrole
(Sneed et al., 2014). Exopolysaccharides of the bacterial glycocalyx (a glycoprotein) was also
shown to be responsible for the induction of larval settlement of the barnacle, Balanus
amphitrite and the tunicate, Ciona intestinalis (Szewzyk et al., 1990). More interestingly,

phage tail derivatives, such as tailocins, have also been shown to induce larval settlement
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followed by metamorphosis (Freckelton et al., 2017). With the microscopic identification of
tailocins being produced by T. viridans, together with the marine invertebrate origin of T.
viridans, it raises the question whether these structures are also involved in inducing larval
settlement in oysters. Moreover, what role, if any, does TVP1 contribute towards such a
function? Clearly, further studies are required to identify whether this protein acts as an
environmental cue for the settlement of oyster larvae and its true ecological role, and opens

up a new exciting line of investigation.

4.6 Conclusion

In conclusion, we have linked the observed antimicrobial activity to a potential gene using a
bioassay-guided fractionation approach coupled-with-.LCMS and genome sequencing. Here we
report the identification of a novel phage tail protein (TVP1) found in the genome of T. viridans
that exhibits bioactivity against P. putida and possibly otherindicator organisms including B.
cereus, S. epidermidis, E. coli 1699, Vibrio sp, Pseudovibrio spand T. viridans itself. Future work
would entail the following: 1) Determining whether the tailocin (assuming it incorporates
TVP1) identified in the >50kDa fraction is responsible for any of the antimicrobial activity
detected in this study, 2) investigating the production of tailocins under sucrose (where no
bioactivity was detected) to determine whether the tailocin-TVP1 activities are linked and 3)
characterising TVP1 towards understanding its structure and mechanism of action to
elucidate the biological function and also inform future biotechnological applications.
Furthermore, this study has shown that T. viridans harbours the potential to produce a
number of secondary metabolites, potential bioactive proteins and phage proteins, painting T.

viridans as a promising source of novel chemistry.
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Chapter 5: General discussion and final conclusion

Antibiotics remain a crucial tool in the treatment of pathogenic bacterial infections. However,
more than 70% of known pathogenic bacteria are already resistant to some antibiotics (Bérdy,
2012). Therefore, the continued emergence of therapy resistant bacteria has led to a global
urgency for the identification of novel antibiotics and antimicrobial treatment options.
Natural products produced by microorganisms are well established as a source of most
commercially available antibiotics (Bérdy, 2012; Villa & Gerwick, 2010), however the
rediscovery of previously described antimicrobial compounds from microbes inhabiting
terrestrial environments, has inspired a growing number of research groups to explore the
oceans for new bioactive compounds{Debbab-et-al.;~2010). Marine bacteria are of great
interest as novel and rich sources of biologically active compounds as they constitute a
promising source of unique and structurally diverse metabolites with considerable

pharmaceutical and therapeutic potential (Debbab et al.,; 2010; Villa & Gerwick, 2010).

Here we used the OSMAC approach to assess the potential for the production of antimicrobial
activity by T. viridans, and the most optimal conditions for such. Antimicrobial activity
displayed by T. viridans was particularly interesting in that, in addition to its activity against
wild-type strains, activity against the multi drug-resistant bacterium (E. coli 1699) was
exhibited, indicating that the observed bioactivity was most likely caused by a novel
biomolecule/(s). Since secondary metabolites produced by marine microorganisms exhibit a
wide range of pharmaceutical activities (Egan et al., 2008; Williams et al., 2008) and in light of
20% of T. viridans genome being dedicated to potential secondary metabolites, we assumed
that the observed activity was a product of one or more of the secondary metabolite gene

clusters. To identify the biosynthetic pathway responsible for the observed activity, we used
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a transcriptional profiling approach, targeting the secondary metabolite gene clusters of
T. viridans cultured under the OSMAC conditions. As discussed in Chapter 3, this approach
was not successful in our study as we could not precisely deduce the potential gene cluster

responsible for the observed activity.

