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ABSTRACT

Bacterial communication or quorum sensing (QS) is achieved via sensing of QS
signalling molecules consisting of N-acyl homoserine lactones (AHL) in most Gram-
negative bacteria. In this study, Enterobacteriaceae isolates from fresh vegetables were
screened for AHLs production. A total of twenty different bacterial colonies were isolated
and identified by matrix-assisted laser desorption ionization-time of flight mass
spectrometry. Preliminary screening demonstrated that one out of twenty isolates
produces short chain AHLs. This AHL-producing bacterium which is known as
Enterobacter asburiae L1 was isolated from Batavia lettuce leaves and was selected for
further study. High-resolution triple quadrupole liquid-chromatography mass
spectrometry (LC-MS/MS) analysis on E. asburiae L1 spent culture supernatant
confirmed the production of N-butanoyl homoserine lactone (C4-HSL) and N-hexanoyl
homoserine lactone (C6-HSL). To the best of my knowledge, this is the first report of
AHL production by E. asburiae. To characterize the luxI/R homologues of E. asburiae
L1, the complete genome of E. asburiae L1 (4.5Mbp in size) was sequenced using the
single molecule real time sequencer and the whole genome sequence accuracy was
verified by optical genome mapping technology. In silico analysis of the E. asburiae L1
genome revealed the presence of a pair of luxR and luxl homologues, designated as easR
and easl. The 639 bp easl gene was cloned and overexpressed in Escherichia coli BL21
(DE3)pLysS. Heterologously expressed Easl protein (~25 kDa) activated AHL biosensor
Chromobacterium violaceum CV026, indicating this Easl is a functional AHL synthase.
LC-MS/MS analysis confirmed the production of C4-HSL and C6-HSL from spent
culture supernatant of induced E. coli BL21 (DE3)pLysS harbouring the recombinant
Easl, suggesting that Easl is indeed the AHL synthase of E. asburiae L1. A mutant E.

asburiae L1 with deletion of the easl gene was constructed using Lambda Red



recombination method. With the constructed L1-Aeasl::Kan mutant strain, whole
transcriptomic sequencing was performed using RNA-seq. Based on the RNA-seq data,
a total of 128 genes and 112 genes were being significantly downregulated and
upregulated, respectively in L1-Aeasl::Kan strain. The easl null mutant was shown to be
impaired in biofilm formation in comparison to its wildtype strain. In addition, phenotypic
microarray (PM) was applied to obtain full metabolic profiles of E. asburiae L1 wildtype
and mutant strains. The easl null mutant was found metabolically less active than
wildtype strain when the peptide nitrogen source was utilized. Besides, L1-Aeasl::Kan
strain has gained more resistance towards several antimicrobial substances. The current
study has laid the foundation for developing a deeper understanding in elucidating the
roles of AHLs in E. asburiae L1 and to study the interaction of Easl with compounds
demonstrating anti-QS properties. This could possibly provide a model for bacterial cell-

cell communication among E. asburiae strains.



ABSTRAK

Komunikasi antara bakteria atau kuorum sensing (QS) boleh dicapai melalui penerimaan
isyarat molekul QS yang terdiri daripada N-acil homoserine lakton (AHL) yang digunakan
oleh kebanyakan bakteria Gram-negatif. Dalam penyelidikan ini, isolat Enterobacteriaceae
dari sayur-sayuran segar telah dikaji untuk produksi AHLs. Sebanyak dua puluh koloni
bakteria yang berbeza telah diisolat dan identiti bakteria telah dikenal pasti oleh spektrometri
matriks bantuan laser desorption pengionan masa jisim penerbangan. Kajian awal
menunjukkan bahawa salah satu daripada dua puluh isolat menunjukkan produksi rantaian
pendek AHLs. Sejenis bakteria yang menghasilkan AHL iaitu Enterobacter asburiae L1,
telah diisolat dari daun salad Batavia, dipilih untuk kajian lanjut. Analisis spektrometri
jisim kromatografi cecair resolusi tinggi triple quadrupole (LC-MS/MS) pada E. asburiae
L1 mengesahkan produksi N-butanoyl homoserine lakton (C4-HSL) dan N-hexanoyl
homoserine lakton (C6-HSL). Sepanjang pengetahuan saya, ini adalah laporan pertama
mengenai produksi AHL oleh E. asburiae. Untuk mencirikan homolog luxI/R E. asburiae
L1, genom lengkap E. asburiae L1 (bersaiz 4.5Mbp) telah melalui jujukan menggunakan
sequencer tunggal molekul masa sebenar dan ketepatan seluruh turutan genom telah
disahkan oleh teknologi pemetaan optik genom. Analisis in silico menujukkan kewujudan
sepasang homolog luxR dan luxl dalam genom E. asburiae L1, dan telah dinamakan
sebagai easR dan easl. Gen easl (639 bp) telah diklon dan diekpres dalam Escherichia
coli BL21 (DE3) pLysS. Protein yang diekspress secara heterologus, Easl (~25 kDa) telah
mengaktifkan biosensor AHL Chromobacterium violaceum CV026, membuktikan Easl
adalah synthase AHL yang berfungsi. Analisis LC-MS/MS pada supernatan kultur
mengesahkan produksi C4-HSL dan C6-HSL dalam induksi E. coli BL21 (DE3) pLysS yang
mempaparkan rekombinan Easl. Sehubungan dengan itu, ia membuktikan bahawa Easl ialah
synthase AHL E. asburiae L1. Dengan menggunakan kaedah penggabungan semula Lambda

Merah, mutan E. asburiae L1 dengan penyingkiran gen easl telah dicipta. Dengan L1-



Aeasl::Kan mutan yang dibina, penjujukan seluruh transkriptomik telah dilakukan dengan
menggunakan RNA-seq. Berdasarkan data RNA-seq, sebanyak 128 gen mengalami
penurunan regulasi dan 112 gen mengalami kanaikan regulasi dalam mutan L1-Aeasl::Kan.
Pembentukan biofilm bagi mutan null easl telah terganggu jika dibandingkan dengan strain
wildtype. Selain itu, mikroarray fenotipik (PM) telah digunakan untuk mendapatkan profil
penuh metabolik E. asburiae L1 strain wildtype dan mutan. Metabolik mutan null easl
ditemui kurang aktif jika dibandingkan dengan wildtype ketika sumber peptida nitrogen
digunakan. Mutan L1-Aeasl::Kan juga ditemui menunjukkan lebih rintangan kepada
bahan-bahan antimikrob. Kajian ini telah menjadi dasar bagi memahami peranan AHLs
di E. asburiae L1 dan juga penyelidikan interaksi Easl dengan kompaun yang
menunjukkan ciri-ciri anti-QS. Dengan ini, E. asburiae L1 mungkin boleh menjadi model

untuk memahami komunikasi antara sel-sel bakteria bagi strain E. asburiae.

Vi
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CHAPTER 1: INTRODUCTION

Consumers’ demand for healthy, garden-fresh, natural and convenience food have been
on the rise. The lifestyle change of consumers’ eating habit towards convenient, ready-
to-eat food products in the meantime has accelerated the incidence and outbreaks of food-
borne diseases worldwide (Berger et al., 2010; Heaton & Jones, 2008). It is believed that
raw vegetables may represent an important source of risk for human health due to their
complex surface and porosity which can facilitate pathogen attachment and survival (El
Said Said, 2012; Harris et al., 2003; Park et al., 2012). Therefore, it is of interest to study
the factors contributing to the transmission of pathogenic microorganisms on vegetables
and the epidemiology of food-borne diseases (Altekruse & Swerdlow, 1996; Burnett &

Beuchat, 2001).

In nature, bacteria function less as individual cells and more as groups, enabling
them to inhabit multiple ecological niches. Bacterial cell-to-cell communication or
quorum sensing (QS) is achieved via sensing of QS signalling molecules consisting of N-
acyl homoserine lactone (AHL) in most Gram-negative bacteria, resulting in regulation
of gene expression in response to surrounding bacterial cell density (Dong & Zhang,
2005; Fuqua, Parsek, & Greenberg, 2001; Waters & Bassler, 2005; Williams, 2007).
Some physiological activities regulated by QS include symbiosis, virulence, competence,
conjugation, antibiotic production, motility, sporulation, and biofilm formation (Miller &
Bassler, 2001; Williams, 2007). As it is believed that bacteria can employ QS to gain
maximum competition advantages in different environments, study on the potential roles
of QS in phyllosphere environment might provide an important insight into food
microbiology. Besides, advanced research on AHL signalling system might provide a
promising target for developing novel approaches to interfere with microbial QS by

regulating the virulence properties of the microbial communities (How et al., 2015).



Enterobacteriaceae is a large family of Gram-negative, rod-shaped, non-spore
forming bacteria classified as facultative anaerobes (Zaitseva lu, Popova, & Khmel,
2014). Members of the family Enterobacteriaceae (e.g. Enterobacter spp.) colonization
has been reported to cause gastrointestinal illnesses around the world and these outbreaks
have been commonly connected to consumption of contaminated vegetable and fruit
products (Mandrell, 2009; Teplitski, Warriner, Bartz, & Schneider, 2011). The relation
of food-borne illnesses with enteric bacteria has caused an increase in multidisciplinary
interest in researching the production of signalling molecules (i.e. QS signalling
molecules) to better understand how these interactions may affect food safety and cause

infection.

In this research, studies were focused on the isolation of the bacterial community
from the Enterobacteriaceae family in six different fresh salad vegetables that are popular
among Malaysian population. The isolates were screened for the AHLSs production using
the bacterial biosensor CVV026, followed by characterization of AHL molecules using
high-resolution triple quadrupole liquid-chromatography mass spectrometry (LC-
MS/MS). In addition, the whole genome sequencing and functional genome of the QS
bacteria isolated were investigated before subjecting to the phenotypic and transcriptomic

studies.

The objectives of this research include the following:
1) To isolate and identify the isolated strains using MALDI-TOF-MS,
2) To determine QS properties of the isolated bacterial strains,
3) To perform whole genome sequencing of the QS bacteria,
4) To study the functional genome of the QS bacteria,
5) To perform phenotypic study of the QS bacteria,

6) To study transcriptome profile of QS bacterium and its QS knock-out mutant.



CHAPTER 2: LITERATURE REVIEW

2.1 Enterobacteriaceae

The Enterobacteriaceae is a family of non-spore forming, Gram-negative bacilli bacteria,
typically 1 to 5 um in length. They normally inhabit the intestines of humans and animals.
According to ILSI Europe Report, only 12 genera and 36 species of Enterobacteriaceae
was reported in 1974. Over the decades, the number of genera and species has increased
to at least 53 genera, 219 species and 41 sub-species in the family and the number are
expected to keep growing. Some of the important genera in this family include
Escherichia, Salmonella, Shigella, Klebsiella, Proteus, Enterobacter, Serratia and

Yersinia (Hornick, Allen, Horn, & Clegg, 1991).

Members of the Enterobacteriaceae are widely distributed, ranging from harmless
commensals to important human, plant and animal pathogens. Numerous species of the
Enterobacteriaceae are pathogenic and cause various infections such as pneumonia,
chronic infantile diarrhoea and urinary tract infections (Guentzel, 1996). Apart from those
well-known pathogens in Enterobacteriaceae family, some members such as
Enterobacter spp., Serratia spp., Klebsiella spp. and Citrobacter spp. have been found to
involve in human diseases and are well-known as the major cause of wound infections
and other hospital acquired (nosocomial) infections. In addition to this, members of this
family (e.g. Enterobacter spp.) have been reported to cause gastrointestinal illnesses
(Swartz, 2002) worldwide and these outbreaks have been frequently related to vegetables
and fruits produce. Due to their ubiquitous distribution, it is unavoidable that some
members of the Enterobacteriaceae can be found in the edible food. They are commonly
present either as the natural microflora reside in certain foods or can be introduced due to
post-process contamination (Guentzel, 1996). For instance, studies revealed that some of

the food-borne pathogens in this family (e.g. Salmonella spp., Proteus spp. and



Escherichia spp.) have been recognized to colonize meat and poultry via faecal

contamination (Swartz, 2002).

In recent years, the more worrying problem related to Enterobacteriaceae is the
emergence of Enterobacteriaceae resistant to 3" and 4™ generation cephalosporins. This
resistance has been demonstrated to be related to extended-spectrum B-lactamase (ESBL)
production (Li, Mehrotra, Ghimire, & Adewoye, 2007). By this, the mortality rates in
patients have increased due to the complications triggered by failure of oral antibiotic to

treat many simpler infections, leading to severe infections (Wellington et al., 2013).

Undoubtable, Enterobacteriaceae is definitely one of the most important groups of
bacteria closely related to human infections. However, there are still a lot of unsolved
mystery about them. Therefore, continuous and extensive studies on members of
Enterobacteriaceae will definitely path a better way to understand the pathogenicity of

Enterobacteriaceae, in the hope to find ultimate solutions to control infections.



22 QS

Over the last two decades, bacteria are assumed to survive as an individual living
unicellular organism that sought nutrients for survival and can multiply independently
from other members of their species (Atkinson & Williams, 2009). The perspective on
bacteria has been replaced with the discovery that bacterial are capable to communicate
with one another to form a complex community. These confer on a bacterial population
the ability to provoke a collective behavioural change due to environmental challenges.
This population-dependent adaptive behaviour will be triggered when bacteria
communicate to one another using a mechanism known as QS (Atkinson & Williams,

2009).

QS, a term first introduced by Fuqua et al. (1994), describes the bacterial cell—cell
communication process by which bacterial cells are able to identify and response to the
accumulation of extracellular signalling molecules namely autoinducers (Als)
(Rutherford & Bassler, 2012; Sifri, 2008). Als are synthesized in response to the
environmental changes or at specific stages of growth and the concerted response will be
induced once a critical concentration has been reached (Gonzélez & Marketon, 2003).
Bacterial cells apply QS to count themselves, monitor when they have reached an optimal
cell density before change their behaviour synchronously for activities that request a
group of cells coordinating together (Whitehead, Barnard, Slater, Simpson, & Salmond,
2001). This communication is crucial for bacteria to adapt better in different environments
by defencing against other microorganisms which may compete for the same nutrients
and avoid those toxic compounds that might be dangerous for the bacteria (Williams,
2007). Processes controlled by QS include bioluminescence, motility, symbiosis,
virulence factor secretion, sporulation, competence, antibiotic production, biofilm

formation, and conjugation (Rutherford & Bassler, 2012; Sifri, 2008).



QS system was first described in the bioluminescent marine bacterium, Vibrio
fischeri. V. fisheri is a symbiotic species which colonize the light organ of Euprymna
scolopes (Hawaiian bobtail squid) to provide its marine eukaryotic hosts with light.
Basically, the light emission depends on transcription of the luciferase operon, which
occurs when the cell-population density reaches its threshold concentration of a secreted
autoinducer. During day time, the luminescence was “turned off” by the squid by
pumping out large number of bacteria from its light organ, causing insufficient signalling
molecules production in the bacteria, hence the production of luciferase is prohibited
(Dunlap, 1999; Waters & Bassler, 2005). However, the bacteria population and the
signalling molecules that trigger the luciferase expression will gradually increase over the
time. At night, the luminescence will once again “turned on” when the signalling
molecules have reached the threshold concentration. This bioluminescence was crucial
for the squid to counter-illuminate its shadow and avoid predation at night (Callahan &
Dunlap, 2000; Defoirdt, Boon, Sorgeloos, Verstraete, & Bossier, 2008). By using V.

fischeri as a model, the mechanism of QS circuits was summarized in Figure 2.1.

