
 

 ii 

 

 

 

ADAPTIVE FEATURES OF TWO COPPER-RESISTANT Pseudomonas 

STRAINS ISOLATED FROM A FRENCH VINEYARD SOIL 

 

 

 

CHONG TEIK MIN 

 

 

 

 

THESIS SUBMITTED IN FULLFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

 

INSTITUTE OF BIOLOGICAL SCIENCES 

FACULTY OF SCIENCE 

UNIVERSITY OF MALAYA 

KUALA LUMPUR 

 

 

 2017 

  

 

 

Univ
ers

ity
 of

 M
ala

ya



 

 iii 

ABSTRACT 

Trace metals are required in many cellular processes in bacteria but could also be tenacious 

and cause toxicity when present in excess. Vitis vinifera (grapevine) is a non-rotating crop 

that has been routinely treated with copper sulphate over the years in order to control fungal 

diseases. Consequently, such anthropogenic accumulation of copper ions in the vineyard 

soil causes selection that favours the prevalence of copper resistant microorganisms. Thus it 

would be of interest to investigate the microbiota inhabiting these soils. DNA methylation 

is one of the common epigenetic markers found widespread in prokaryotes and often 

regulates gene expressions under the influence of external factors. Hence, exploring the 

genetic determinants for metal resistance as well as the methylation patterns could also 

provide insights on adaptability of these soil inhabitants in the presence of metal induced 

stress. A bacterial isolation attempt on a French vineyard soil sample has resulted in 

identification of Pseudomonas strains, shown to confer resistance to copper ions. 

Phenotypic microarray analysis also showed that two strains namely P. mendocina strain 

S5.2 and P. putida strain S13.1.2 were highly capable of tolerating other heavy metals 

including nickel, cobalt, cadmium, zinc and arsenic. Subsequently, complete genome 

analysis was conducted using Single Molecule, Real Time (SMRT) sequencing followed by 

genome assembly and annotation procedures to elucidate the genetic determinants involved 

in metal resistance of these strains. Methylome study in terms of genome-wide methylation 

patterns and presence of DNA methyltransferases in both strains were also conducted. 

Genome assembly has resulted in complete genome of P. mendocina strain S5.2 consisted 

in a 5.1 Mb circular chromosome with one linear plasmid, pPME5, at the size of 

approximately 250 kb. The linearity of this large plasmid was further verified using S1 

nuclease treatment followed by pulse field gel electrophoresis. Besides, the complete 

Univ
ers

ity
 of

 M
ala

ya

http://www.theplantlist.org/tpl1.1/record/kew-2457006


 

 iv 

genome of P. putida strain S13.1.2 comprised of one circular chromosome at the size of 6.6 

Mb. A series of operons and gene clusters such as cop, cus, czc, nik, and asc systems were 

present, reflecting the observed metal resistance phenotypes. The features in terms of 

specificity and arrangements of these genetic determinants were also highlighted in the 

study. Methylome analysis revealed the presence of Type I and Type II DNA 

methyltransferases recognizing CGCANNNNNNGGG and GACGAG motifs, respectively 

in P. mendocina strain S5.2. For P. putida strain S13.1.2, one type II DNA 

methyltransferase recognizing GTTCCG motifs were also identified. Further analysis also 

showed that these genes were methylated indicating the possibility that these genes were 

regulated by DNA methylation. In addition, unique traits of P. mendocina strain S5.2 such 

as twitching motility and DNA methylation contributed by the presence of plasmid pPME5 

were lost following plasmid curing of the strain. Such observations have demonstrated 

probable roles of the plasmid for fitness of the strain in native vineyard soil environments. 