Size fractionation analysis presented in Chapter 4, indicated that the bioactive compound was
greater than 50 kDa suggesting that the target antibacterial compound was not likely to be a
secondary metabolite which are generally classified as being < 3 kDa in size (Zahner, 1979).
Using a genome-and-bioassay-guided fractionation approach, performed in conjunction with
LCMS/MS, showed to be more effective in isolating and identifying the antimicrobial
compound. With these methods; we were-abte-to-identify the antimicrobial agent as a novel
protein, TVP1. TVP1 is proposed to be encoded by a phage tail gene, integrated in the genome
of T. viridans. Despite the bioactive compound being a phage derived protein and not a
secondary metabolite, TVP1 is still a good candidate for therapy development. Moreover,
phage derived antimicrobials are attractive alternatives to,antibiotics due to their specificity
and reduced risk of resistant evolution (Garcia et al., 2013; Behrens et al., 2017). In
comparison, the use of whole phages used as a therapy is more prone to resistance (same as
antibiotics). Phage-derived proteins on the other hand have a lower chance of triggering
resistance evolution due to their modes of action, which is to degrade the cell wall of the
target bacterium before the host has the opportunity to develop resistance (Donovan et al.,
2009; Kiros, 2016). Consequently, phage derived products (and not the entire phage) are
attractive options as antimicrobials since the functional protein cannot be assimilated into

the host genome (Lin et al., 2017). With proper testing and further validation, TVP1 could be

a formidable antimicrobial candidate. Among phage proteins known for their antimicrobial
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activity, TVP1 appears to be novel, in that it cannot be classed with any known phage proteins
based on sequence comparisons. TVP1’s novelty warrants future experiments to improve
yields through microbial fermentation or heterologous expression for further development
and clinical trials. Of further interest would be to determine the structure and chemistry of
TVP1 to identify the mechanism of action. Therefore, some fundamental understanding still
needs to be established before clinical trials can be considered to assess TVP1’s
pharmaceutical suitability as an antimicrobial candidate. Furthermore, characterising TVP1
will also give insight into understanding its role in the natural environment and help to better
understand the function of lysogeny and the relationship between the putative phage and the
bacterial host and their role together in the natural environment. For example, it is not clear
whether the phage-derived proteins‘confer-a-survival advantage for the host to occupy a
particular niche. Considering the study conducted by Freckelton et al (2017), phage-derived
proteins were shown to be the inducing agents of larval settlement in the natural
environment and since the role of TVP1 is still uncharacterised, it remains a speculation that

it may offer a similar function to oysters.

In addition to identifying a novel prophage and novel phage-derived proteins in the genome
of T. viridans, WGS coupled with computational analysis of the microbial genome revealed a
wealth of potentially novel chemistry in the secondary metabolite pathways of T. viridans.
Therefore, although none of the secondary metabolite gene clusters were responsible for the
production of the active compound under our laboratory conditions, we cannot exclude these
pathways as potential antibacterial synthesis pathways since we did not test against other
pathogenic bacteria such as Klebsiella sp. and Acinetobacter sp., which may show sensitivity

to some of the compounds produced by this microorganism. Since secondary metabolites
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from other marine microorganisms have exhibited anti-cancer, anti-inflammatory and anti-
convulsant agents (as examples), it remains possible that the T. viridans metabolites may have
even wider therapeutic application, and it would be prudent to screen T. viridans metabolites
as broadly as possible. Hence, we advise continued experimentation to maximally exploit the
secondary metabolite production of these pathways. These experiments should include
culturing T. viridans under a variety of conditions such as altering the media composition
(carbon and nitrogen source), incubation temperature including heat and cold shocks, salt
concentration, amino acid supplementations and addition of antimicrobial agents. These
factors have been shown to affect or induce the expression of secondary metabolite pathways
and result in the formation of an array of bioactive compounds (Bode et al., 2002), possibly
including other antimicrobial proteins, as-it triggers-the induction of different bioactive gene
clusters.

In conclusion, through using WGS accompanied by computational genome mining, this study
has revealed a wealth of novel chemistry.in T. viridans that should be exploited for other
therapeutic and biotechnological applications: Furthermore, this study has highlighted the
significance of marine invertebrate associated microorganisms as novel sources of
antimicrobial compounds and novel chemistries. Lastly, this study has also highlighted the
importance of taking a parallel and integrated approach rather than a single approach. Our
initial thoughts entailed taking a genome and transcriptomic approach for quicker
identification of the target gene cluster/(s) instead, the standard bioassay and genome guided
approach is the method that worked in the end and led to a quicker route for identification
of the target bioactive gene cluster. To our knowledge, this is the first study to assess the

antimicrobial potential of T. viridans and link bioactivity to a putative tailocin gene cluster.
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Table A1l: List of antibiotics to which the multi-drug resistant E. coli 1699 exhibits resistance