Generally, the mechanism of AHL-mediated QS circuits in Gram-negative bacteria
involves two regulatory components: (1) the Al molecule produced by the autoinducer
synthase (known as Luxl) and (2) the transcriptional regulator (known as LuxR).
Accumulation of Al occurs in a cell-density-dependent manner in order to regulate the
expression of certain genes (Fuqua et al., 2001). At low cell density, signalling molecules
synthesized by LuxI will diffuse away rapidly due to the concentration of the signalling
molecules is below the required threshold concentration. In contrast, at high cell density,
the signalling molecules will diffuse back into the cell upon attaining a threshold
concentration and bind to the cognate LuxR that exist in the cytoplasm or in the membrane
to mediate a collective behaviour in the bacterial population (Cooley, Chhabra, &

Williams, 2008; Fuqua et al., 2001).
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Figure 2.1: Mechanism of QS circuits. Bioluminescence activation in V. fischeri by the
LuxI/R QS system was displayed. At low cell density, AHL synthesized by LuxI diffuses
away rapidly due to the concentration of the signalling molecule is below the required
threshold concentration. At high cell density, the AHL binds to LuxR. LuxR in complex
with AHL then activates transcription of itself and the luciferase operon. This leads to
regulation of bacterial virulence, such as biofilm formation, iron binding, the production
of extracellular polysaccharides and innate bactericidal activities.



2.3 QS Signalling Molecules

For true QS-based communication to occur among bacteria, one or few individuals must
produce a signal that can be recognized by other individuals as “cues”, and the perceivers
must alter their behaviour in response to this signal produced (Keller & Surette, 2006).
According to Winzer et al. (2002), there are four principle characteristics of QS signals:
(1) The production of QS signal occurs in response to specific environmental changes or
during specific stages of growth; (2) Recognition and binding of the QS signal that
accumulates in the extracellular environment by a specific receptor; (3) The accumulation
of the QS signal to a critical threshold concentration in order to trigger a concerted or
coordinated response; (4) The cellular response extends beyond the physiological changes
required to metabolize or detoxify the molecule (Diggle, Gardner, West, & Griffin, 2007;

Winzer, Hardie, & Williams, 2002)

To date, there are numerous types of QS signalling molecules being identified.
Bacterial QS signal molecules are structurally and chemically diverse. Some examples of
intercellular signalling molecules included AHL; 2-Alkyl-4-quinolones (AHQs) (i.e: 2-
heptyl-3-hydroxy-4-quinolone (PQS) and 2-heptyl-4-quinolone (HHQ), termed as
Pseudomonas quinolone signal) (Fletcher, Diggle, Camara, & Williams, 2007; Pesci et
al., 1999); diketopiperazines (DKP); 2-isocapryloyl-3R-hydroxymethyl-y-butyrolactone
(A factor), cis-11-methyl-2-dodecenoic acid (diffusible signal factor) (DSF), furanosyl
borate diester (autoinducer-2) (Al-2) (Barber et al., 1997); 3-hydroxypalmitic acid methyl
ester (30OH-PAME) (Flavier, Clough, Schell, & Denny, 1997); bradyoxetin (Loh,
Carlson, York, & Stacey, 2002); and 4,5-dihydroxy-2,3-pentandione (DPD) (Atkinson &
Williams, 2009; Williams, 2007). The structure of these different classes of QS signalling

molecules are shown in Figure 2.2.
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2.3.1 AHL

In QS, signalling via AHL (N-acyl-L-HSL, N-(3-oxoacyl)-L-HSL and N-(3-
hydroxyacyl)-L-HSL, N-(p-coumaroyl)-HSL) is widely-used among Proteobacteria
(Miller & Bassler, 2001; Schaefer et al., 2008). AHL is also the most well-studied and
characterized QS signalling molecule. AHL is highly-conserved signalling molecule,
each consisting of a homoserine lactone ring unsubstituted in the - and y-positions but
N-acylated at the a-position with a fatty acyl group. The latter moiety comprises 4- to 18-
carbon side chain and either an oxo, a hydroxy, or no substitution at the C3 position
(Figure 2.2) (Pearson, Van Delden, & Iglewski, 1999). AHLs are synthesized by AHL
synthase (LuxI homologue) using S-adenosylmethionine (SAM) and acylated acyl carrier
protein (Acyl-ACP) as the substrates (Figure 2.3) (Schauder & Bassler, 2001; Swift et al.,
1997). SAM usually acts as a methyl donor, whereas acyl-ACPs are components of the
fatty acid biosynthetic pathway and act as acyl chain donors in AHL. synthesis (More et

al., 1996).

/\ii s 3 AoP
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s /\/ﬁ\j\ AGE holo-acyl carrier protein
acyl-acyl carrier protein S +

. Adenine
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+ Adeni AHL Adenine
enne synthase g HCrg
OH OH
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S-adenosyl-L-methionine _— — acyl-homoserinelactone

Figure 2.3: Schematic diagram of the AHL synthesis reaction. Two substrates, acyl-
ACP and SAM, bind to the enzyme. After the acylation and lactonization reactions, the
product AHL and by-products holo-ACP and 5-methylthioadenosine are released
(Watson, Minogue, Val, von Bodman, & Churchill, 2002).

10



On the other hand, LuxR, members of FixJ-NarL superfamily (Kahn & Ditta, 1991)
has two principle conserved domains, an N-terminal AHL-binding domain and a C-
terminal DNA binding helix-turn-helix (HTH) domain (Choi & Greenberg, 1991,
Hanzelka & Greenberg, 1995). When AHLSs concentration has reached its threshold level,
the cognate AHL binds to the N-terminal AHL binding site, causing the LuxR
conformation changes and promote the multimerization. LuxR then binds to a DNA
binding site called a lux box, which is normally a 20 bp in length and centred 42.5
nucleotides upstream of the transcription start site (Devine, Shadel, & Baldwin, 1989;
Urbanowski, Lostroh, & Greenberg, 2004). The lux box sequence has imperfect dyad
symmetry, suggesting that the DNA binding domains are multimeric and have a
corresponding two-fold rotational symmetry (Antunes, Ferreira, Lostroh, & Greenberg,
2008). Activation of the lux box leads to a rapid rise in the levels of AHL and creates a
positive-feedback loop. Following this, a complex that stimulates the expression of
numerous downstream target genes will form and hence, activates the physiological

functions of the cells (How et al., 2015; Parsek & Greenberg, 2000).

The AHL-based QS system was first discovered and characterized in V. fischeri
which produce 3-0x0-C6-HSL (Figure 2.1) (Eberhard et al., 1981; Schaefer, Val,
Hanzelka, Cronan, & Greenberg, 1996). Subsequently, the presence of LuxI/R
homologues have been identified in more than 100 Gram-negative bacterial species
together with their implications in regulating different cellular responses and phenotypes
(Case, Labbate, & Kjelleberg, 2008; Rutherford & Bassler, 2012). These included marine
vibrios, rhizosphere bacteria, phototrophic purple non-sulphur bacteria, enteric
commensals and opportunistic pathogens of plants and animals. Genetic organization of
LuxI/R homologues are as diverse as their function. Homologues of luxI/R genes have
been identified both on bacterial chromosomes and on extrachromosomal elements. In

most cases, they are located adjacently to each other either divergently or convergently
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(Gray & Garey, 2001). Studies revealed that numerous bacterial species contain multiple
Luxl and/or LuxR homologues for the production or detection of multiple, distinct
signals. Besides, multiple LuxR homologues also have been reported to work
independently to activate different gene expression in response to a single autoinducer
signal (Subramoni & Venturi, 2009; Venturi & Ahmer, 2015). Examples of bacteria

utilizing the AHLSs as the signalling molecules are summarized in Table 2.1.
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Table 2.1: AHLs-producing bacteria and the QS-regulated behaviours

Organism QS Systems AHLs Target Genes and Phenotypes References
Aeromonas hydrophila Ahyl/R C4-HSL, C6-HSL | Serine protease, metalloprotease (Lynch et al., 2002;
production and biofilm formation Swift et al., 1997)
Aeromonas salmonicida Asal/R C4-HSL Production of serine protease (Swift et al., 1997)
Agrobacterium tumefaciens Tral/R 3-0x0-C8-HSL Conjugation (Piper, Beck VVon Bodman, Hwang,
& Farrand, 1999;
Zhang, Murphy, Kerr, & Tate, 1993)
Agrobacterium vitis Avsl/R C16:1-HSL, Virulence (Hao & Burr, 2006)
3-0x0-C16:1-HSL
Acidithiobacillus ferrooxidans Afel/R Cl14-HSL Biofilm formation, response to iron | (Rivas, Seeger, Jedlicki, & Holmes,
2007)
Acinetobacter baumannii Abal/R 3-hydroxy-C12-HSL | csu-ecoded chaperone-usher pilus | (Niu, Clemmer, Bonomo, & Rather,
assembly system and the Bap 2008)
protein for biofilm formation
Burkholderia cepacia Cepl/R C6-HSL, C8-HSL | Swarming motility, biofilm (Huber et al., 2001,
formation and siderophore Lewenza, Conway, Greenberg, &
production Sokol, 1999)
Chromobacterium violaceum Cvil/lR C10-HSL Biofilm formation, chitinase and (Stauff & Bassler, 2011)

violacein production
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Table 2.1, continued

Organism QS Systems AHLs Target Genes and Phenotypes References
Burkholderia cenocepacia Cepl/R; C6-HSL; Biofilm formation and siderophore (Malott, Baldwin,
Ccil/R C8-HSL production, virulence, exoenzyme Mahenthiralingam, & Sokaol,
2005; Sokol et al., 2003)
Burkholderia mallei Bmall/R1, C8-HSL, Virulence (Duerkop, Ulrich, & Greenberg,
Bmal3/R3 3-hydroxy-C8-HSL, 2007; Ulrich, Deshazer, Hines, &
BmaR4, C10-HSL Jeddeloh, 2004)
BmaR5
Burkholderia pseudomallei PmII1/R1, C8-HSL, Virulence, exoproteases (Ulrich, Deshazer, Brueggemann,
PmII2/R2, C10-HSL, et al., 2004; Valade et al., 2004)
PmII3/R3 3-hydroxy-C8-HSL,
3-hydroxy-C10-HSL,
3-hydroxy-C14-HSL
Pectobacterium carotovorum Carl/lR 3-0x0-C6-HSL Biosynthesis of carbapenem antibiotic (Barnard et al., 2007)
P. carotovorum subsp Expl/R 3-0x0-C6-HSL Carbapenem antibiotic production, (Bainton et al., 1992)
carotovorum exoenzymes
Edwardsiella tarda strain Expl/R 3-0x0-C6-HSL Production of extracellular plant cell (Koiv & Mae, 2001)
LTB-4 wall-degrading enzymes
Erwinia chrysanthemi Eagl/R 3-0x0-C6-HSL ND (Swift et al., 1993)
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Table 2.1, continued

Organism QS Systems AHLs Target Genes and Phenotypes References
Enterobacter agglomerans Ginl/R C10-HSL, ginA (growth in ethanol-containing (lida, Ohnishi, & Horinouchi,
C12-HSL, medium, acetic acid production) 2008)
C12:1-HSL
Massilia timonae ND 5-cis-3-0x0-C12-HSL; | ND (Krick et al., 2007)
5-cis-C12-HSL
Mesorhizobium sp. Mrll1, C12-HSL, Symbiotic nodulation (Yang et al., 2009)
Mrl12, 3-0x0-C6-HSL,
MrlI3 C8-HSL,
C10-HSL
Mesorhizobium loti NZP2213 Msal/R C6-HSL, Extrapolysaccharide carbohydrate (Penalver, Cantet, Morin, Haras,
C8-HSL production & Vorholt, 2006)
Obesumbacterium proteus Pagl/R C4-HSL hrpL, hrpS and hrc genes (gall | (Chalupowicz, Barash, Panijel,
formation in plant; IAA & cytokinin | Sessa, & Manulis-Sasson, 2009)
in regulation
Pantoea stewartii Esal/R 3-0x0-C6-HSL Adhesion and host colonization (Koutsoudis, Tsaltas, Minogue, &
von Bodman, 2006)
Pantoea ananatis Esal/R C6-HSL Biosynthesis of stewartan and EPS (Koutsoudis et al., 2006)
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Table 2.1, continued

Organism QS Systems AHLs Target Genes and Phenotypes References
Pseudomonas aeruginosa Lasl/R; 3-0x0-C12-HSL Exoenzymes, biofilm formation, cell- | (Chapon-Herve et al., 1997,
RhII/R cell spacing Glessner, Smith, Iglewski, &
Robinson, 1999; Passador,
Cook, Gambello, Rust, &
Iglewski, 1993)
Pseudomonas aureofaciens Phzl/R C6-HSL Phenazine antibiotic production (Pierson, Gaffney, Lam, &
Gong, 1995)
Pseudomonas putida Ppul/R 3-0x0-C10-HSL, Maturation (Dubern, Lugtenberg, &
3-0x0-C12-HSL Bloemberg, 2006)
Rhodobacter sphaeroides Cerl/R 7-cis-C14-HSL Community escape (Puskas, Greenberg, Kaplan, &
Schaefer, 1997)
Rhodopseudomonas palustris Rpal/R pC-HSL ND (Schaefer et al., 2008)
Rhizobium leguminosarum Rhil/R 3-hydroxy-7-cis- Nodulation, bacteriocin, stationary | (Gray, 1997; Rodelas et al.,
Cl14-HSL phase survival 1999;
Thorne & Williams, 1999)
Serratia liquefaciens Swrl/R C4-HSL Biofilm formation (Labbate et al., 2004)
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Table 2.1, continued

Organism QS Systems AHLs Target Genes and Phenotypes References
Serratia marcescens Smal/R C4-HSL, Swarming motility; haemolytic (Coulthurst, Williamson,
C6-HSL activity; production of caseinase and Harris, Spring, &
chitinase; biofilm formation Salmond, 2006)
Vibrio anguillarum VanM 3-hydroxy-C6-HSL Terminal haemorrhagic septicaemia in (Milton et al., 2001)
fish
Vibrio fischeri AinS; C8-HSL, 3-0x0-C6-HSL | Bioluminescence (Eberhard et al., 1981;
LuxI/R Hanzelka et al., 1999)
Vibrio harveyi LuxM 3-hydroxy-C4-HSL Bioluminescence (Bassler, Wright,
Showalter, & Silverman,
1993)
Yersinia enterocolitica Ypel/R 3-0x0-C6-HSL, Swimming and swarming motility (Atkinson, Chang,
3-0x0-C8-HSL, C6-HSL Sockett, Camara, &
Williams, 2006)
Yersinia pseudotuberculosis Ypsl/R and C6-HSL, Motility, clumping (Atkinson, Throup,
Ytbl/R 3-0x0-C6-HSL, Stewart, & Williams,
C8-HSL 1999)

ND: Not detected




2.4 QS in The Context of Food

Food safety hazards especially pathogenic microorganisms, toxic chemicals, and physical
hazards are attributed to contaminated fresh produce, particularly salad vegetables. Of
these, microbiological hazards are globally considered as the major cause of food-borne
diseases (Parish et al., 2003). Extensive studies have shown that microbiological
contamination of food products is largely due to the naturally occurring phenomenon of
biofilm formation. Food spoilage and biofilm formation by food-borne pathogens are
significant and persistence problems in the food industry, leading to serious health
problems and causing great economic loss (Bai & Rai, 2011; Kumar & Anand, 1998). It
has been reported that biofilm-forming characteristic is mediated by QS. Studies showed
that most of the food-borne pathogens have been identified to form biofilms (Annous,
Fratamico, & Smith, 2009), allowing them to enjoy advantages such as resistant to
antimicrobial and cleaning agents compared to their planktonic counterparts. This leads

to difficulty to eliminate them from the environments that they inhabit.