In conclusion, the comprehensive genomic and phenotypic profiling of heavy metal 

resistance and methylome analysis have demonstrated the adaptation of Pseudomonas 

strains to the grapevine soils enriched with copper and perhaps other metals. 
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ABSTRAK 

Logam surih adalah diperlukan dalam banyak proses selular untuk bakteria tetapi kuantiti 

yang berlebihan juga boleh menyebabkan keracunan. Vitis vinifera (tumbuhan anggur) 

adalah tanaman tanpa putaran yang telah secara rutin dirawat dengan kuprum sulfat selama 

ini dalam usaha untuk mengawal penyakit kulat. Oleh itu, pengumpulan antropogenik 

seperti ion kuprum di dalam tanah kebun anggur itu menyebabkan pemilihan yang 

menggalakan tumbuhan mikroorganisma yang tahan ion kuprum. Oleh itu, ia akan menarik 

minat untuk menyiasat microbiota yang mendiami tanah ini. Metilasi DNA adalah salah 

satu penanda epigenetik yang biasa ditemui dalam prokariot dan sering mengawal 

ungkapan gen di bawah pengaruh faktor-faktor luaran. Oleh itu, meneroka penentu genetik 

untuk rintangan logam serta corak metilasi juga boleh memberikan pemahaman teliti 

mengenai penyesuaian mikroorganisma tanah dalam tekanan logam teraruh. Satu percubaan 

pengasingan bakteria telah mengenalkan strain Pseudomonas dari sampel kebun anggur 

tanah di Perancis, dan ditunjukkan mampu merintangi ion-ion kuprum. Analisis microarray 

fenotip juga menunjukkan bahawa dua bakteria iaitu P. mendocina S5.2 dan P. putida 

S13.1.2 kemampuan tinggi untuk menahani logam-logam berat yang termasuk nikel, kobalt, 

kadmium, zink dan arsenik. Selepas itu, analisis genom lengkap dijalankan menggunakan 

teknologi penjujukan Single Molecule, Real Time (SMRT) diikuti dengan prosedur 

pemasangan genom dan anotasi untuk memeriksa penentu genetik yang terlibat dalam 

rintangan logam strain ini. Kajian metilasi DNA dari segi corak metilasi seluruh genom dan 

kehadiran metiltransferases DNA dalam kedua-dua jenis juga telah dijalankan. 

Perhimpunan genom telah menghasilkan genom lengkap P. mendocina S5.2 dengan jumlah 

size kromosom bulat sebanyak 5,1 Mb dan satu plasmid linear, pPME5, dengan saiz lebih 

kurang 250 kb. Kelinearan plasmid besar ini telah lanjut disahkan dengan menggunakan 
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kajian nuclease S1 diikuti oleh gel elektroforesis medan denyut. Seterusnya, genom 

lengkap P. putida S13.1.2 terdiri daripada satu kromosom bulat pada saiz 6,6 Mb. Pelbagai 

operon dan kelompok gen seperti sistem-sistem cop, cus, czc, nik, and asc telan dikesan dan 

mematuhi cerapan fenotip rintangan logam. Ciri-ciri dari segi kekhususan dan susunan 

penentu genetik juga telah diketengahkan dalam kajian ini. Analisis methylome 

mendedahkan kehadiran Jenis I dan Jenis II metiltransferases DNA masing-masing 

mengiktirafi motif CGCANNNNNNGGG dan GACGAG di sepanjang genom P. 

mendocina S5.2. Bagi P. putida S13.1.2, satu jenis II metiltransferase DNA mengiktirafkan 

motif GTTCCG. Analisis lanjut juga menunjukkan bahawa gen-gen rintangan logam telah 

dimetilkan sedemikian menunjukkan kemungkinan bahawa gen ini telah dikawal selia oleh 

metilasi DNA. Di samping itu, ciri-ciri unik P. mendocina S5.2 seperti motilitas bergerak 

dan metilasi DNA adalah dikenal pasti disumbangkan oleh kehadiran plasmid pPME5 

kerana ciri-ciri tersebut hilang diikuti dengan kehilangan plasmid ini. Pandangan itu telah 

menunjukkan peranan mungkin daripada plasmid ini untuk memandirikan bakteria ini 

dalam persekitaran kebun anggur tanah yang asli. Kesimpulannya, profil genomik dan 

fenotip yang menyeluruh rintangan logam berat dan analisis methylome telah menunjukkan 

penyesuaian Pseudomonas dalam persekitaran tanah kebun anggur yang kaya dengan 

tembaga atau logam yang lain. 
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Se Selenium 

H2O Water 

sp. Species 

TBE Tris borate EDTA 

UV Ultra Violet 

V Canonical nucleotide bases except for thymine 

w/v Weight per volume 

µg Microgram 

µl Microlitre 

Zn Zinc 
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CHAPTER 1: INTRODUCTION 