A54145CB-181234
Calcimycin
(A23187)
Daptomycin
Gramicidin
Polymyxin B

Ampicillin
Aztreonam

Cephalosporin C
Penicillin G
Ristocetin
Teicoplanin
Vancomycin
Aclacinomycin A
Actinomycin A
Actinomycin D
Bleomycin A2
Coumermycin Al
Daunorubicin
Gliotoxin
Mitomycin C

Streptonigrin

Streptozotocin
Chromomycin A3
Nalidixic Acid
Novobicin

MIC (ug/mL)

>512
64

>512
128

> 256
<0.03

64
> 256
>512
>512
512
>512
> 256
256
> 64
64
> 256
32

> 64

>512
> 256
> 256

Target/MOA

membrane
membrane

membrane
membrane
membrane

cell wall
cell wall

cell wall
cell wall
cell'wall
cell wall
cell wall
DNA interaction
DNA interaction
DNA interaction
DNA interaction
DNA interaction
DNA interaction
DNA interaction
DNA interaction

DNA interaction

DNA interaction
gyrase
gyrase
gyrase

Antibiotic
classification

ionophore

lipopeptide
polypeptide
polypeptide
(cationic)
aminopenicillin
monocyclic beta-
lactam
cephalosporin
beta-lactam
aminoglycoside
glycopeptide
glycopeptide
anthracycline
polypeptide (toxic)
polypeptide (toxic)
glycopeptide
aminocoumarin
anthracycline
mycotoxin
aziridine-
containing
quinone-
containing
glucosamine
glycoside
naphthyridone
aminocoumarin
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Figure B.1A: Transcriptional profile of T. viridans when cultured in MB supplemented with yeast extract
as the sole carbon source. Lane 1: 100bp marker,lane 2:-BGC 3a, lane 3: BGC 3a (-AMV), lane 4: BGC
3b, lane 5: BGC 3b (-AMV), lane 6: BGC4, lane 7. BGC 4 (-AMV), lane 8: BGC 6, lane 9: BGC 6

(AMV), lane 10: BGC 8, lane 11 BGC 8 {(-AMY), lane 12: BGC 5; lane 13: BGC 5 (-AMV), lane 14: BGC 7,
lane 15: BGC 7 (-AMV), lane 16: BGC 9, lane 17: BGC 9 (-AMV), lane 18: BGC 10a, lane 19: BGC 10a (-
AMV) and lane 20: BGC 10b.

21 [ 2 B3V R S B9 27,28

Figure B.1B: Transcriptional profile of T. viridans when cultured in MB supplemented with yeast extract
as the sole carbon source. Lane 21: 100bp marker, lane 22: BGC 10b (-AMV), lane 23: BGC 114, lane 24:
BGC 11a (-AMV), lane 25: BGC 12 (-AMV), lane 26: BGC 12, lane 27: BGC 14 (-AMV) and lane

28: BGC 14.
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Figure B.2: Transcriptional profile of T. viridans-in-MB supplemented with sucrose as the sole carbon
source. Lanes 1 and 26: 100bp marker;lanes2(BGC3A), 5(BGC3B), 8 (BGC4), 11 (BGC5), 14 (BGC6),
17 (BGC 7), 20 (BGC 8), 23 (BGC 9), 27(BGC 10B), 30 (BGC 10A), 32 (BGC 11A), 35 (BGC 11B), 38 (BGC
12),39 (BGC 12), 42 (BGC 14) and 45 (BGC 15): ~-AMV controls, lanes 4 (BGC 3A), 7 (BGC 3B), 10(BGC
4), 13 (BGC 5), 16 (BGC 6), 19 (BGC 7), 22 (BGC 8), 25 (BGC 9), 29 (BGC 10B), 34 (BGC 10A), 37 (BGC

11), 41 (BGC 12), 44 (BGC 14) and 47 (BGC 15): positive controls. Lanes 3 (BGC 3A), 6 (BGC 3B), 9 (BGC
4), 12 (BGC 5), 15 (BGC 6), 18 (BGC 7), 21 (BGC 8), 24 (BGC 9), 28 (BGC 10B), 33 (BGC 11A), 36 (BGC
11B), 40 (BGC 12), 43 (BGC 14) and lane' 15 (BGC 46): activated pathways
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