Unfortunately, to date, studies regarding the roles of QS in food microbial ecology
are limited. In most of the available studies, various signalling compounds such as AHLS
and Al-2 have been reported to be present and/or increase their concentration in different
food ecology. Since bacterial QS has been reported to be crucial in pathogenic
relationships with eukaryotic hosts, advanced research on AHL signalling system would
provide a promising target for developing novel approaches to interfere with microbial
QS by regulating the virulence properties of the microbial communities (How et al.,
2015). Consequently, the potential roles of QS especially in regulation of biofilm
formation by food-borne or potential food-borne pathogens on food contact surface
should be extensively elucidated. With the information gained, it is in the hope to discover
new research avenues by designing approaches to interrupt the QS signalling pathway to

combat microbial infections (Skandamis & Nychas, 2012).
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2.5 Detection of AHLs With Biosensors

Identification of bacterial AHL-mediated QS systems has been simplified and quickened
with the development of bacterial biosensors that are able to detect the presence of AHL
compounds (Farrand, Qin, & Oger, 2002; Llamas, Keshavan, & Gonzalez, 2004,
McClean et al., 1997). Most of the QS biosensors are constructed by either modification
of the bacterial QS gene or by the insertion of plasmid reporter vector into the bacteria
(Steindler & Venturi, 2007; Winson et al., 1998). Generally, these biosensors do not
produce AHL molecules but still contain a functional LuxR-family protein cloned
together with a cognate target promoter (normally the promoter of the cognate LuxI-
synthase), which positively regulates the transcription of a reporter gene that displays
phenotypes such as bioluminescence, pigment production and green fluorescent protein

(Steindler & Venturi, 2007).

The AHL biosensors can be applied in four ways to investigate the presence of
bacterial AHL-mediated QS systems: (1) a plate “T” streak assay, resulting in the
expression of the reporter phenotype in a gradient near the tested strain as indicated. The
production of exogenous short chain AHL molecules from the tested isolates will
triggered the violacein production on the biosensor streak line; (2) a TLC overlay
technique after separation of AHLs from a bacterial extract, resulting in the detection of
the reporter phenotype at the place where AHLs are found; (3) a quantification assay by
measuring levels of the reporter phenotype upon exposure to spent bacterial supernatants

and (4) an in vivo assay using gfp-based biosensors (Steindler & Venturi, 2007).

One of the widely exploited AHL biosensor is C. violaceum CV026, a double mini-
Tn5 mutant derived from C. violaceum ATCC 31532. C. violaceum CV026 is a violacein
and AHL-negative strain developed after mini-Tn5 transposon mutagenesis on cvil gene

responsible for C6-HSL production while retaining the functionality of cviR gene that
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induces violacein production. This defect results in formation of white colony mutant that
will only produce purple pigmentation upon exposure to exogenous short chain AHLS
ranging from C4-HSL to C8-HSL (McClean et al., 1997). By this, C. violaceum CV026
can be used as a simple and rapid biosensor for detection of short chain AHLSs. This strain
is well suited for detection on solid media via a “T” streak analysis as well as the TLC

soft-agar overlay technique (Steindler & Venturi, 2007).

On the other hand, there are other biosensors which rely on a constructed plasmid
harbouring the IluxCDABE operon of Photorhabdus Iluminescens resulting in
bioluminescence as a reporter system (Winson et al., 1998). These plasmids are usually
harboured in Escherichia coli, which lack of the ability to produce AHLs. For instance,
E. coli [pSB401] is one of these biosensors that is most sensitive to cognate C6-3-0xo-
AHL and display good detection towards C6-HSL, 3-oxo-C8-HSL and C8-HSL. By this,
bioluminescence will be induced with the presence of short chain AHLs. This biosensor
can be used in a TLC analysis as well as in “T” streak analysis. However, for “T” streak
analysis, photon camera equipment is required to analyse the result (Steindler & Venturi,

2007). Examples of AHL biosensors are summarized in Table 2.2.
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Table 2.2: AHL bhiosensors

Strain/ Host Based on Reporter Best responds | Good detection Commonly Reference
Plasmid sensor QS system system to used for
C. violaceum C. violaceum Cvil/R Violacein C6-HSL 3-0x0-C6-HSL,; T.S., TLC | (McCleanetal.,
CV026 (C. violaceum) pigment C8-HSL; 1997)
3-0x0-C8-HSL;
C4-HSL
pSB401 E. coli LuxI/R luxCDABE | 3-0x0-C6-HSL C6-HSL; TLC, Q (Winson et al.,
(V. fisheri) 3-0x0-C8-HSL; 1998)
C8-HSL
pHV2001™ E. coli LuxI/R luxCDABE | 3-0x0-C6-HSL C6-HSL,; TLC, Q (Pearson et al.,
(V. fisheri) 3-0x0-C8-HSL; 1994)
C8-HSL
pSB403 Broad host range LuxI/R luxCDABE | 3-0x0-C6-HSL C6-HSL; TLC,Q (Winson et al.,
(V. fisheri) 3-0x0-C8-HSL; 1998)
C8-HSL
pSB536 E. coli Ahyl/R luxCDABE C4-HSL TLC, Q (Swiftetal.,
(A. hydrophyla) 1997a)
pAL101 E. coli RhlI/R luxCDABE C4-HSL TLC, Q (Lindsay &

(sdiA mutant)

(P. aeruginosa)

Ahmer, 2005)
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Table 2.2, continued

Strain/ Host Based on Reporter Best responds Good detection Commonly Reference
Plasmid sensor QS system system to used for
pSB1075 E. coli Lasl/R luxCDABE | 3-0x0-C12-HSL 3-0x0-C10-HSL,; TLC, Q (Winson et al.,
(P. aeruginosa) C12-HSL 1998)
pKDT17 E. coli Lasl/R B- 3-0x0-C12-HSL C12-HSL; TLC,Q (Pearson et al.,
(P. aeruginosa) | galactosidase C10-HSL; 1994)
3-0x0-C10-HSL
pZLR4 A. tumefaciens Tral/R B- 3-0x0-C8-HSL All 3-oxo-AHLs; T.S., TLC, | (Farrandetal.,
NT1 (A. tumefaciens) | galactosidase C6-HSL; Q 2002)
C8-HSL;
C10-HSL,
C12-HSL;
Cl4-HSL;

3-hydroxy-C6-HSL,;
3-hydroxy-C8-HSL,;
3-hydroxy-C10-HSL
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Table 2.2, continued

Strain/ Host Based on Reporter Best responds to Good detection | Commonly | Reference
Plasmid sensor QS system system used for
pSF105 + P. fluorescens PhzI/R B-glucuronidase | 3-hydroxy-C6-HSL 3-hydroxy-C8- TLC, Q (Khan et al.,
pSF107 1855 (P. fluorescens | PB-galactosidase HSL 2005)
2-79)
S. S. Sinl/R B-galactosidase 3-0x0-C14-HSL | 3-ox0-C16:1-HSL; | T.S., TLC, | (Llamas et
melilotisinl::lacZ | melilotisinl::lacZ (S. meliloti) C16-HSL,; Q al., 2004)
C16:1-HSL;
Cl4-HSL
pJNSINR S. Sinl/R B-galactosidase | As above with more |  As above with T.S.,, TLC, | (Llamas et
melilotisinl::lacZ (S. meliloti) sensitivity more sensitivity Q al., 2004)
pAS-C8 Broad host range Cepl/R gfp C8-HSL C10-HSL Single cell (Riedel et
(B. cepacia) al., 2001)
pKR-C12 Broad host range Lasl/R gfp 3-0x0-C12-HSL 3-0x0-C10-HSL | Single cell (Riedel et
(P. aeruginosa) al., 2001)
pJBA-132 Broad host range LuxI/R gfp 3-0x0-C6-HSL C6-HSL; Single cell | (Andersen et
(V. fisheri) C8-HSL; al., 1998)
C10-HSL

T.S. refers to ‘T’ streak analysis in solid media and Q refers to quantification




2.6 MALDI-TOF-MS

Traditionally, bacterial identification is relied greatly on series of biochemical tests that
are lengthy in incubation procedures. In recent years, MALDI-TOF-MS has
revolutionized routine identification of bacteria. It is a rapid analytical technology for
microbial identification and characterization based on assessment of the mass spectra
composed of mass-to-charge ratio (m/z) peaks with varying intensities at a relatively low
cost (Singhal, Kumar, Kanaujia, & Virdi, 2015). The major advantage of MALDI-TOF-
MS technology over conventional diagnostic methods is the ability of this system to
identify the unknown isolates in a significantly reduced time span. However, there are
some limitations of this system (Cobo, 2013). The advantages and limitations of MALDI-
TOF-MS technology are outlined in Table 2.3.

Table 2.3: Advantages and limitations of MALDI-TOF-MS
Advantages Limitations

1) Rapid turnaround time 1) Requires fresh culture for accurate

identification

2) Automated high output 2) Lack of antimicrobial susceptibility
(24 or 96 samples per run) information alongside organism

identification

3) Reusable steel target plates 3) Inability to differentiate among certain
closely related organisms

4) Broad applicability to bacteria and | 4) Identifications is limited by reference

fungi spectra in database

5) Cost effective 5) Repeat analysis may be required

6) User-expandable database

Sample characterization by MALDI-TOF MS begins by spotting the sample (i.e.
solid or liquid) into a defined indentation on a solid target support plate (Figure 2.4). The
sample (i.e. ranging from purified protein to whole-cell microorganisms) is then overlaid
with a chemical matrix. Prior to analysis, the completely dry matrix will crystallize,

hence, ensure the sample entrapped within the matrix also co-crystallizes (Singhal et al.,
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2015). The matrix is crucial to protect sample molecules from fragmentation. The
prepared target plate is then placed into the ionization chamber where each sample is
irradiated with 240 brief pulses of energy from an ultraviolet nitrogen laser (337 nm). The
individual sample and matrix molecules will be desorbed from the target plate and turned
into the gas phase and ionization will take place. The protonated ions are then accelerated
at a fixed potential, whereby they are separated from each other on the basis of their m/z.
The positively charged analytes are then detected and measured using the time of flight
(TOF) mass analyser. Each generated mass spectrum is identified as a unique protein
“fingerprint” or known as peptide mass fingerprint (PMF) profile of the unknown sample
(Marvin, Roberts, & Fay, 2003). Based on the PMF profile, identification of the unknown
microorganism is carried out by computerized comparison of the acquired spectra to a

database of reference spectra composed of previously well-characterized isolates (Cobo,

2013).
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Figure 2.4: MALDI-TOF-MS process.
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2.7 Recombineering

Recombineering, also known as recombination-mediated genetic engineering is an
efficient in vivo genetic engineering that utilizes homologous recombination to edit the
genome of prokaryotes and eukaryotes. The recombination is mediated by bacteriophage
lambda Red system, which contains three red genes that encode the Gam, Exo and Beta
proteins to allow precise insertion, deletion or alteration of any sequence of desired. The
Gam protein inhibits the RecBCD exonuclease, which normally degrades linear double-
stranded DNA (dsDNA) while Exo protein is a 5’ to 3’ dsDNA specific exonuclease and
is required for dsSDNA recombination. The presence of Gam is not absolutely necessary
for recombineering; however, its presence helps to increase the frequency of dsDNA
recombination about 10-fold. The Beta protein, a single-stranded DNA annealing protein,
is the central recombinase in recombineering. Deletions by recombineering can vary in

size from a base pair to >10 kb (Sharan, Thomason, Kuznetsov, & Court, 2009).

To perform recombineering, the linear DNA substrates containing the desired
knock-out point and short homologies is introduced into the target DNA cells expressing
bacteriophage-encoded recombination enzymes. These phage enzymes are expressed
either from a heterologous regulated promoter or from their own promoter, confers the
advantage of tight regulation and coordinate expression. These enzymes then recombine
the linear DNA to the target, yielding higher recombination frequencies, at the same time
preventing unwanted rearrangements (Thomason, Sawitzke, Li, Costantino, & Court,
2014). In addition, this technique also brings advantage over the conventional methods
as it does not rely on restriction enzymes, hence, the location of restriction sites is no
longer an issue to be considered. Consequently, this technique is applied in this study to

construct the QS knock-out.
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2.8 Phenotype Microarray (PM)

PM is a screening technology that was developed by Biolog Inc. PM technology is a high-
throughput platform for simultaneously study the cellular phenotypic activities. A wide
range of phenotypic tests are reconfigured in to sets of arrays, whereby each well in the
array is designed to test a different phenotype. For instance, wells for PM1 to PM20 are
prepared for a total of 1, 920 conditions (Bochner, Gadzinski, & Panomitros, 2001). The
cell respiration is measured colourimetrically by using Biolog’s patented tetrazolium
redox dye. An irreversible purple colour formation will be observed when the dye
reduction process takes place in the PM microplate wells. A strong colour formation
indicates the cells respire actively in the well. In contrast, if the phenotype is weakly

positive or negative, less colour or no colour is formed, indicating slow or no respiration.

Assays of basic cellular nutritional pathways (i.e. catabolism of carbon, nitrogen,
phosphorus and sulphur), osmotic, pH and sensitivity, as well as sensitivity to chemical
agents (i.e. antibiotics and toxic compounds) are included in the test (Borglin et al., 2012).
Many known aspects of cell function can be monitored either directly or indirectly by
PM. By this, thousands of cellular phenotypes can be evaluated all at once. This platform
also allowed comprehensive and precise quantification of cellular phenotype. As a result,
researchers are able to evaluate and obtain an unbiased perspective regarding the effect
on cells due to genetic differences, environmental change, and exposure to toxin and
chemicals. Commonly, PM assay is applied to assess the phenotypic effects of mutations.
A change in genotype of a cell normally lead to one or more changes in phenotype. This
provides an easier and rapid way to evaluate the biological changes that occurred
consequent to genetic changes in the knock-out or knock-in mutants. In addition, the other
common application of PM is phenotypic characterization of a collection of related strains

(Bochner et al., 2001).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

3.1.1 Equipment and Instruments

Instruments used during the course of this study included -20°C freezer (Liebherr, UK);
2100 Bioanalyzer (Agilent Technologies, USA); 4°C chiller (Thermo Scientific, USA);
-80°C freezer (Gaia Science, Singapore); agarose gel electrophoresis (AGE) (Biorad,
USA); autoclave machine (Hirayama, USA); automated Argus system (OpGen Inc.,
USA); belly dancer orbital mixer (IBI Scientific, USA); centrifuge machine (Eppendorf,
North America); CFX96 Touch™ real-time PCR detection system (Biorad, USA); class
Il biosafety cabinet (Thermo Scientific, USA); eco real-time PCR system (lllumina,
USA); eco-spin microcentrifuge (EImi, Latvia); fume hood (Esco Technologies, USA);
gel documentary image analyser (UVP, USA); GenePulser Xcell™ electroporation
system (Biorad, USA); high performance UV transilluminator (UVP, USA); high-
resolution triple quadrupole liquid-chromatography mass spectrometry (LC-MS/MS)
(Agilent Technologies, USA); HiSeq 2000 next generation DNA platform (lllumina,
USA); ice maker (Nuove Tecnologie Del Freddo, Italy); incubator (Memmert, Germany);
infinite M200 luminometer-spectrophotometer (Tecan, Switzerland); laminar flow
cabinet (Esco, Technologies, USA); magnetic stirrer hot plate (Labmart, USA); matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
(Bruker, Germany); milli-Q® integral water purification system (Merck, Germany);
MiSeq personal sequencer (lllumina, USA); nanodrop spectrophotometer (Thermo
Scientific, USA); Olympus™ 1X71 inverted microscope (Olympus, Japan); Omnilog®
reader (Biolog, USA); pH meter (Sartorius, Germany); polymerase chain reaction (PCR)

T100 thermal cycler (Biorad, USA); Qubit® 2.0 fluorometer (Invitrogen, USA); SDS-
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polyacrylamide gel electrophoresis (Biorad, USA); shaking incubator (Sartorius,
Germany); single molecule real time sequencer (SMRT) (Pacific Biosciences, USA);
spectrophotometer (Biochrom, USA); stomacher® 400 circulator (Seward, UK);
thermomixer (Eppendorf, North America); TM3000 analytical tabletop microscope
(Hitachi, USA); turbidimeter (Biolog Inc., USA); vortex mixer (Core Life Sciences, CA);

water bath (Benchmark, USA); and weighing machine (Sartorius, Germany).

Equipment used in this study included disposable petri dishes; inoculating loop;
hockey stick spreader; laboratory glassware (Schott’s bottles, conical flasks, volumetric
flasks, universal bottles, measuring cylinder, beaker, test tubes); syringe (Terumo, USA);
syringe filter (0.22 pum pore size) (Sartorius, Germany); polypropylene tubes (15 mL and
50 mL); pipettes (Eppendorf, North America), pipette tips (Eppendorf, North America)

and microtiter plate (6-well and 96-well).
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3.1.2 Commercial Kits

The commercial kits used in the study are described in Table 3.1.