Copper is an essential trace element which is required in many bacterial cellular 

processes but can also be deleterious when present in excess (Thounaojam et al., 2012; 

Wang et al., 2004). As such, adaptive responses towards extracellular copper are 

essential for copper homeostasis involved in the regulation of physiological 

requirements for copper ions (Munson et al., 2000). Copper-based pesticides have long 

been used for the control of plant pathogens and associated diseases especially in 

vineyards (Cooksey, 1993). Consequently, such accumulation of copper selects for the 

prevalence of bacteria carrying the genetic determinants for copper resistance 

(Andreazza et al., 2010; Cervantes & Gutierrez, 1994).   

The importance of this study underlies in understanding the physiological 

activities and behaviours of the studied bacteria in response to the anthropogenic 

accumulation of copper and possibly other heavy metals in vineyard soil environment. 

In addition, it is also necessary to investigate the roles of these bacteria on the nutrient 

dynamics in vineyard soil especially of those essential carbon compounds. With the 

advancement of phenotypic microarray and next-generation sequencing technologies, 

comprehensive profiling of these adaptive phenotypes with the genetic determinants 

were rendered feasible to better understand survival fitness of these bacteria. 

Moreover, the epigenetic markers could mediate changes in adaptive 

behaviours influenced by copper-enriched grapevine soils.  As such, genome-wide 

DNA methylation patterns together with the associated restriction modification systems 

of the bacterial isolates were later characterized in the study. The availability of such 

information has enabled us to elucidate the adaptive behaviours towards changes in the 

external environments that could eventually used for assessing and monitoring the 

impact of anthropogenic influences on soil community. 
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The objectives of this study are: 

1. To isolate copper resistant bacteria inhabiting a copper-rich vineyard soil sample  

2. To determine the resistance of the isolates towards other heavy metals 

3. To search for genetic determinants corresponding to the heavy metal resistance 

phenotypes 

4. To explore the epigenetic markers of the bacterial isolates via whole genome 

sequencing at single base resolution 

5. To determine the correlation between DNA methylome and the described 

phenotypes of heavy metal resistance 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Heavy Metals in General 

Heavy metals are commonly defined as a group of metals with relatively high atomic 

weights, atomic numbers, and densities of over 5 g cm-3. Including those of metalloids 

exemplified by arsenic (As) and selenium (Se), heavy metals constituted 53 out of the 

90 naturally occurring elements in the periodic table (Nies, 1999; Weast et al., 1988). 

Most heavy metals are transition elements in column 3-12 of the periodic table, 

according to the IUPAC numbering system (Petrucci et al., 2002).  

The general chemistry of these transition elements relies on d orbitals that 

appear in a set of five that in turn holds 10 electrons, thus 10 transition elements in 

periods 4, 5, 6 and 7 (Bettelheim et al., 2012). The d orbitals of transition metals are 

partially filled that allowed their existence in two or more oxidation states. Such 

characteristics hence presented the importance in forming complex compounds that 

shapes the sophisticated biochemical reactions in cellular processes, primarily in 

topology and geometry of protein folding (Nies, 1999). By acting as prosthetic group to 

bind with side chains of a specific protein, transition metals serve as common cofactors 

that define the three dimensional structure of the protein. In fact, approximately one 

third of known enzymatic reactions require cofactors (Clark & Blanch, 1997).  
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2.2 Microbiological Heavy Metal Toxicity 

Though minute amounts of these metals are essential in cellular processes, excessive 

heavy metal ion concentrations can also exert deleterious effects by catalyzing oxidation 

of lipid membrane, damaging nucleic acids, and producing free radicals (Cánovas et al., 

2003; Thounaojam et al., 2012; Wang et al., 2004). Among the heavy metals implicated 

with biological influences, zinc (Zn), nickel (Ni), copper (Cu), cobalt (Co) and 

chromium (Cr) are listed as toxic trace metals with high to moderate importance; 

elements with limited beneficial functions include arsenic (As), silver (Ag), cadmium 

(Cd), antimony (Sb), mercury (Hg) and uranium (U) that are identified as toxins (Gadd, 

1992; Nies, 1999).  

 In order to confer toxicity, entrance of heavy metal ions into bacterial cells 

mainly depends on two distinctive uptake systems. The first system involves fast and 

unspecific transport of ions that is determined by the chemiosmotic gradient across the 

cytoplasmic membrane of the cells (Nies, 1999). The second uptake system however, is 

highly substrate specific and only inducible when required, due to the dependence on 

energy sources such as ATP hydrolysis and the ion transport is slower (Dietrich H Nies 

& Silver, 1995).    

 For susceptible microorganisms towards toxic heavy metals in particular, 

(Harrison et al., 2007) have broken down the detrimental effects through several 

mechanisms involving substitutive ligand binding, reactive oxygen stress (ROS), 

inhibition of membrane transport processes and electron siphoning at the cellular level 

as depicted in Figure 2.1.  
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2.2.1 Substitutive Ligand Binding 

During substitutive ligand binding, the displacement of essential metal ions occurred at 

the binding site of biomolecules, rendering the alteration and impaired functions of 

these molecules (Chang et al., 1996; Harrison et al., 2007). The damages could be 

exemplified with the disrupted activities of zinc (Zn) binding domains by replacement 

of Zn with cadmium (Cd) or cobalt (Co), resulting in functional loss of metalloproteins 

that subsequently interfered with various cellular processes (Hartwig, 2001).  

 

2.2.2 Oxidative Stress 

These disruptive consequences were also linked to reactive oxygen species (ROS), a 

transient and highly reactive by-product of normal metabolisms that potentially 

damages DNA, proteins and lipids (Cabiscol et al., 2010). Increases in ROS production 

could be observed in presence of toxic metals to which the participating reactions 

include Fenton-type reactions and reduction-oxidation (redox) reactions with 

organosulfur compounds (Imlay et al., 1988). Fenton reactions are catalyzed by 

transition metals such as Cu and Fe with hydrogen peroxide (H2O2), yielding hydroxyl 

radical (OH�-) and superoxide (O2
�-) (Geslin et al., 2001; Stohs & Bagchi, 1995). In 

addition, components of cellular sulfur groups including thiols (especially glutathione) 

and disulfides were also susceptible to reactions with metal oxyanions to pile on the 

level of ROS followed by cytotoxicity in cells (Kessi & Hanselmann, 2004).  
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2.2.3 Energy Drainage and Starvation 

Another toxicity mechanism of heavy metals targets the membrane transport by means 

of interfering normal transport of essential substances. This could be achieved through 

mimicry and competitive inhibition with binding sites of specific transporters, 

restricting passages of the given substrate (Ballatori, 2002; Foulkes, 2000). In effect, 

additional cost on energy resources in the form of proton motive forces and ATP pools 

would be imminent, exemplified by tellurite toxicity in Escherichia coli (Lohmeier-

Vogel et al., 2004). Another form of energy drainage was evidently observed with 

electron siphoning caused by metal oxyanions that draws electrons from bacterial 

respiratory chains, thus starving the bacterial cells (Harrison et al., 2007; Lohmeier-

Vogel et al., 2004). 

 

 

Figure 2.1  Illustration of metal toxicity mechanisms on bacterial cells, distinguished 
between biochemical pathways of normal and poisoned states (Harrison et al., 2007).  
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2.3 Prokaryotic Heavy Metal Resistance  

Unlike organic compounds, heavy metal ions are not degradable or amendable hence 

throughout evolution, prokaryotes have been adapting through an array of mechanisms 

to counteract the effect of heavy metals. Evidences of prokaryotic metal resistance were 

extended from cellular mechanisms to communal coordination and will be described 

later in the study. 

 

2.3.1 Ion Efflux Systems 

Among the wide diversity of resistance mechanisms found in prokaryotes, the extrusion 

of cations, driven by transmembrane efflux pumps are well described. This includes, for 

instance, resistance-nodulation-cell division (RND) superfamily proteins that form 

complexes with (i) outer membrane factors (OMF) or (ii) membrane fusion proteins. 