Table 3.1: Commercial kits used in this study

Kit (Manufacturer)

Application

10 kb SMRTbell Library Template
Preparation Kit (Pacific Biosciences, USA)

Preparation of PacBio DNA sequencing

template

12% Precise Tris-Glycine Gels (Thermo
Scientific, USA)

For the separation of proteins by

polyacrylamide gel electrophoresis

Agencourt RNAClean™ XP Kit (Beckman
Coulter, USA)

Purifying RNA before proceed to
ScriptSeq library preparation

Agilent DNA 7500 and DNA 12000 Kit
(Agilent Technologies, USA)

Validating the quality sizing analysis of
DNA library

Agilent 2100 High Sensitivity DNA Kit
(Agilent Technologies, USA)

Examining the quality of the extracted

nucleic acid

Agilent RNA 6000 Nano Kit (Agilent
Technologies, USA)

Examining the quality of the extracted
RNA (i.e. RNA Integrity Number)

Agilent RNA 6000 Pico Kit (Agilent
Technologies, USA)

Examining the depletion of 16S and 23S
in the rRNA to ensure the quality of the
RiboZero treated RNA

AMPure XP Beads (Beckman Coulter,
USA)

Purifying cDNA synthesis and RNA-seq
library in ScriptSeq library preparation

BugBuster® Protein Extraction Reagent

(Novagen, Germany)

Protein extraction

Kapa SYBR Fast gPCR Master Mix
(Kapa Biosystems, USA)

Real-time PCR (qPCR) amplification

Masterpure™  DNA  Purification  Kit
(Mumina, USA)

Genomic DNA extraction

Nextera Index Kit (Illumina, USA)

Barcode to identify the pooled samples

Nickel-nitrilotriacetic Acid (Ni-NTA) Fast
Start Kit (Qiagen, Germany)

Purification of Protein

NucleoSpin RNA lIsolation Kit (Macherey-
Nagel GmbH & Co. KG, Germany)

RNA extraction
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Table 3.1, continued

Kit (Manufacturer)

Application

OneTag® DNA Polymerase (NEB, USA)

PCR amplification

QlAamp® Gel Extraction Kit
(Qiagen, Germany)

Purification of DNA from agarose gel

Qiagen RNAprotect Bacterial

(Qiagen, USA)

Reagent

Immediate stabilization of RNA prior

to RNA isolation procedures

QIlAprep Spin Miniprep Kit
(Qiagen, Germany)

Plasmid DNA extraction

QuantiTect Reverse Transcription Kit

(Qiagen, Germany)

cDNA

genomic DNA removal

synthesis with integrated

Qubit® dsDNA BR Assay Kit
(Life Technologies, USA)

Quantifying the amount of dsDNA for
initial sample concentrations ranging
from 100 pg/uL to 1000 ng/pL

Quick Start™ Bradford Protein Assay Kit
(Bio-Rad, USA)

Determining the concentration of

protein in solution

Ribo-Zero™ Magnetic Kit (Illumina, USA)

Removing unwanted ribosomal RNA

prior sequencing

ScriptSeq™  v2  RNA-seq
Preparation Kit (Illumina, USA)

Library

Preparation of RNA-seq library
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3.1.3 Markers and Ladders
DNA ladders used were 1 kb (Promega, USA) and 100 bp (Fermentas, Thermo Fisher
Scientific, USA) DNA markers. Molecular weight marker used was PageRuler™

prestained protein ladder, 10 to 180 kDa (Fermentas, Thermo Fisher Scientific, USA)

3.1.4 Growth Medium
All media were obtained from Merck, Germany and subjected to autoclave at 15 psi,
121°C for 15 min. Heat-labile solutions were filter-sterilized with minisart syringe filter

(0.22 um pore size) (Sartorius, Germany).

3.1.5 Chemical Reagents

All the chemical used in this study is of analytical grade purchased from Merck, Germany;
Thermo Fisher Scientific, USA; Sigma, USA; Promega Ltd, USA; Amresco, USA;
Invitrogen Corp., USA and BD Difco™ Laboratories, USA. Solvents used in this work

were supplied by Merck, USA and Thermo Fisher Scientific, UK.
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3.1.6 Buffer Solutions

3.1.6.1 Phosphate Buffer Saline (PBS)
The 10x PBS stock solution was prepared by mixing 115 g of Na;HPO4, 23 g of
NaH2PO4, and 90 g of NaCl in 1 L of distilled water. The pH of the solution was adjusted

to 6.5 prior to autoclave sterilization at 15 psi, 121°C for 15 min.

3.1.6.2 Tris-Boric Acid Ethylenediaminetetraacetic Acid (TBE)
The 10x TBE stock solution was prepared by mixing 108 g Tris base, 55 g boric acid and
40 mL 0.5 M Na,EDTA.2H.0 in 1 L of distilled water with pH adjusted to 8.0 before

subjected to autoclave at 15 psi, 121°C for 15 min.

3.1.6.3 Z Buffer

Z buffer was prepared by mixing 0.06 M Na2HPO,4.7H-0, 0.04 M NaH2P04.H20, 0.01 M
KCI and 0.001 M MgSOs in 1 L of distilled water with pH adjusted to 7.0. The buffer
was filter-sterilized with minisart syringe filter (0.22 um pore size) and keep in 4°C.

Before use, 0.05 M B-mercapthoethanol was added.
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3.1.7 Stock Solutions

3.1.7.1 Synthetic AHLs
Synthetic AHLs were obtained from Cayman, UK and Sigma-Aldrich®, USA. Powder of
synthetic AHLs were suspended with acetonitrile (ACN) to the desired concentration and

stored at -20°C.

3.1.7.2 Antibiotics

Antibiotics stocks were obtained from Sigma-Aldrich®, USA and Amresco, USA. When
indicated, Luria Bertani (LB) was supplemented with antibiotics in the following
concentrations: 100 pg/mL ampicillin, 30 pg/mL kanamycin, 34 pg/mL chloramphenicol

or 10 pg/mL tetracycline.

3.1.7.3 5-bromo-4-chloro-3-indoyl-g-D-galactopyranoside (X-gal)

X-gal powder was obtained from Amresco, USA. It was used for blue/white colony
screening during transformation step. The stock solution at concentration of 50 mg/mL
was prepared by dissolving the X-gal powder with N,N’-dimethyl-formamide and filter
sterilized with minisart syringe filter (Sartorius, Germany) at pore size of 0.22 pum and
stored at -20°C. When indicated, X-gal was added into medium at a final concentration

of 80 pug/mL.

3.1.7.4 Isopropyl-p-D-1-thiogalactopyranoside (IPTG)

IPTG (Amresco, USA) stock solution at concentration of 0.1 M was prepared and filter
sterilized with minisart syringe filter (Sartorius, Germany) at pore size of 0.22 pm and
stored at -20°C. Where indicated, IPTG was added to cultures at a final concentration of

0.5 mM or 1.0 mM.
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3.1.7.5 L-arabinose
L-arabinose (Amresco, USA) stock solution at concentration of 1.0 M was prepared and
filter sterilized. Where indicated, L-arabinose was added to cultures at a final

concentration of 1.0 mM.

3.1.7.6 o-Nitrophenyl-g-D-Galactopyranoside (o-NPG)
0-NPG stock was obtained from Amresco, USA. 0-NPG stock solution at concentration
of 4.0 mg/mL was prepared, filter sterilized and stored at 4°C. It was added to initiate the

B-galactosidase assay at final concentration of 0.4 pg/mL.
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3.1.8 Oligonucleotide Primers

All oligonucleotide primers were synthesized by Integrated DNA Technologies Pte. Ltd.,

Singapore (Table 3.2 and Table 3.3).

Table 3.2: Oligonucleotide used in this study

Oligonucleotide Sequence (5’ to 3°) Length (-mer)
L1-easl-F CCA TGG CGA TGA ATT CTG TTA TTG 27
AGT
L1-easl-R GGATCCTAAGTGGCG TAAATGCTCC 25
L1-easR-F GCA ACA TAT GGA ACA GGA GGC AAG 30
CAACTC
L1-easR-R CAG AGA TCT TCA GTC GTC CAG TAA 30
TCG TAG
L1-easl-KFR-F AAA CTT GGA ACA GAA CTA CGA TTA 70
CTG GAC GAC TGA GCC TCA GCC ACT
GGT ATG GAC AGC AAG CGAACCG
L1-easl-KFR-R TAA AAG ACA GGG GAT AAT AGT TTC 71
AGG TGT TAT TAT CAG GAA TAA GAG
CAT CAG AAG AACTCG TCA AGA AG
Screen_ KFR_F CACTGAGTTTCACGAGGACT 20
Screen_KFR_R TGA ACG CACCGT TAAATT CC 20
pSIM_F TTA ACT TCC GGA GCC ACACC 20
pSIM_R AAA CTC GCG AAG GCA GAG AA 20
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Table 3.3: Oligonucleotide used to validate the RNA-seq results via g°PCR

Oligonucleotide

Sequence (5’ to 3°)

Length (-mer)

easl-gF TCC GAC GAT GAT AAG CGA AA 20
easl-gR CCTCCCCTTTTT CAG ACACG 20
recG-qF ACC TCC ACC ATC GAC GAACT 20
recG-gR TGA ACC AGACCCACGTTC AG 20
gapA-gF CAG TCA ATC ATT CCG GTG GA 20
gapA-gR GTG CGG GTC GTG GTT AAAAT 20
pyrG-gF TAC TGA AGA CGG CGC TGA AA 20
pyrG-gR GGA ATG GCA GGG ATT CGA TA 20
bsmA_D-qF TTGCTGGTGTTT CTG CTG AGT 21
bsmA_D-gR GTCCCGTTATGATGGTTT CGT 21
IsrD_D-qF TTGGCCGTCATCTGTTTTTG 20
IsrD_D-gR AAC CTG ACC CGC CGT AGATA 20
IsrB_D-qF CCG CAG CAT CTACAT CAACC 20
IsrB_D-qR GGATTT GGT GGC GTC GTT AT 20
ompD_U_gF CCA GGG TAA AAA CGA CCG TAA 21
ompD_U_gR CAT GTT GCG GGT TTC AGA GTA 21
sdaB_U-qF GAG GTT GAATTC CCG GTT GA 20
sdaB_U-gR TGT GAAGTGCCAGCTCGTTT 20
26kDa_U-qF TAA AGC GGC GAT TGATGA TG 20
26kDa_U-gR TAG CCG CCT CAGTTT GTT GA 20

37



3.1.9 Polymerase Chain Reaction (PCR) Master Mix for Gene Amplification
PCR was carried out in a final reaction volume of 25 pL containing the final concentration
listed in Table 3.4. The thermocycler was programmed and performed in a thermal cycler

according to the manufacturer instructions.

Table 3.4: PCR mixture of Q5® High-fidelity DNA polymerase

PCR Component Volume per sample (nL) Final Concentration
Q5° High-Fidelity 12.50 1x
2% Master Mix
10 uM Forward Primer 1.25 0.5 uM
10 uM Reverse Primer 1.25 0.5 uM
Template DNA 1.00 < 1,000 ng
Nuclease-Free Water 9.00 -
Total Volume 25.00 -
3.1.10 AGE

DNA fragments (PCR products or digested DNA) were separated by AGE. To separate
DNA fragments smaller than 250 bp, 2% (w/v) of agarose gel was used; otherwise 1%
(w/v) of agarose gel was used. First, 10 uL of DNA samples were mixed with 2 puL of 6x
bromophenol blue loading dye onto an agarose gel along with an appropriate DNA size
marker (100 bp or 1 kb DNA ladder). The loaded gel was subjected to electrophoresis in
1x TBE buffer at 75 V until the loading dye front approached about 1.0 cm from the edge
of the gel (~60 min). The gel was pre-stained with 0.5% GelStar™ Nucleic Acid Gel Stain
(Lonza, USA). The stained agarose gel was visualized and digitally photographed with
gel documentary image analyser (UVP, USA). The desired DNA band(s) was determined

by comparing the size of DNA band to the DNA ladder.
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3.1.11 Purification of DNA Fragments from Agarose Gels

The desired PCR-amplified DNA bands were excised from the agarose gel with a clean
scalpel under UV transilluminator (UVP, USA) and transferred to a 1.5 mL microfuge
tube. DNA fragments (PCR products) were purified from agarose gels using the
QlAamp® Gel Extraction Kit (Qiagen, Germany) according to the manufacturer’s

protocol.
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3.2 Bacterial Strains, Biosensors, Plasmids and Culturing Conditions

3.2.1 Bacterial Strains and Biosensors

All bacterial strains and biosensors used in this study are listed in Table 3.5.

Table 3.5: Bacterial strains and biosensors used in this study

Strain / Biosensor

Genotype / Description

Source / Reference

Enterobacter asburiae | Lettuce isolate. QS strain with the This study
L1 formation of purple violacein

pigment in the presence of short

chain exogenous AHL molecules.
Enterobacter asburiae | Luxl mutant derived from E. This study

L1-Aeasl::Kan

asburiae L1. The easl gene (~639
bp) of E. asburiae L1 was replaced

with kanamycin gene (~950 bp).

Chromobacterium
violaceum CV026

A biosensor with mini-Tn5 mutant
derived from C. violaceum ATCC
31532. In the presence of short
chain exogenous AHL molecules,
it triggers the purple violacein

pigment.

(McClean et al., 1997)

Pectobacterium
carotovorum GS101
(previously known as

Erwinia carotovora)

Acts as positive control for
biosensors. It produces short chain
AHLs to activate biosensor C.

violaceum CV026.

(McGowan et al., 1995)

Pectobacterium

carotovorum PNP22

Acts as negative control for
biosensors. It does not produce
AHL molecules to activate

biosensor C. violaceum CV026.

(McGowan et al., 1995)

Escherichia coli
[pSB401]

Short chain AHL biosensor, LuxR
receptor cognate AHL=3-0x0-C6-
HSL, TetR.

(Winson et al., 1998)
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Table 3.5, continued

Strain / Biosensor

Genotype / Description

Source / Reference

Escherichia coli
DH5a

Host without presence of plasmid
that yield high quality and
concentration of inserted plasmid.
dlacZAM15 A(lacZYA-argF)U169
recAl endAl hsdR17(rK'mK™)
SUpE44 thi-1 gyrA96 relAl.

Invitrogen, USA

Escherichia coli BL21
(DE3)pLysS

DE3 lysogen expresses T7
polymerase upon IPTG induction.
The pLysS plasmid produces T7
lysozyme to reduce basal level
expression of the gene of interest. F
ompT gal dem lon hsdSg(rs™ mg’)
MDE3 [lacl lacUV5-T7p07 indl
sam7  nin5])  [malB*]k-12(A%)
pLYsS[T7p20 oripisa]; CmR.

Novagen, Germany

Escherichia coli
TOP10

Host without presence of plasmid
that vyield high quality and
concentration of inserted plasmid.
F- mcrA A(mrr-hsdRMS-mcrBC)
d80lacZAM15 AlacX74 recAl
araD139 A(araA-leu)7697 galU
galK rpsL (StrR) endAl nupG.

Invitrogen, USA

Escherichia coli TKC

Drug cassette for Recombineering
system. Template for tetracycline,

kanamycin and chloramphenicol.

Court lab

(court@ncifcrf.gov)

AmpR, CmR, KmR, and TetR indicate resistance to ampicillin, chloramphenicol, kanamycin, and tetracycline respectively
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3.2.2 Plasmids

All plasmids used in this study are listed in Table 3.6.

Table 3.6: Plasmids used in this study

His-tag / thrombin / enterokinase
configuration plus an optional C-
terminal His tag sequence; KmR.

The vector map is displayed in

Plasmid Genotype / Description Source / Reference
PGEM®-T Toxin-antitoxin ~ (TA)  cloning Promega, USA
vector, AmpR. The vector map is
displayed in Appendix A.
PGEM®-T -easl PGEM®-T containing 639 bp of easl This study
with Ncol-BamHI sites; AmpR.
pET-28a(+) Circle plasmid carrying N-terminal | Novagen, Germany

The vector map of pSIM7 is shown
in Appendix C.

Appendix B.

pET-28a(+)-easl pET-28a(+) containing 639 bp of This study
easl cloned into Ncol-BamHI sites;
KmR.

pSIM7 Source of A Red recombination Court lab
genes. pBBR1 Gam Exo Bet; CmR. | (court@ncifcrf.gov)

PMULTIAHLPROM

pMP220-derived Broad-host-range
plasmid containing 8-luxl type
promoters (luxl, cvil, ahll, rhll,
cepl, phzl, tral and ppul) fused to a
promoterless lacZ gene, TetR. The
vector map of pPMULTIAHLPROM
is shown in Appendix D.

(Steindler, Devescovi,

Subramoni, &
Venturi, 2008)
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Table 3.6, continued

pPLNBAD cloned with 693 bp of

easR: TetR and CmR.

Plasmid Genotype / Description Source / Reference

pLNBAD Multiple cloning site; contains (Lemonnier et al.,
PBAD promoter, CmR. The vector 2003)
map of pLNBAD is shown in
Appendix E.

pLNBAD-easR PLNBAD containing 693 bp of easR This study
with Ndel-Bglll sites; CmR.

pMBAD-easR PMULTIAHLPROM containing This study

AmpR, CmR, KmR, and TetR indicate resistance to ampicillin, chloramphenicol, kanamycin, and tetracycline respectively

3.2.3 Culturing Conditions

The growth of E. asburiae and E. coli were carried out at 37°C in LB media for 18 to 20

h while C. violaceum and P. carotovorum were cultured in LB media at 28°C. Incubation

in broth was done with shaking at 220 rpm unless indicated.
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3.3 Methods

3.3.1 Sample Collection and Processing

Six different type of salad vegetables sample (Lettuces, bitter gourds, cabbages, long
beans, tomatoes, and chili) were purchased from a local market at Sri Petaling, Malaysia
(GPS coordinate: 03°03.81198', 101°41.66502") in a pre-sterilized container. The samples
were process within half an hour of sample collection. After the vegetables surface were
washed using sterile distilled water, approximately 20 g of each sample was homogenized
with Stomacher® 400 circulator (Seward, UK) with 230 rpm agitation for 10 min. Briefly,
10 g of the homogenized sample were placed in 100 mL of Brain Heart Infusion broth

(BHIB) (Merck, Germany) to incubate overnight at 37°C agitated at 200 rpm.

3.3.2 Isolation of Bacterial Strains

A 10 pL tenfold serial dilutions (107, 102, 103, 10 and 107) of the overnight culture
were plated on MacConkey agar (Merck, Germany). The pure culture is routinely
maintained on LB agar (Merck, USA) at 37°C or incubated overnight at 37°C agitated at
220 rpm in LB broth. Isolation procedure was proceeded by selection of single bacterial
colonies displaying distinctive morphologies. Each of the identified single colonies is

streaked onto LB agar plates until pure cultures were obtained.
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3.3.3 ldentification of Bacterial Strains

3.3.3.1 Gram Staining

Gram staining was performed by viewing the stained samples under Olympus™ IX71
inverted microscope (Olympus, Japan), at 100 x magnification and the micrographs were
captured using Olympus Cell*D imaging system. Briefly, a drop of the suspended
bacteria culture was smeared and heat-fixed on a glass slide. The fixed culture sample
was stained with crystal violet. After 1 min, excess crystal violet was washed away under
the running tap water for 30 s. Following this, iodine solution was added onto the smear
and let stand for 1 min before proceeded to rinse off with running tap water. Few drops
of decolourizer were added and rinsed off with running tap water after 5 s. Lastly, the

sample was counterstained with safranin.

3.3.3.2 MALDI-TOF-MS

Bacterial isolates of interest were identified using MALDI-TOF-MS (Bruker, Germany)
(Seng, Drancourt, Gouriet, La Scola, Fournier, Rolain, & Raoult, 2009) extraction method
with UV laser wavelength of 337 nm and acceleration voltage of 20 kV. Each spot on the
target plate was then measured by the MBT-autoX.axe autoExecute method. The bacterial
spectra were analysed in the Bruker MALDI Biotyper Real Time Classification (RTC)
Version 3.1 (Build 65) software. The dendrogram was generated with standard MALDI

Biotyper MSP creation method.
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3.3.4 Whole Genome Sequencing (WGS) of Bacterial Isolates

3.3.4.1 Genomic DNA Extraction

Bacterial isolates were inoculated into LB broth and incubated overnight in a shaking
incubator at 220 rpm. The bacteria cells were harvested by centrifugation at 10, 000 x ¢
for 10 min. Bacterial genomic DNA was extracted using Masterpure™ DNA purification
kit (Illumina, USA) per the manufacturer’s instructions. The quality of the extracted DNA
was performed with Nanodrop spectrophotometer (Thermo Scientific, USA) and agarose
gel electrophoresis while DNA quantification was carried out with Qubit® 2.0

Fluorometer (dsDNA High Sensitivity Assay Kit) (Invitrogen, USA).

3.3.4.2 WGS of Bacterial Isolates

The genomic DNA of bacterial isolates was extracted as stated in Section 3.3.4.1. The
extracted DNA was subjected to library preparation with commercial kit. The quality was
examined using 2100 Bioanalyzer (Agilent Technologies, USA). The WGS was
performed with HiSeq 2000 next generation DNA platform (Illumina, USA). Raw reads
from the sequencing were processed using commercial software and freeware. The
sequences were trimmed with the limit of 0.001 (Q30). The trimmed sequences were

assembled to contigs with lengths of at least 500 bp.
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3.3.5 AHLs Detection of Bacterial Isolates

3.3.5.1 C. violaceum CV026 Cross Streak

Preliminary screening for AHLs production among the isolates involved the cross
streaking with biosensor C. violaceum CV026 to detect the presence of exogenous short
chain AHLs ranging from four to eight carbons. Pectobacterium carotovorum GS101 and
P. carotovorum PNP22 was used as positive control and negative controls, respectively
(McClean et al., 1997). Observation of purple pigments production in CV026 after 18 to

24 h incubation indicate the secretion of short chain AHLs from the isolate.

3.3.5.2 AHLs Extraction

Bacterial isolate that showed positive result for AHLs production was incubated
overnight for 18 h in 100 mL buffered LB medium with 50 mM 3-[N-morpholino]
propanesulfonic acid (MOPS) to pH5.5 to prevent spontaneous degradation of AHLs
(Yates et al., 2002) at 37°C with shaking at 220 rpm. The spent culture supernatant was
then extracted thrice with an equal volume of acidified ethyl acetate (0.1% v/v glacial
acetic acid in ethyl acetate). The extract was dried and stored at -20°C prior to LC-MS/MS

analysis.

3.3.5.3 Measurement of Bioluminescence

Cell density bioluminescence measurements were done using an Infinite M200
luminometer-spectrophotometer (Tecan, Switzerland). Aliquots of 200 uL of diluted
(1:100) E. coli [pSB401] overnight culture in LB supplemented with tetracycline (20
pg/mL) was added with 1 pL of extracted AHL to every well of a 96-well optical bottom
microtiter plate (Wong et al., 2012; Yin et al., 2012). Acetonitrile and synthetic 3-oxo-
C6-HSL (250 pg/uL) were used as the negative and positive standards, respectively.
Results were indicated as Relative Light Units (RLU)/OD495 nm against incubation time.
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3.3.5.4 AHLSs Identification by Triple Quadrupole LC-MS/MS

Extracted AHL was reconstituted in acetonitrile followed by LC-MS/MS analysis using
an Agilent 1290 Infinity LC system (Agilent Technologies, USA) equipped with an
Agilent ZORBAX Rapid Resolution High Definition SB-C18 Threaded Column (2.1 mm
x 50 mm, 1.8 um particle size). The flow rate and the temperature were set at 0.3 mL/min
and 37°C, respectively. Injection volume was 2 uL. Both mobile phases A and B were
0.1% v/v formic acid in water and 0.1% v/v formic acid in acetonitrile, respectively. The
gradient profile was set at A:B 80:20 at 0 min, 50:50 at 7 min, 20:80 at 12 min, and 80:20
at 14 min. Subsequent MS detection of separated compounds was performed on the
Agilent 6490 Triple Quadrupole LC-MS/MS system. Precursor ion-scanning analysis
were performed in positive ion mode with Q3 set to monitor for m/z 102 and Q1 set to
scan a mass range of m/z 80 to m/z 400. Molecular mass of m/z 102 refers to the presence
of lactone ring, thus indicating presence of AHLs. The MS parameters were as follows:
probe capillary voltage set at 3 kV, sheath gas at 11 mL/h, nebulizer pressure of 20 psi
and desolvation temperature at 200°C. Nitrogen gas was used as the collision gas in the
collisionally-induced dissociation mode for the MS/MS analysis and the collision energy
was set at 10 eV. The Agilent MassHunter software was used for the MS data analysis to
confirm the presence of AHLs. Analysis was based on the retention index and the

comparison of the electron ionization mass spectra with AHL standards.
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3.3.6 Bacterial Characterization of QS Bacteria

3.3.6.1 API 20E Test
Biochemical assay of E. asburiae L1 was performed using APl 20E according to the
manufacturer’s instruction. Type strain E. asburiae ATCC 35953 was included as

comparison.

3.3.6.2 IMVIiC Test

IMVIC test was performed by inoculating three different sets of test tubes with tryptone
broth (indole test), methyl red-voges proskauer broth (MR-VP broth), and citrate agar.
The tests were performed and the results were interpreted based on manufacturer’s

protocol.

For indole test, formation of a pink to red colour (“cherry-red ring”) in the reagent
layer on top of the medium within seconds after addition of appropriate reagent indicate

positive reaction. No change in colour indicates negative reaction.

For MR-VP tests, positive MR test is indicated by the development of red colour
after the addition of methyl red reagent while a negative reaction is indicated by no change
in colour. On the other hand, a positive VP test is indicated by the development of red-
brown colour after the addition of Barritt’s A and Barritt’s B reagents while negative test

is indicated by lack of colour change.

A citrate positive reaction is indicated by visible growth on the slant surface and the
medium will show an intense Prussian blue. In contrast, when organisms show negative
citrate reaction, there will be no visible growth on the citrate agar slant surface. In
addition, no colour change will occur, so the medium will remain deep forest green

colour.
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3.3.6.3 Decarboxylation Test

The decarboxylation broth was prepared and aliquoted into individual sterile test tubes.
Then, the decarboxylase broth was inoculated with the test organism and overlaid with a
layer of mineral oil. After 24 h incubation at 37°C, the preliminary results were
determined. The microbe must first use the glucose present to cause the pH to drop. This
was indicated by a change from purple to yellow colour. Once the medium has been
acidified, the decarboxylase enzyme is activated. The culture was incubated for an
additional 24 h at 37°C to allow the microbe to use the enzyme. The final results were
recorded by observing colour changes in the tube at 48 h. Purple colour formation after
48 h indicated positive result. Failure to turn yellow at 24 h or to revert back to purple at

48 h indicates a negative result.

3.3.6.4 Nitrate Reduction Test

To perform this test, nitrate broth was prepared and aliquoted into individual sterile test
tubes. The test was performed by inoculating the broth with a heavy growth of test
organism and incubated at 37°C. After 24 h of incubation, one dropper full of sulphanilic
acid and one dropper full of a a-naphthylamine was added to each broth. Positive result
is indicated by formation of red colour after addition of nitrate | and nitrate Il reagents. If
red colour was not observed at this point, the test was proceeded to the next step by adding
a small amount of zinc powder to the inoculate. If instead, the tube turns red after the
addition of zinc powder, this indicated a negative result. In contrast, if the tube is
colourless after the addition of zinc powder, this indicated a positive reaction. If there is
no colour change in the tube after the addition of nitrate | and nitrate Il, the result is

uncertain.
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3.3.6.5 Carbohydrate Fermentation Test

Phenol red broth (Proteose peptone 10 g, beef extract 1 g, sodium chloride 5 g
carbohydrate 5 g, and phenol red 0.018 g) was prepared and aliquoted into sterile
individual test tubes. The phenol red broth was inoculated with the test organism and
incubated at 37°C for 24 h. When fermentation occurs, acidic by-products will form. By

this, the solution will turn from red to yellow colour which indicated positive reaction.

3.3.6.6 Tabletop Scanning Electron Microscopy (SEM)

SEM observation of QS bacterial was conducted on a TM3000 Analytical Tabletop
Microscope (Hitachi, Brisbane, CA, USA). The bacterial pellets were fixed in 2.5%
glutaraldehyde for at least 2 h before proceeding with two 0.1 M phosphate buffer washes.
The fixed cells were then subjected to post fixation with 1% (v/v) osmium tetroxide for
at least an hour. After two post-fixation washes, a graded series of ethanol dehydration
steps (50%, 75%, 95%, 100%, 100% v/v ethanol, 10 min each) was performed before
immersed the cells in Hexamethyldisilazane (HMDS) (Ted Pella, Redding, CA, USA) for
another 10 min. The SEM preparation was completed by decanting the HMDS from the
tube and letting the cells air-dry in a desiccator at room temperature. Prior to examination,
the dried cells were mounted onto a SEM specimen aluminium stub with a double-sided
sticky tape and subjected to gold coating in a SC7620 mini sputter coater (Quorum

Technologies, UK).
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3.3.6.7 Phenotypic Characterization (GENIII MicroPlate)

E. asburiae L1 was plated on Trypticase Soy Agar (TSA) and incubated overnight at
37°C. Cells were swabbed from the overnight culture and suspended in Biolog
inoculating fluid, IF-A to the turbidity of 95% according to the manufacturer’s
instructions. Cell suspensions were inoculated into each well of the GENIII MicroPlates
and incubated for 24 h at 37°C. Results were interpreted with Biolog microplate reader

coupled with Biolog’s Microbial Identification System software version 3.1.
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3.3.7 Sequencing of QS Bacteria Using PacBio SMRT Sequencer

The PacBio RS Il sequencing technology was applied in this study to obtain the complete
genome of the QS bacteria. Genomic DNA was extracted as stated in Section 3.3.4.1. The
quality of the extracted DNA was performed with Nanodrop spectrophotometer (Thermo
Scientific, USA) and agarose gel electrophoresis while DNA quantification was carried
out with Qubit® 2.0 Fluorometer (dsDNA Broad Range Assay Kit) (Invitrogen, USA).
The 10 kb DNA sequencing template of E. asburiae L1 was obtained from sheared
genomic DNA using the Pacific Bioscience 10 kb SMRTbell library template preparation
kit per the manufacturer’s instructions (Pacific Biosciences, USA). The quality sizing
analysis of DNA library was validated by Bioanalyzer 2100 high sensitivity DNA Kit
(Agilent Technologies, USA) prior to sequencing. SMRTbell libraries were bound to
polymerases using the DNA/Polymerase binding kit P4. Binding calculator version
2.0.1.2 (Pacific Biosciences, USA) was used to calculate the concentration of
polymerase-template complex for binding and annealing reaction. These complexes were
bound to magbeads using the MagBead Kit (Pacific Biosciences, USA) and the prepared
library was sequenced on four SMRT cells (SMRT cells 8Pac version 3; Pacific
Biosciences). PacBio RS 11 sequencing technology (Pacific Biosciences) was used as the

sequencing platform.
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3.3.8 Whole Genome Optical Mapping of QS Bacteria

Whole genome map of E. asburiae L1 was generated from the single DNA molecule with
the automated Argus system (OpGen Inc., USA). DNA extraction was performed based
on the manufacturer’s instructions. Purified DNA was then diluted to the appropriate
concentration by performing a quality check using QCard (OpGen Inc., USA). The DNA
molecules were filled through all the channels of the channel-forming device (CFD) on
MapCards 1l (OpGen Inc., USA) through capillary action. The four reagent reservoirs
were pipetted into their individual load ports according to the labelled with the
corresponding reagent on the left side of the MapCard Il. Digestion was performed with
AfIII for 30 min while all the four reagents were dispensed and aspirated from the reaction
chamber at appropriate times, volumes, and flow rates in the MapCard Processor. Upon
completion, the MapCard Il was placed in whole genome mapper to perform whole

genome optical mapping.
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3.3.9 Bioinformatics Analysis

3.3.9.1 Gene Prediction and Annotation

Raw data obtained from HiSeq 2000 was trimmed to Qscore of 30 and assembled with
Genomics Workbench version 6.5 (CLC bio, Denmark). Sequences less than 50 bp were
discarded. Minimum contig length was set at 500 bp. On the other hand, raw data obtained
from PacBio for QS bacteria, was assembled with Hierarchical Genome Assembly

Process (HGAP).