These two complexes are involved in transport of heavy metal ions from cytoplasm to 

periplasm, or across outer membrane from periplasm to outside of the cell (Dietrich H 

Nies, 2003). This phenomenon is exemplified by the CzcCBA system that mediates an 

efflux of Co2+, Zn2+ and Cd2+ ions (Dietrich H Nies, 2000). Another family of heavy 

metal transport protein, namely P-type ATPases, are involved in both import of 

inorganic cations to cytoplasm from periplasm or outside of the cell, and export of these 

ions from/to cytoplasm in a reversed manner. Such mechanism requires ATP hydrolysis. 

The reported heavy metal substrates for this system include Cu2+, Ag+, Cd2+ and Zn2+ 

(Fagan & Saier Jr, 1994).  
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2.3.2 Chemical Modification 

Often coupled with ion transport, another mechanism required for metal homeostasis 

and resistance involved cellular detoxification processes to which, the metal ion are 

generally reduced to a less toxic oxidation state. An example is the reduction of 

pentavalent arsenate As(V) ion to its trivalent arsenite As(III) counterpart by the 

arsenate reductase ArsC that enables the detoxification and efflux of As(III) through the 

membrane pump protein ArsB (Cai et al., 1998; Carlin et al., 1995). Yet, the onset of 

reaction solely relies on redox potential of the given heavy metal species and the 

physiological redox range of the cell. Ions inclusive of Zn2+, Cd2+, Co2+ and Ni2+ could 

be exemplified to posses redox potentials exceeding the functional redox range of most 

aerobic cells, estimated to between hydrogen/proton couple (421 mV) and 

oxygen/hydrogen couple (+808 mV)(Nies, 1999; Weast et al., 1988).  

 

2.3.3 Biofilm Formation 

Apart from cellular mechanisms, description on HMR of prokaryotes was also extended 

to biofilm formations. Biofilms are surface-adhered microbial communities, bound in 

extracellular polymeric substances consisting of mainly polysaccharides, proteins and 

nucleic acids (Flemming & Wingender, 2001; Platt et al., 1985; Sutherland, 2001; 

Whitchurch et al., 2002). In contrast with free-living planktonic cells, mounting 

evidences have demonstrated the apparent functions of biofilms in resistance and/or 

tolerance towards antibiotics and metal ions (Stewart & Costerton, 2001; Teitzel & 

Parsek, 2003).  

One of the contributing factors for metal resistance or tolerance conferred by 

biofilm formation involved the metabolic heterogeneity between adherent layers of cells 

(Harrison et al., 2007). Structure of the formation were known to restrict penetration of 

nutrients, oxygen and metabolites throughout the biofilm community, thus contributing 
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to various environmental settings and cellular physiologies within the biofilm (Werner 

et al., 2004; Xu et al., 1998). In this context, variation of metal susceptibility could be 

implied in different subpopulations of the biofilm. For instance, given the anoxic 

conditions towards the substratum (inner layer) of the biofilms, the cells have decreased 

oxygen-dependent ROS productions and metal-catalyzed Fenton-type reactions, thus 

less susceptible to metal toxicity (Harrison et al., 2007). In addition, dead cells in 

biofilms could serve as reactive biomass in absorption of metals to which spatial 

distribution study of living and non-living cells displayed dead cells tend to concentrate 

at the exterior of biofilms upon exposure to heavy metal (Teitzel & Parsek, 2003).  

 

2.4       Ecology of Copper in Alsatian Vineyards 

Alsace is a historical and cultural region situated on the eastern border of France, 

adjacent to Germany and Switzerland. The semi-continental dry climate and landscape 

of the region sets for conducive environment for cultivating various grapevines, 

primarily of Riesling, Gewürztraminer and Pinot Gris varieties. Alsace is an important 

wine-producing region, notably as one of the few regions in France that mostly produce 

varietally labelled wines. 

               Upon the awareness on the decimating effects on the native insects and the soil 

microorganisms in the 1990s, wine producers in Alsace region of France had engaged in 

the transition from injudicious use of chemical herbicides and pesticides to restorative 

vineyard strategies. In the effort to mend the biodiversity of the air, soil and subsoil 

using organic approaches, copper sulphate (CuSO4) is still employed as one of the 

protective agents against pathogenic fungi (Nesto, 2008). Bordeaux mixture (bouillie 

Bordelaise) for instance, mostly consists of CuSO4 and hydrated lime (Ca(OH)2) poses 

high value as fungicide against vine downy mildew and other fungi (Brun et al., 1998). 
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Although with slight modifications on the composition over the years, Bordeaux 

mixture has been widely used in European vineyards including Alsace region 

(http://www.alsacewine.net/a/bio.shtml;http://www.vinssimonis.fr/en/Vineyard/Vineyar

d/) since the end of 19th century, resulting in elevated Cu content in soil to easily above 

200 mg/kg (Brun et al., 1998; Chaignon et al., 2003; Chopin et al., 2008; Fernández‐

Calviño et al., 2008; Flores‐Vélez et al., 1996).  