RNAmmer was applied to identify the strains. Genes were predicted using Prodigal
2.60 while gene annotation was performed using SEED-based automated annotation
system provided by the Rapid Annotations using Subsystems Technology (RAST) server
version 4.0 (Aziz et al., 2008). Circularization of the QS bacterial genome was done using
Gepard version 1.3 (Institute of Computational Biology) (Krumsiek, Arnold, & Rattei,

2007).

3.3.9.2 Comparative Genome Analysis of QS Bacteria

Sequence-based comparative analysis of E. asburiae L1 with other closely related E.
asburiae strains was performed with RAST. The genome of E. asburiae L1 was used as
the reference and was compared with the genome of strains ATCC 35953 (CP011863.1),
PDN3 (JUGHO00000000.1), GNO02073 (LDCE01000001.1), GNO02127
(LDCH00000000.1), and 33838 (LAAP00000000.1), which were obtained from NCBI
database. In addition, comparative analysis of E. asburiae L1 genome with the closest
related strains, ATCC 35953 and PDN3 were performed using Mauve software 2.3.1
(Darling, Mau, Blattner, & Perna, 2004), an online Java-based tool for ordering contigs

and inspecting assembly statistic.
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3.3.9.3 Nucleotide Sequence Analysis of QS Bacteria

The amino acid sequence of Easl was compared with the GenBank E. asburiae database
(http://www.ncbi.nlm.nih.gov). The amino acid sequences of fourteen different strains of
E. asburiae which possess Luxl homologues were selected from the protein database.
Redundant sequences or bacterial strains with ambiguities were omitted. Multiple
sequence alignments of the amino acid sequences were performed using Clustal OMEGA
tool with its default parameter settings. A phylogenetic tree of the easl gene was then
constructed using Molecular Evolutionary Genetic Analysis (MEGA) version 6.0
(Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) The Neighbour-joining algorithm
was used with bootstrap value of 1000, expressed as the percentage of 1000 replicates.
Meanwhile, searches for open reading frame (ORF) and prediction of nucleotide
translational products were performed using the ORF Finder tool while the fundamental

properties of the proteins were predicted using by EXPASYy.

56



3.3.10 Cloning

3.3.10.1 Preparation of Chemically-Induced Competent Cells

Pure colony of the bacterial culture (i.e. E. asburiae L1, E. coli DH5a, E. coli TOP10 and
E. coli BL21 (DE3)pLysS) was inoculated into 10 mL sterile LB broth supplemented with
appropriate antibiotics when necessary and incubated overnight at 37°C in a shaking
incubator at 250 rpm. A 1 mL aliquot of the overnight culture was inoculated into 50 mL
sterile LB broth in a conical flask. The culture was allowed to grow at 37°C with shaking
at 250 rpm until ODego ~0.3-0.4. The cells were then placed on ice before harvested in a
4°C refrigerated centrifuge at 8, 000 rpm for 10 min. The supernatant was discarded and
the cell pellet was gently resuspended in 25 mL of pre-chilled 0.1 M CaCl,. The
resuspended cells were kept on ice for 30 min before subjected to harvest by
centrifugation at 8, 000 rpm and at 4°C for 10 min. The resulting cell pellet was then
resuspended in 4 mL of pre-chilled CaCl> solution (68 mM CaCl. containing 15%
glycerol) using chilled tips. The resuspended competent cells were then aliquoted into

pre-chilled microfuge tubes (200 pL per tube) and were stored at -80°C until further use.

3.3.10.2 Preparation of Electrocompetent Cells

A 500 uL of a fresh overnight culture was inoculated into 50 mL of sterile LB broth in a
conical flask. The cells were incubated at 37°C with shaking at 250 rpm to an ODeggo ~0.5-
0.7. The cells were then incubated on ice for 20 min. For all subsequent steps, the cells
were kept as close to 0°C as possible and all tubes and tips were pre-chilled before use.
The chilled cells were transferred to a sterile, cold 50 mL falcon tube and centrifuged at
4, 000 x g for 15 min at 4°C. The supernatant was carefully discarded. Following that,
the pellet was gently resuspended in 50 mL of pre-chilled 10% (v/v) glycerol before
subjected to centrifuge at 4, 000 x g for 15 min at 4°C again. The supernatant was
discarded and the pellet was resuspended in 25 mL of ice-cold 10% (v/v) glycerol. The
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centrifugation step was repeated and the pellet was resuspended in 2 mL of pre-chilled
10% (v/v) glycerol. Finally, the cell pellet was resuspended in a final volume of 200 pL
of ice-cold 10% (v/v) glycerol after centrifugation step. The resuspended
electrocompetent cells were then aliquoted into pre-chilled microfuge tubes (20 pL per

tube) and were stored at -80°C until further use.

3.3.10.3 Construction of Recombinant Easl Expression Plasmids

Plasmid DNA for use in sub-cloning was isolated using QlAprep Spin Miniprep Kit
(Qiagen, Germany) as recommended by the manufacturer. The genomic DNA of E.
asburiae L1 was used to amplify the easl gene using the following primers: Forward
primer, Ll-easl-F (5° CCATGGCGATGAATTCTGTTATTGAGT 3’) and reverse
primer, L1-easl-R (5° GGATCCTAAGTGGCGTAAATGCTCC 3’). For the forward
primer, a Ncol restriction site (underlined) and two non-specific bases CG were added to
accommodate the frameshift of the recombinant gene sequence; for the reverse primer, a
BamHI restriction site (underlined) was added. PCR was performed using Q5® High-
Fidelity DNA polymerase (NEB, USA) as stated in Section 3.1.9. The thermocycler was
programmed for an initial denaturation step at 98°C for 30 s, followed by 27 cycles at
98°C for 10 s, annealing at 55.5°C for 30 s, extension at 72°C for 30 s, a final extension
at 72°C for 2 min and a hold temperature at 4°C at the end. Sterile deionized water was
used as the negative control. The resultant recombinant plasmid (designated pGEM®-T-
easl) was chemically transformed into E. coli DHS5a (Sambrook & Russel, 2001). Blue-
white colony screening and colony PCR were performed to allow identification and
confirmation of the recombinants. The easl gene was excised from the plasmid by
digestion with FastDigest Ncol and BamHI (Thermo Scientific, USA), followed by gel
purification for subsequent ligation with overexpression vector, pET-28a(+) (Novagen,

Germany), digested with the same enzymes. This resulting recombinant plasmid was
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designated pET-28a(+)-easl. Sequence verification of the recombinant plasmid was

performed by automated Sanger DNA sequencing.

3.3.10.4 Construction of Recombinant EasR Plasmids

The genomic DNA of E. asburiae L1 was used to amplify the easR gene using the
following primers: Forward primer, L1-easR-F (5 GCAACATATGGAACAGGAGGC
AAGCAACTC 3’) and reverse primer, LL1-easR-R (5° CAGAGATCTTCAGTCGTC
CAGTAATCGTAG 3’). For the forward primer, a Ndel restriction site (underlined) was
added while for the reverse primer, a Bglll restriction site (underlined) was added. To
accommodate the frameshift of the recombinant gene sequence, four non-specific bases
GCAA were added to the forward primer while three non-specific bases CAG were added
to the reverse primer. PCR was performed using Q5® High-Fidelity DNA polymerase
(NEB, USA) following the condition stated in section 3.3.10.3. The annealing
temperature was set at 57°C. The resultant recombinant plasmid (designated pGEM®-T-
easR) was chemically transformed into E. coli DH5a (Sambrook & Russel, 2001). Blue-
white colony screening and colony PCR were performed to allow identification and
confirmation of the recombinants. The easR gene was excised from the plasmid by
digestion with FastDigest Ndel and Bglll (Thermo Scientific, USA), followed by gel
purification for subsequent ligation with pLNBAD, digested with the same enzymes. This
resulting recombinant plasmid was designated pLNBAD-easR. Sequence verification of
the recombinant plasmid was performed by automated Sanger DNA sequencing. The
resulting constructed recombinant plasmids were chemically transformed into E. coli
TOP10 that contain pMULTIAHLPROM vector (designated pMBAD-easR) and

subjected to B-galactosidase assay to study the promoter activities.
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3.3.10.5 Heterologous Expression of Easl Protein in E. coli

The E. coli BL21 (DE3)pLysS (Sambrook & Russel, 2001) which was transformed with
pET-28a(+)-easl, was cultured in LB medium supplemented with 30 pg/mL kanamycin
and 34 pug/mL chloramphenicol at 37°C. Following this, 1 mL of an overnight culture of
the desired clone was inoculated into 50 mL of LB medium supplemented with the same
antibiotics and cells were grown in the same condition until it reached ODgoo of ~0.4-0.5
before IPTG was added at a final concentration of 1.0 mM to induce the expression of the
easl gene in E. coli. After addition of IPTG, the cells were incubated at 25°C, agitated at
250 rpm for another 8 h before harvested by centrifugation at 10, 000 rpm. E. coli
harbouring pET-28a(+) alone was used as the negative control. The cells harvested were
lysed by BugBuster® Protein Extraction Reagent (Novagen, Germany) with the addition
of protease inhibitor cocktail (Thermo Scientific, Pittsburgh, PA, USA). The
concentration of the solubilized protein was determined using Quick Start™ Bradford

Protein Assay (Bio-Rad, USA).

3.3.10.6 Purification of Easl Protein and Sodium Dodecyl Sulphate Polyacrylamide
Gel Electrophoresis (SDS-PAGE) Analysis

The recombinant proteins were purified from cell lysate using Ni-NTA Fast Start Kit
(Qiagen, Germany) per manufacturer’s instructions. The samples were incubated for 3
min at 95°C before subjected to 12% Tris-Glycine polyacrylamide gel electrophoresis
(Thermo Scientific, USA) using 1x Tris-Glycine-SDS buffer (Thermo Scientific, USA)
at 125 V for 15 min followed by 150 V for 60 min. To visualize the protein bands, the
gels were stained with Coomassie brilliant blue R250 (CBB; Bio-Rad, USA) for 5 min,
followed by destaining step with destaining solution (10% glacial acetic acid; 40%

methanol; 50% distilled water) for three times, each 10 min long.
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3.3.10.7 AHL Detection, Extraction and Identification

C. violaceum CV026 was used as the AHL biosensor to detect the presence of exogenous
short chain AHLs ranging from four to eight carbons. The induced E. coli BL21
(DE3)pLysS harbouring pET-28a(+)-easl was screened using cross streaking with
CV026. P. carotovorum GS101 was used as the positive control while P. carotovorum
PNP22 and E. coli harbouring pET-28a(+) alone as the negative controls. AHL extraction
of bacterial culture supernatants was performed according to a previously reported
method with minor modifications (Lau, Sulaiman, Chen, Yin, & Chan, 2013). The
bacterial culture was grown in buffered LB medium, pH 6.5, with MOPS (50 mM, pH
6.5) at 37°C. MOPS was used to prevent degradation of AHLs (Yates et al., 2002). After
induction with IPTG for 8 h as described earlier, the spent culture supernatant was then
extracted thrice with an equal volume of acidified (0.1% v/v acetate acid) ethyl acetate
(Merck, Germany). Extracted AHL was reconstituted in acetonitrile followed by LC-
MS/MS analysis using an Agilent 1290 Infinity LC system (Agilent Technologies, Santa
Clara, CA, USA) equipped with an Agilent ZORBAX Rapid Resolution High Definition
SB-C18 Threaded Column (2.1 mm x 50 mm, 1.8 um particle size) according to the
previously reported method (Lau, Sulaiman, Chen, Yin, & Chan, 2013). Acetonitrile and
AHL extract from the culture supernatant of E. coli harbouring pET-28a(+) alone were

used as the blank and negative control, respectively.
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3.3.10.8 Determination of easR-regulated Promoter Activities Using B-galactosidase
Assay

The recombinant E. coli TOP10 clones containing pMULTIAHLPROM fused with
pPLNBAD (designated pMBAD) or pMBAD-easR recombinant plasmids were cultured in
10 mL LB broth supplemented with 10 pg/mL tetracycline and 20 pg/mL
chloramphenicol at 30°C with agitation at 250 rpm. An aliquot of the overnight bacterial
cultures was inoculated into 10 mL of sterile fresh LB broth supplemented with
appropriate antibiotics with starting ODesoo ~0.02. When indicated, AHLs was added to
clones pMBAD or pMBAD-easR at a final concentration of 100 uM. Two sets of cultures
were prepared for each sample, whereby one set was induced by adding 1.0 mM of L-
arabinose and another set was grown without addition of any inducer. All cultures were
allowed to grow under the same conditions until mid-log phase (ODeoo ~0.4-0.6) where
they were then placed on ice. A 2 mL aliquot of the bacterial culture was harvested by
centrifugation at 3, 500 x g for 10 min and the resulting cell pellet was resuspended in 2
mL chilled Z buffer. The ODeow of the resuspended cells was measured
spectrophotometrically with Z buffer as a blank. To permeabilize the cells, 1 mL cells in
Z buffer was transferred into a 2 mL microfuge tube into which 100 pL chloroform and
50 puL 0.1% (w/v) SDS were added. The mixture was then vortexed and equilibrated for
5 min in a 28°C heat block. The B-galactosidase assay is initiated by the addition of 0.2
mL 0-NPG (4 mg/mL) as the substrate into the lysate. The tubes were vortexed before
incubation in the 28°C heat block and the colour changes was observed. After sufficient
yellow colour (as the colour of LB broth) had developed, the reaction was stopped by the
addition of 0.5 mL 1.0 M Na,COsz and mixed by vortexing. The addition of Na.COs will
raise the pH of the solution to 11 and thus stop the enzymatic reaction. The time taken
from the addition of 0-NPG to the stopping of the reaction with Na,CO3 was precisely

recorded. The mixture was centrifuged at maximum speed for 5 min to remove cellular
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debris and chloroform. The OD at 420 nm and at 550 nm for each tube was recorded
(blanked against the same mixture but without cells). The units of enzyme activity,

expressed as Miller units, were calculated using the following equation (Miller, 1972):

Miller Units = 1000 x [(ODazo - 1.75 x ODss0)] / (T x V % ODeoo)

where:

ODa20 and ODsso were read from the reaction mixture
ODeoo reflected cell density in the washed cell suspension
T = time of the reaction, in min

V = volume of culture used in the assay, in mL
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3.3.11 Construction of E. asburiae L1-Aeasl::Kan Mutant

Linear DNA substrate for recombineering was constructed through PCR amplification by
using the ~70 base hybrid primers. These primers contain 50 bases of homology at the 5’
end and 20 bases at the 3 end that will prime synthesis of the TKC drug cassette. Primers
with the following sequences were used: L1-easl KFR-F (5 AAACTTGGAACAGAAC

TACGATTACTGGACGACTGAGCCTCAGCCACTGGIATGGACAGCAAGCGAA

CCG 3’) and L1-easl_KFR-R: (5> TAAAAGACAGGGGATAATAGTTTCAGGTGTT

ATTATCAGGAATAAGAGCAICAGAAGAACTCGTCAAGAAG  3’°).  Primers

belong to the drug cassette (Km®) was underlined. Meantime, the A Red recombination
genes from pSIM 7 plasmid was introduced into E. asburiae L1 genome and sequence
verification of the recombinant plasmid was performed by automated Sanger DNA
sequencing. The A recombination genes was then induced at 42°C for recombination
functions. Following this, the linear substrates constructed was transformed into the
recombineering-ready E. asburiae L1 cells. Finally, the recombinant clones were selected
and screened by amplified the two junctions to confirm the knockout mutations. Primers
with the following sequences were used: Screen KFR_F (5 CACTGAGTTTCACGAG
GACT 3’) and Screen KFR R (5 TGAACGCACCGTTAAATTCC 3°). The sequence
was verified by automated Sanger DNA sequencing. Figure 3.1 illustrates the schematic

diagram of the construction of E. asburiae L1-Aeasl::Kan mutant using recombineering.
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Figure 3.1: Schematic diagram of the construction of E. asburiae L1-Aeasl::Kan
mutant using recombineering. (A) The drug-resistant cassette available from E. coli
TKC is amplified by PCR using two, ~70 base hybrid primers. The 5’ end of the primer
has homology to the desired target (50 base) and the 3’ end of the primer (~20 base) has
sequence to prime the E. coli TKC kanamycin resistance gene (TKC_KmR); (B) The
linear TKC_Km® cassette amplified by PCR is transformed into E. ashuriae L1
recombination-competent cells and Red-mediated recombination occurs; (C) The final
recombinant will be a gene swap between E. asburiae L1 easl (639 bp) and TKC_KmR
(950 bp), yielding E. asburiae L1-Aeasl::Kan mutant.

65



3.3.12 Transcriptomic Studies

3.3.12.1 RNA Extraction

E. asburiae L1 wildtype and mutant cells were grown in LB broth at 37°C. The total RNA
was stabilized immediately using Qiagen RNAprotect bacterial reagent (Qiagen, USA)
when the OD reached 2.0. Total bacterial RNA was purified using Macherey-Nagel
NucleoSpin RNA isolation kit (Macherey-Nagel GmbH & Co. KG, Germany) according
to the manufacturer’s instructions. Precipitated RNA samples were resuspended in sterile
RNase-free water. Total RNA from three biological replicates was prepared from
independent cultures to evaluate the reproducibility of RNA-seq data. Purity of RNA
samples was assessed using Nanodrop spectrophotometer (Thermo Scientific, USA)
while RNA quantification was carried out with Qubit® RNA HS Assay Kit (Invitrogen,
USA). The quality of the extracted RNA samples was performed with Agilent RNA 6000

Nano Kit (Agilent Technologies, USA) using 2100 Bioanalyzer.

3.3.12.2 cDNA Synthesis, cDNA Library Preparation and RNA-seq Sequencing

RNA samples with RNA Integrity Number (RIN) of value >7.0 were chosen to proceed
to rRNA depeletion using Ribo-Zero™ rRNA Removal Kits (Bacteria) (Epicentre, USA)
prior to cDNA synthesis. The quality of the rRNA-depleted RNA was assessed with
Agilent RNA6000 Pico Chip (Agilent Technologies, USA) using 2100 Bioanalyzer.
Library preparation was performed according to the manufacturer’s protocol using the
Illumina ScriptSeq™ v2 RNA-Seq Library Preparation Kit (Epicentre, USA). Quality of
the RNA-seq transcriptome library was examined by using Agilent 2100 High Sensitivity
DNA Kit. Quantification of the library was performed using Qubit® dsDNA HS Assay
Kit (Life Technologies, USA) and qPCR (KAPA Biosystems) before subjecting to
normalization. The normalised samples (4.0 nM) were denatured with 0.2 N NaOH and
diluted 20.0 pM using pre-chilled Hybridisation Buffer (HT1) (Illumina, USA). The 20
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pM transcriptome libraries were further diluted to 10 pM with pre-chilled HT1 buffer

prior to whole transcriptome sequencing on MiSeq platform.

3.3.12.3 Validation of RNA-seq Results Using gPCR

To quantify and validate the level of E. asburiae L1 gene expression that were altered
after the easl gene was knocked-out, few genes from the upregulated and downregulated
gene list obtained from RNA-seq results were selected randomly. The primers for the
selected genes were designed using Primer 3 version 0.4.0 (http://bioinfo.ut.ee/primer3-
0.4.0/), with the following criteria: product size ranges: 150-300; minimum primer size:
18; maximum primer size: 22; minimum temperature: 60°C maximum temperature: 63°C;
maximum temperature difference: 3°C; minimum primer GC%: 40; and maximum primer

GC%: 60.

The RNA of E. asburiae L1 wildtype and mutant cells were re-extracted to
determine the reproducibility of the data. One microgram of total RNA from each sample
was used to synthesize the first strand cDNA using the QuantiTect Reverse Transcription
Kit (Qiagen, Germany) according to the manufacturer’s protocol. The qPCR was carried
out in a CFX96 Touch™ Real-Time PCR Detection System using Kapa SYBR Fast gPCR
Master Mix (Kapa Biosystems, USA) according to the manufacturer’s instructions, under
the thermal cycle conditions of an initial denaturation at 95°C for 3 min, followed by 35
cycles of 95°C for 3 s, and annealing at 58°C for 30 s. Each sample was performed in

biological triplicates with three technical replicates each.

The expression level of genes was calculated by the delta-delta-Cq method using the
Bio-Rad CFX Manager version 3.1. Reference genes with expression stability value (M)
of less than 0.7 were selected as reference genes for normalization. The selected reference

genes were recG, gapA and pyrG. The downregulated genes that were selected are bsmA,
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IsrD and IsrB while the upregulated ompD, sdaB genes and 26 kDa periplasmic

immunogenic protein precursor were selected.

3.3.12.4 Biofilm Formation and Quantification

E. asburiae L1 wildtype and mutant cells were grown overnight in LB medium at 37°C
with agitation. After growth, the culture was diluted with LB medium and adjusted to
ODeoo of 0.1. E. asburiae L1 wildtype and mutant cells were incubated statically for 72 h
at 37°C. Pseudomonas aeruginosa PAO1 was used as a positive control. After incubation,
planktonic bacteria were discarded, and the biofilms were washed thrice with sterile
distilled water and let to air-dry. Crystal violet of 1% (w/v) was then added to each well
(1 mL/well), and the plates were incubated at room temperature. After 45 min of staining,
the excess crystal violet was discarded, and stained biofilms were washed thrice with 1
mL sterile distilled water. In order to solubilize the crystal violet, 1 mL of 95% (v/v)
ethanol was added to the stained biofilms and 200 L of resulting solution was transferred
to a new microtiter plate. The absorbance of the solution was read at 590nm. All
experiments were performed in triplicates. The statistical significance of each test (n = 3)
was evaluated by conducting unpaired t tests and using the GraphPad Prism software; a

P value of <0.01 was considered significant.
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3.3.13 Phenotypic Analysis--Biolog Omnilog® PM Assay

The PM assay were performed using Biolog OmniLog® automated incubator (Hayward,
California) based on the PM procedures for E. coli and other GN bacteria. In this assay,
total of twenty 96-well PM panels that contained different nutrients, chemicals, or
inhibitory substances were performed. As described by Bochner, PM plates 1 and 2 utilize
carbon source; PM 3, nitrogen source; PM 4, phosphorus and sulphur sources; PM 5,
biosynthetic pathway/nutrient stimulation; PM 6-8, peptides and nitrogen sources; PM
plates 9 to 10 test for osmotic/ion response and pH effects while PM plates 11 to 20 utilize
bacterial chemical sensitivity assays, including antimicrobial agents. To perform this
assay, E. asburiae L1 wildtype and mutant strains were first plated on TSA and incubated
overnight at 37°C. Cells were swabbed from the overnight culture and suspended in
appropriate Biolog medium containing Dye Mix A to the turbidity of 85% according to
the manufacturer’s instructions. IF-0 GN Base was used for PM plates 1 and 2; IF-0 GN
Base plus 5.0 mM sodium pyruvate was used for plates 3 to 8 and IF-10 Base plus 1:200
dilution of an 85% transmittance suspension of cells was used for plates 9 to 20. Each
well of PM plates 1 to 20 was inoculated with 100 uL of the cells suspension accordingly.
After optimizing, plates were incubated in the OmniLog® reader (BioLog Inc., Hayward,
California) at 37°C for 24 h (PM1-2 and PM9-20) or 48 h (PM3-8) with readings taken
every 15 min, converting the pixel density in each well to a signal value reflecting cell
growth and dye conversion. The tetrazolium redox dye is reduced when bacteria respire,
which provides both amplification and quantitation of the phenotype. Data analysis was
performed using Kinetic and Parametric software (BioLog Inc., Hayward, California).
Phenotypes were determined based on the area difference under the kinetic curve of dye
formation between the wildtype and mutant strains and a significant divergent phenotype
was identified when a difference in Omnilog™ units of 5, 000 + 1, 000 or greater between

the two strains was obtained.
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CHAPTER 4: RESULTS

4.1 Isolation of Bacteria

From the inoculated salad vegetables in BHIB, aliquots were serially diluted (102, 1072,
103, 10 and 10°) and spread on the MacConkey agar plates. MacConkey agar is the
selective media for growing Gram-negative bacteria particularly Enterobacteriaceae
while inhibiting any growth of Gram-positive bacteria. From each of the food samples,
Enterobacteriaceae bacterial colonies with different morphologies were selected for
further experiments. A total of twenty Enterobacteriaceae bacterial colonies with different
morphologies were successfully isolated with MacConkey agar. Table 4.1 illustrates a
summary of the appearance and morphology of bacterial colonies obtained from LB agar

plates.

70



4.2 Gram Staining

The pure cultures of the twenty bacterial isolates were stained according to the standard
Gram staining procedure. Microscopic observations based on the shape and size of each
of the bacteria type was done under the light microscope at 1000 x magnification size
(with oil emersion). The gram staining results of the bacterial isolates are shown in Table

4.1.
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Table 4.1: Morphology of bacterial colonies

Sample Name | Gram reaction Colour Size Opacity Surface Form Elevation Margin
Bl Negative Creamy yellow | Medium; 2 mm Opaque Smooth Circular Raised Entire
B2 Negative Pale yellow Medium; 3 mm | Translucent Smooth Circular Flat Undulate
B3 Negative Creamy yellow | Medium; 2 mm Opaque Smooth Circular Raised Entire

CB1 Negative Creamy yellow | Medium; 3 mm Opaque Smooth Circular Raised Entire
CB2 Negative Pale yellow Medium; 3 mm | Translucent Smooth Circular Flat Entire
CH1 Negative Cream Medium; 2 mm | Translucent Smooth Circular Raised Entire
CH2 Negative Cream Medium; 2 mm Opaque Smooth Circular Raised Entire
CH3 Negative Pale yellow Medium; 2 mm | Translucent Smooth Circular Raised Entire
CH4 Negative Cream Medium; 3 mm Opaque Smooth Circular Raised Entire
CH5 Negative Cream Medium; 2 mm Opaque Smooth Circular Raised Entire




€L

Table 4.1, continued

Sample Name | Gram reaction Colour Size Opacity Surface Form Elevation Margin
L1 Negative Pale yellow Medium; 2 mm | Translucent Smooth Circular Raised Entire
L2 Negative Pale yellow Medium; 3 mm | Translucent Smooth Circular Flat Entire
L3 Negative Creamy yellow | Medium; 2 mm | Translucent Smooth Circular Flat Entire
L4 Negative Pale yellow Medium; 2 mm | Translucent Smooth Circular Flat Entire

LB1 Negative Pale yellow Medium; 2 mm | Translucent Smooth Circular Flat Entire
LB2 Negative Pale yellow Medium; 3 mm | Translucent Smooth Circular Flat Entire
LB3 Negative Creamy yellow | Medium; 3mm | Translucent Smooth Circular Flat Entire
LB4 Negative Pale yellow Medium; 2 mm | Translucent Smooth Irregular Flat Undulate
T1 Negative Creamy yellow | Medium; 2 mm Opaque Smooth Circular Raised Entire
T2 Negative Pale yellow Medium; 3 mm | Translucent Smooth Circular Flat Undulate




4.3 IDENTIFICATION OF BACTERIAL ISOLATES

4.3.1 MALDI-TOF-MS

Twenty Enterobacteriaceae bacterial colonies were further identified by MALDI-TOF-
MS. MALDI-TOF-MS enabled most of the bacterial isolates to be identified to genus
level with score value above 2.0. Among the twenty isolates, twelve isolates were able to
be identified up to the species level with score values above 2.3. The meaning of the score
value was summarized in Table 4.2 while Table 4.3 summarized the strain identity of the
bacterial isolates and the score value of each strain from MALDI-TOF-MS. Phylogenetic

trees generated on all of the isolates are shown in Figures 4.1 to 4.6.

Table 4.2: Meaning of score values

Range Description
2.300 - 3.000 Highly probable species identification
2.000 - 2.299 Secure genus identification, probable species identification
1.700 - 1.999 Probable genus identification
0.000 - 1.699 Not reliable identification
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Table 4.3: Identification of bacterial isolates and score value by MALDI-TOF-MS

Sample Name Strain identification Source Score Value
Bl Klebsiella pneumonia B 2.474
B2 Enterobacter cloacae B 2.207
B3 Enterobacter aerogenes B 2.482

CB1 Raoultella ornithinolytica CB 2.703
CB2 Enterobacter cloacae CB 2.311
CH1 Enterobacter cloacae CH 2.490
CH2 Klebsiella oxytoca CH 2.249
CH3 Enterobacter asburiae CH 2.285
CH4 Klebsiella pneumonia CH 2.505
CH5 Klebsiella oxytoca CH 2.434
L1 Enterobacter asburiae L 2.461
L2 Kluyvera cryocrescens L 2.071
L3 Morganella morganii L 2.754
L4 Rahnella aquatilis L 2.008
LB1 Citrobacter freundii LB 2.423
LB2 Morganella morganii LB 2.702
LB3 Enterobacter cloacae LB 2.570
LB4 Salmonella sp. LB 1.834
T1 Enterobacter aerogenes T 2.245
T2 Enterobacter cloacae T 2.508

B, Bitter gout; CB, cabbage; CH, chili pepper; L, lettuce; LB, long bean; T, tomato.
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Figure 4.1: Phylogenetic positions of (a) B1, B2 and B3 isolates, visualized using the standard MALDI Biotyper MSP. The different colours of the
branches represent distinct clusters among the organisms in the database.
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Figure 4.2: Phylogenetic positions of CB1 and CB2 isolates, visualized using the standard MALDI Biotyper MSP. The different colours of the
branches represent distinct clusters among the organisms in the database.
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Figure 4.3: Phylogenetic positions of L1, L2, L3 and L4 isolates, visualized using the standard MALDI Biotyper MSP. The different colours of

the branches represent distinct clusters among the organisms in the database.
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Figure 4.4: Phylogenetic positions of T1 and T2 isolates, visualized using the standard MALDI Biotyper MSP. The different colours of the branches
o represent distinct clusters among the organisms in the database.
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Figure 4.5: Phylogenetic positions of LB1, LB2, LB3 and LB4 isolates, visualized using the standard MALDI Biotyper MSP. The different colours
& of the branches represent distinct clusters among the organisms in the database.
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Figure 4.6: Phylogenetic positions of CH1, CH2, CH3, CH4 and CH5 isolates, visualized using the standard MALDI Biotyper MSP. The different
colours of the branches represent distinct clusters among the organisms in the database.




4.3.2 Nucleotide Sequence Depositions
The whole genome sequence of the isolates that passed the quality control and possessed
less than 200 contigs were deposited in GenBank. The acquired GenBank accession

number for each of the deposited sequence are shown in Table 4.4.