             As compared to copper content in arable soil ranging from 5 to 30 mg/kg, high 

copper inflicts metal stress that can alter the microbial composition and functional 

diversity of microbial communities in relation with a decreased biomass of metal-

sensitive microbes (Bardgett et al., 1994; Joynt et al., 2006; Kandeler et al., 1996). As 

such, anthropogenic accumulation of copper selects for prevalence of copper resistant 

microorganisms that carry the genetic determinants involved in acquisition, efflux, 

sequestration or cellular distribution of copper (Andreazza et al., 2010; Cervantes & 

Gutierrez‐Corona, 1994; Munson et al., 2000). These tolerant soil inhabitants may have 

additionally acquired resistance systems towards a range of heavy metal found in soil 

environments, to maintain their fitness and survival capabilities. These resistance 

determinants, comprising of operons or gene clusters, have been evidenced either in the 

chromosomes or plasmids of numerous Gram-positive and Gram- negative bacteria 

(García-Domínguez et al., 2000; Karelová et al., 2011; J. Wang & Chen, 2006). Such 

feature has sparked interest to identify the microbiota inhabiting these soils and the 

abilities to tolerate elevated amount of copper ions as well as that of other heavy metal 

ions. 
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2.5      Pseudomonas spp. 

The genus Pseudomonas of the Pseudomonadaceae family is a highly diverse Gram-

negative bacterial genera with more than 100 described species to date (Bennasar et al., 

2010). Belonging to gamma subclass of Proteobacteria, Pseudomonas are rod-shaped, 

aerobic, chemoorganitrophs with polar flagella for motility (Palleroni, 1984). With 

attributes of low nutritional requirements, they are ubiquitously found in various 

environmental niches, predominantly water- and soil-borne that could also be found in 

semi-aerobic conditions (Timmis, 2002). Traits of colonization and establishment of 

biofilms could explain the prevalence of Pseudomonas in natural, industrial and clinical 

settings. Adherence followed by biofilm development of Pseudomonas on living and 

non-living surfaces are responsive to various environmental factors. They are heavily 

dependent on cell-to-cell communication through production of signalling molecules 

termed as quorum sensing (QS) (De Kievit et al., 2001). The many reported 

implications of Pseudomonas biofilms ranges from nosocomial infections of cystic 

fibrosis patients (Sharma et al., 2014; Singh et al., 2000), to tolerance and resistance 

towards multiple drugs and heavy metals (Harrison et al., 2007; Shih & Huang, 2002).  

Moreover, the large species grouping of Pseudomonas has jointly displayed a diverse 

range of metabolic, physiologic and genetic robustness. Hampered by multiple 

transmissible elements including transposons and plasmids, acquisition of specific gene 

expression systems derived from other Pseudomonads or bacteria have contributed to 

the environmental adaptability as they are today (Timmis, 2002). 
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2.6 Epigenetics  

The genetic blueprints and cellular identities of every organism relies on the order of 

bases in the genomes and transcriptomes. Building blocks of such genetic contents not 

only consist of primary nucleotides but also contain biochemically-modified bases 

derived from the canonical nucleic acids. Aside from the well-known activator/repressor 

systems, these modifications exert an additional control of the genetic information and 

expressions, sometimes partly transferable to the progeny. They are part of the 

epigenetic control systems, detected in virtually all organisms including viruses and 

phages (Fang et al., 2012; Korlach & Turner, 2012). Derivatives of the canonical 

deoxyribonucleotides (A, T, C and G) that resulted from base modifications include, 6-

methyladenine (6mA), 5-methylcytosine (5mC), N4-methylcytosine (4mC), and 5-

hydroxymethylcytosine (5-hmC) (Figure 2.2). 