Table 4.4: Assigned GenBank accession numbers for the identified isolates

Sample Name Strain identification GenBank Accession Number
Bl Klebsiella pneumonia JSWX00000000
B2 Enterobacter cloacae JSWY00000000
B3 Enterobacter aerogenes JSWV00000000

CB1 Raoultella ornithinolytica LFBWO00000000
CB2 Enterobacter cloacae LFLGO00000000
CH1 Enterobacter cloacae JSWZ00000000
CH2 Klebsiella oxytoca JSWWO00000000
CH4 Klebsiella pneumonia JSXA00000000
CH5 Klebsiella oxytoca LFUC00000000
L1 Enterobacter asburiae AWX100000000
L2 Kluyvera cryocrescens LGHZ00000000
L3 Morganella morganii JSWu00000000
LB2 Morganella morganii LFLHO00000000
LB3 Enterobacter cloacae LFHB00000000
T1 Enterobacter aerogenes JSWV00000000

82



4.4 AHLs Detection of Bacterial Isolates

4.4.1 Screening for Short Chain AHLSs Production by Biosensor C. violaceum CV026
Preliminary screening for QS activities of the twenty bacterial isolates was performed by
cross streaking with biosensor C. violaceum CV026. Observation of purple pigment, i.e.
violacein on the biosensor streak line would indicate the production of exogenous short
chain AHL molecules from the tested isolates (McClean et al., 1997). P. carotovorum
GS101 which carries carl gene that is responsible for the production of 3-oxo0-C6-HSL
was used as the positive control while the carl defect mutant P. carotovorum PNP22
served as negative control (McGowan et al., 1995). Among the tested isolates, only E.
asburiae L1 was positive for the production of short chain AHLs (Figure 4.7), which
triggered biosensor C. violaceum CV026 violacein production. Cross streak results for
bacterial isolates that showed negative violacein production are shown in Appendix F.

Table 4.5 indicates the results from the C. violaceum CV026 cross streak.

P. carotovorum’

E. asburiae GS101
L1

P. carotovorum
PNP22

Figure 4.7: Preliminary screening for violacein production using C. violaceum
CV026 cross streak. P. carotovorum GS101 and P. carotovorum PNP22 was used as
positive and negative controls, respectively. Observation of purple pigment formation on
the biosensor indicates the production of exogenous short chain AHL molecules by the
E. asburiae L1 isolate.
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Table 4.5: Results from the preliminary screening for AHLs production among the

bacterial isolates using biosensor C. violaceum CV026

Bacterial isolates

Violacein production

K. pneumonia B1 Negative
E. cloacae B2 Negative

E. aerogenes B3 Negative
R. ornithinolytica CB1 Negative
E. cloacae CB2 Negative
E. cloacae CH1 Negative
K. oxytoca CH2 Negative
E. asburiae CH3 Negative
K. pneumonia CH4 Negative
K. oxytoca CH5 Negative
E. asburiae L1 Positive
K. cryocrescens L2 Negative
M. morganii L3 Negative
R. aquatilis L4 Negative
C. freundii LB1 Negative
M. morganii.LB2 Negative
E. cloacae LB3 Negative
Salmonella sp. LB4 Negative
E. aerogenes T1 Negative
E. cloacae T2 Negative
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4.4.2 Measurement of Bioluminescence

The production of AHLs by E. asburiae L1 was further confirmed by using the
luminometer-spectrophotometer. AHLs extract for E. asburiae L1 was cultured with
biosensor E. coli [pSB401], whereby the activation of bioluminescence of E. coli

[pSB401] was observed (Figure 4.8).

1.0x10" 1
- Positive Control

8.0x10° - E. asburiae L1
- —4~ Negative Control
%
= 6.0x10°
T 4.0x10°

2.0x10°

0
0 5 10 15 20 25
Time (hr)

Figure 4.8: Confirmation of AHLs production by E. asburiae L1. Bioluminescence
measurement was done for 24 h, 37°C growth in the presence of AHL extracted from
spent culture supernatant of E. asburiae L1 (square), the positive control, synthetic 3-
0Xx0-C6-HSL (250 pg/uL; circle) and the negative control, acetonitrile (250 pg/uL;
triangle). E. coli [pSB401] served as the biosensor. Data are presented as means of £ SEM
values of triplicates.
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4.4.3 AHLs ldentification by Triple Quadrupole LC-MS/MS

In order to identify and confirm the AHLs production, overnight cultures of E. asburiae
L1 was subjected to AHLs extraction as described in Chapter 3.3.4.4. The extract was
then analysed with Agilent 1290 Infinity LC system and Agilent MassHunter software
was used for the MS data analysis. The results of MS data analysis from the spent culture
supernatant of E. asburiae L1, presented in Figure 4.9 provided the evidence for the
presence of C4-HSL (m/z 172.0000) and C6-HSL (m/z 200.4000). To the best of my

knowledge, this is the first report of AHL production by E. asburiae.
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22

2‘_
1.8
16
1.4
12

14
0.8
D64
0.4

0.2 143.1000 |472.00
o4 I 5

102.0000

200 220 240 260 280 300 320 340 360 380 400
Counts vs. Mass-to-Charge (m/z)

(@)

80 100 120 140 o 1

%104 |+ESI Precursor lon:1 (1.970 min) Frag=379.7V CID&5.0 (™ -» 102.0000)

1.2
1.1

14
0.9
0.8
0.7
0.6+
0.5
0.44
0.3
0.2
0.1

o

ounts vs. Mass-to-Charge (m/z)

(b)
Figure 4.9: Mass spectra analysis of the extracted AHLs from the spent culture

supernatant of E. asburiae L1. (a) C4-HSL (m/z 172.0000) and (b) C6-HSL (m/z
200.4000) (boxed).
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4.5 Bacterial Characterization of AHL-Producing Bacterium E. asburiae L1

4.5.1 Biochemical Assays

In the subsequent research, only the AHL-producing bacterium E. asburiae L1 was

selected for further study. The API 20E biochemical assays was performed as a

preliminary characterization of E. asburiae L1. In addition to this, a few commonly

applied biochemical tests for characterization of Enterobacteriaceae were carried out

independently to validate the results obtained from API 20E biochemical assay. For all

the biochemical assays performed, type strain E. asburiae ATCC 35953 was included for

comparison.

4.5.1.1 API Biochemical Assay Analysis

The biochemical reactions for E. asburiae L1 and E. asburiae ATCC 35953 are

summarized in Table 4.6.

Table 4.6: API 20E biochemical assays

Biochemical tests

E. asburiae L1

E. asburiae ATCC 35953

ONPG, B-Galactosidase Positive Positive
ADH, Arginine dihydrolase Positive Negative
LDC, Lysine decarboxylase Negative Negative
ODC, Ornithine decarboxylase Positive Positive
CIT, Citrate utilization Positive Positive
H2S, H»S production Negative Negative
URE, Urease Negative Negative
TDA, Tryptophane deaminase Positive Positive
IND, Indole production Negative Negative
VP, Voges—Proskauer Positive Positive
MAN, Mannitol Positive Positive
GEL, Gelatinase Negative Negative
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Table 4.6, continued

Biochemical tests E. asburiae L1 E. asburiae ATCC 35953
GLU, Glucose Positive Positive
INO, Inositol Negative Negative
SOR, Sobitol Positive Positive
RHA, Rhamnose Negative Negative
SAC, Saccharose Positive Positive
MEL, Melibiose Negative Negative
AMY, Amygdalin Positive Positive
ARA, Arabinose Positive Positive
OX, Cytochrome Oxidase Negative Negative

4.5.1.2 IMVIiC Test

IMVIC is an acronym that stands for four different tests. This test consists of indole test,

MR-VP tests and citrate utilization test. Indole test determines the ability of organisms to

split amino acid tryptophan to form the compound indole. MR test determines whether

the microbes perform mixed acids fermentation when supplied glucose while the VP test

detects organisms that utilize the butylene glycol pathway and produce acetoin. The

citrate test screens for the ability of organisms to utilize citrate as its carbon and energy

source. Figure 4.10 shows the IMVIC test result of E. asburiae L1 and E. asburiae ATCC

35953.
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E. asburiae

B pnyumoniae": E. asburiae
ATCC35953

L1

(A)

E uriae.
ATCC35953

E. asburiae

WE. aerogenes

(©)
Figure 4.10: IMVIC test. (A) Indole test. Absence of cherry-red ring on top of the
medium indicated that E. asburiae L1 and E. asburiae ATCC 35953 (type strain) showed
negative indole reaction. E. coli and K. pneumoniae acted as positive (cherry-red ring)
and negative control (colourless ring), respectively. (B) MR-VP tests. Both E. asburiae
L1 and E. asburiae ATCC 35953 showed positive reaction for (i) MR test. For (ii)VP
test, E. asburiae L1 and E. asburiae ATCC 35953 showed positive and negative reaction,
respectively. E. coli acted as positive control for MR test and negative control for VP test
while E. aerogenes served as negative control for MR test and positive control for VP
test. (C) Citrate test. The colour changes from green to dark blue indicated positive citrate
reaction in E. asburiae L1 and E. asburiae ATCC 35953. E. coli and E. aerogenes served
as negative and positive controls, respectively.
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4.5.1.3 Decarboxylation Test

This biochemical tests examine the production of the enzyme decarboxylase, which
removes the carboxyl group from an amino acid. Lysine, ornithine, and arginine were the
three amino acids routinely tested in the identification of Enterobacteriaceae. Therefore,

they were included in this test.

(A)

(©)
Figure 4.11: (A) Lysine (B) ornithine and (C) arginine decarboxylation tests. E.
asburiae L1 showed negative, positive and positive reactions for lysine, ornithine and
arginine decarboxylation tests. E. asburiae ATCC 35953 showed negative reactions for

all the decarboxylation tests.
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4.5.1.4 Nitrate Reduction Test

Nitrate reduction test is performed to examine the ability of E. asburiae L1 to produce
nitrate reductase enzyme that hydrolyse nitrate (NO3z") to nitrite (NO2") and then be
degraded to various nitrogen products such as nitrogen oxide, nitrous oxide and ammonia.
Figure 4.12 displays the nitrate reduction test result of E. asburiae L1 and ATCC 35953.
Table 4.7 summarizes the biochemical reactions of E. asburiae L1 and ATCC 35953 for

IMVIC, decarboxylation and nitrate reduction tests.

Negative E. asburiae
control

Figure 4.12: Nitrate reduction test. E. asburiae L1 and ATCC 35953 showed positive
nitrate reduction reaction. Red colour was observed after addition of nitrate | and nitrate
Il reagents. E. coli and uninoculated medium was included as positive and negative
controls, respectively.

Table 4.7: Biochemical reactions of E. asburiae L1 and E. asburiae ATCC 35953

Biochemical tests E. asburiae L1 E. asburiae ATCC 35953
IMViC
Indole Negative Negative
MR Positive Positive
VP Positive Negative
Citrate utilization Positive Positive

Decarboxylation

Lysine Negative Negative
Ornithine Positive Positive
Arginine Positive Negative
Nitrate Reduction Positive Positive
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4.5.1.5 Carbohydrate Fermentation Test

The carbohydrate fermentation test evaluates the fermentation of different sugars. Phenol

red broths were prepared and supplemented with different sugars (i.e. lactose, L-

arabinose, L-rhamnose, maltose, mannitol, sorbitol, sucrose and xylose). When

fermentation occurs, acidic by-products are formed, whereby the solution will turn from

red to yellow. The positive and negative reactions were illustrated in Figure 4.13. Table

4.8 indicates the carbohydrate fermentation test result.

Negative
reaction

Positive
reaction

Figure 4.13: Representative result of carbohydrate fermentation test.

Table 4.8: Carbohydrate fermentation test result of E. asburiae L1 and E. asburiae

ATCC 35953
Biochemical tests E. asburiae L1 E. asburiae ATCC 35953
Lactose Negative Positive
L-arabinose Positive Positive
L-rhamnose Negative Negative
Maltose Positive Positive
Mannitol Positive Positive
Sorbitol Positive Positive
Sucrose Positive Positive
Xylose Positive Positive
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4.5.2 Tabletop SEM

E. asburiae L1 is a non-motile bacterial strain isolated from the Batavia lettuce leaves.
Similar to other species classified under Enterobacteriaceae family, E. asburiae L1 is a
rod-shaped bacterium with approximately 1.32 um in size (Figure 4.14). E. asburiae L1

lives in the mesophilic environment with its optimal temperature at 37°C.

L1 2014/01/20 14:35 NL D4.7 x25k 3.0 pm

Figure 4.14: Scanning electron microscope image of E. asburiae L1. The size of the
strain is approximately 1.32 pm (bar).

4.5.3 Phenotypic Characterization (GENIII MicroPlate)

Biolog GENIII MicroPlate analyses a microorganism in 94 phenotypic tests (71 carbon
source utilization assays and 23 chemical sensitivity assays). In this research, GENIII
MicroPlate was applied to confirm the identity of QS positive isolate L1 as E. asburiae,
as well as to study the biochemical activity of isolate L1. Analysis from phenotypic
characterization using GENIII Microplate identified E. asburiae as the closest relative of

isolate L1. Biochemical profile of E. asburiae L1 is listed in Appendix G.
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4.6 Sequencing of E. asburiae L1 Using PacBio SMRT Sequencer

To characterize the luxI/R homologues of E. asburiae L1, the complete genome of E.
asburiae L1 (4.5Mbp in size) was sequenced using PacBio SMRT sequencer. The PacBio
sequencing platform generated an output data with average genome coverage of 216.24x.
De novo assembly of the insert reads was performed with the HGAP algorithm in SMRT
Portal (version 2.1.1), in which the genome sequence of E. asburiae L1 was assembled
into a GC-rich (56.1%) single contig. The complete genome sequence of E. asburiae L1
has been deposited in DDBJEMBL/GenBank under the accession number CP007546

(Lau, Yin, & Chan, 2014).
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4.7 Whole Genome Optical Mapping of E. asburiae L1

The whole genome sequence accuracy of E. asburiae L1 was verified by optical genome
mapping technology. The whole genome map of E. asburiae L1 generated from the single
DNA molecule with the automated Argus system (OpGen Inc.) was aligned with the
sequence obtained from the PacBio RS Il sequencing technology to investigate the
mismatch tolerance. Figure 4.15 shows that although two different sequencing
technologies were applied, both sequences generated are highly aligned with each other,

confirming the completeness of this genome.

(A) Im i nnmumw

(B) [P nulll!!ﬂm e T

Figure 4.15: Alignment of (A) OpGen sequence with (B) PacBio sequence for E.
asburiae L1.
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4.8 Circularity Analysis of E. asburiae L1

Dot plot analysis was performed to confirm the circularity of the complete genome
sequence of E. asburiae L1 with the help of Gepard (version 1.3) (Figure 4.16).
Circularization of this genome was performed by trimming overlapping region in both

ends of the genome manually to provide an accurate genome size.

Zoom: 10585 : 1

Yord lengih: 10 GC ratio seql: 05608

Vindow size: 0 GC ratio zeq2: 0. 5506

Batrix: DHA Frogrem: Gepard (1. 30)

0 4551904

centigl [Organiss=Entercbacter ssburise] [Strain=Li] [

contigl [Drgsniss=Entercbacier ssburise] [StrainsLl] [Izelstisn

4561904
Figure 4.16: Circular representation of E. asburiae L1. The figure was constructed by
Gepard version 1.3. The straight line of dot plot generated from Gepard supported the
circular representation of this genome.
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4.9 Genome Analysis of E. asburiae L1

4.9.1 Genome Statistic

Genome statistic of complete genome sequence of E. asburiae L1 is listed in Table 4.9.

Digital representation of circular complete genome sequence of E. asburiae L1 is shown

in Figure 4.17.

Table 4.9: Genome statistics of complete genome sequence of E. asburiae L1

Statistics Number
DNA, total number of bases 4561905
DNA coding number of bases 4106401
DNA G+C number of bases 2557500
DNA scaffolds 1
Genes total number 4278
Protein coding genes 4168
Pseudo Genes 25
RNA genes 110
rRNA genes 25
5S rRNA 9
16S rRNA 8
23S rRNA 8
tRNA genes 84
Other RNA genes 1
Protein coding genes with function prediction 3728
without function prediction 440
Protein coding genes with enzymes 1378
w/o enzymes but with candidate KO based enzymes 1
Protein coding genes connected to Transporter Classification 766
Protein coding genes connected to KEGG pathways® 1548
not connected to KEGG pathways 2620
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Table 4.9, continued

Statistics Number

Protein coding genes connected to KEGG Orthology (KO) 2908

not connected to KEGG Orthology (KO) 1260

Protein coding genes connected to MetaCyc pathways 1128

not connected to MetaCyc path