 

Figure 2.2 Variations of biochemically modified adenine and cytosine. 
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In higher prokaryotes, the most commonly observed epigenetic DNA modification is 

5mC, introduced by DNA methyltransferases (MTase) after DNA replication. Such 

methylation processes were found to have implications in growth and development, 

gene expression, transposable elements suppression, inactivation of X chromosome as 

well as diseases that include autism and colon cancer (Kanherkar et al., 2014). 

 

2.6.1 DNA Methylation in Prokaryotes 

Methylation of DNA is widespread in prokaryotes in which three functional classes of 

methyltransferase (MTases) have been identified. Two of these MTases are involved in 

transfer of a methyl group from S-adenosyl-L-methionine (SAM) to the exocyclic amino 

groups of adenine and cytosine, producing 6mA and 4mC, respectively (Malone et al., 

1995). On the other hand, another class of MTase transfers a methyl group from SAM 

to the C5 position of cytosine to yield 5mC (Kumar et al., 1994). These MTases found 

in bacteria and archaea are mostly components of restriction modification (RM) systems. 

In these systems, MTases are associated with one or more cognate restriction 

endonucleases (REase), and serve as host cell defences to limit the invasion and 

possibly the subsequent replication of foreign, generally unmethylated DNA, that will 

be targeted and cleaved by the restriction endonucleases as represented in Figure 2.3 

(Roberts et al., 2010).   
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2.6.1.1 Types of RM Systems 

RM systems are categorized into four types. Type I RM systems consist in 3 subunits 

responsible for specificity (S), modification (M) and Restriction (R) functions that 

recognizes bipartite DNA sequences separated by a gap (Roberts et al., 2003). Type II 

RM systems consist in R and M subunits that usually recognize palindromic DNA 

sequences such as GATC. These two subunits contain their respective target recognition 

domains (TRD) hence they can act independently in contrast to type I RM systems 

(Pingoud et al., 2005). Type III RM systems form complex of R and M subunits; only 

M contains TRD and methylation only occurs on one strand of DNA (Srikhanta et al., 

2010). Lastly, Type IV RM systems function as type II RM systems but recognize and 

cleave methylated/modified DNA (Xu et al., 2011).  

Apart from the RM systems, 'orphan' MTases that are not partnered with any 

restriction endonucleases.  display different cellular functions such as initiation of 

chromosome replication and maintenance of genome integrity by deoxyadenosine 

methyltransferase (dam) in Escherichia coli (Marinus & Casadesus, 2009). However, 

the functional consequences of MTases on global gene expression has yet to be 

investigated despite the widespread of the MTase identified throughout the bacterial and 

archeal kingdoms. 
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Figure 2.3 Coordination of RM system in protecting host cell DNA from foreign 
DNA invasion (Tock & Dryden, 2005). 

 

2.6.2 Advancements of Epigenetic Signal Detections  

With the advancement of sequencing technologies over the past decade, high 

throughput approaches in detection and characterization of MTases has been developed, 

replacing chromatographic and immunological methods that are labor intensive. Later, 

emergence of a technology, namely Single Molecule, Real Time (SMRT) sequencing 

that enables direct detection and identification of diverse modified nucleotides has been 

recently described (Figure 2.4) (Flusberg et al., 2010). In SMRT sequencing, 

distinguishable fluorescently labelled nucleotides are incorporated into the 

complementary stands of native nucleic acid templates followed by detection of 

fluorescent pulses generated from the polymerization process, catalysed by DNA 

polymerase (Eid et al., 2009). The polymerase kinetics, reflected by the arrival time and 
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duration of the resulting fluorescence pulses contains information on the presence of 

modified bases in the templates. Hence, interpretation of kinetics signature generated 

from the sequencing allows direct detection of epigenetic modifications at single-

molecule resolution  (Flusberg et al., 2010).  

 

Figure 2.4 Interpretation of methylation signals in DNA derived by sequencing 
polymerase kinetics detected during SMRT DNA sequencing. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1  General methodology 

3.1.1 Equipment and Instruments 

Equipment and instruments used in this study were listed below: 

1. Agilent 1290 Infinity LC system (Agilent Technologies Inc., U.S.A.) 

2. Agilent 2100 Bioanalyzer (Agilent Technologies Inc., U.S.A.) 

3. Agilent 6490 Triple Quadrupole LC/MS system (Agilent Technologies Inc., 

U.S.A.) 

4. BluePippin DNA size selection electrophoresis system (Sage Science Inc., 

U.S.A.) 

5. CHEF Mapper system (Bio-Rad Laboratories Ltd., U.S.A.) 

6. Cybersccan pH500 pH meter (Thermo Fisher Scientific, U.S.A.)  

7. Dell Precision T7500 Workstation (Dell, U.S.A.) 

8. Eppendorf Research micropipettes (Eppendorf, Germany) 

9. Eppendorf mini spin centrifuge machines (Eppendorf, Germany) 

10. Eppendorf 5424 centrifuge machines (Eppendorf, Germany) 

11. Eppendorf thermomixer compact (Eppendorf, Germany) 

12. Freezers and refrigerators (Sharp Corporation, Japan) 

13. Hirayama HV series automatic high-pressure autoclave machine (Hirayama, 

Japan) 

14. IKA® MS 3 Basic orbital shaking incubator (IKA-Works, Germany) 

15. IKA® Vortex 3 mixer (IKA-Works, Germany) 

16. Merck Mili-Q® integral water purification system (Merck, Germany) 

17. Microflex MALDI-TOF (Bruker Daltonik GmbH, Germany) 

18. NanoDrop spectrophotometer (Thermo Fisher Scientific, U.S.A.) 

Univ
ers

ity
 of

 M
ala

ya



  18 

19. OmniLog Phenotype Microarray (Biolog Inc., U.S.A.) 

20. Pippin Pulse electrophoresis system (Sage Science Inc., U.S.A.) 

21. Qubit® 2.0 fluorometer (Life Technologies, U.S.A.) 

22. Sartorius® analytical balance (Sartorius AG, Germany) 

23. SC7620 mini sputter coater (Quorum Technologies, U.K.) 

24. Single-Molecule Real-Time (SMRT) RSII sequencing platform (Pacific 

Biosciences, Inc., U.S.A.) 

25. Tabletop SEM TM3030 (Hitachi, Japan) 

26. Tecan Infinite M200 luminometer (Tecan, Switzerland)  

27. UVP high performance ultraviolet transilluminator (UVP Inc., U.S.A.)  

28. Veriti 96-well Fast Thermal Cycler (Thermo Fisher Scientific, U.S.A.) 

29. White Mini Sub Cell GT electrophoresis system (Bio-Rad Laboratories Ltd., 

U.S.A.) 
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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 

BDTM Gram Stain Kit (Becton, Dickson and 

Company, USA) 

Gram Staining 

OneTaq® DNA polymerase kit, New England 

Biolabs Inc., U.S.A.) 

PCR amplification 

QIAquick® Gel Extraction Kit (Qiagen, 

Germany) 

Purification of DNA from agarose gel 

Qiagen Midi prep kit (Qiagen, Germany) Large plasmid DNA extraction 

MasterPureTM Complete DNA and RNA 

Purification Kit (Epicentre, U.S.A.) 

Genomic DNA extraction 

QubitTM dsDNA Broad Range (BR) Assay Kit 

(Life Technologies, U.S.A.) 

DNA quantification 

Agilent DNA 12000 Kit (Agilent, U.S.A.) Size detection of DNA libraries 

Ampure XP Beads (Beckman Coulter, U.S.A.) Purification of DNA samples 

SMRTbell Template Preparation Reagent Kits 

(Pacific Biosciences, U.S.A.) 

DNA library preparation for SMRT sequencing 

DNA Polymerase Binding Reagent Kit 

(Pacific Biosciences, U.S.A.) 

Sequencing primer annealing and polymerase 

binding of SMRTbells. 

DNA Sequencing Reagent Kit (Pacific 

Biosciences, U.S.A.) 

SMRT sequencing reagents 

MagBead Buffer Kit (Pacific Biosciences, 

U.S.A.) 

Enhancement for SMRTbell loading during 

sequencing analysis 
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3.1.3 Chemical Reagents 

All the chemical reagents used during the course of this study are listed below:- 

1. Amresco® (U.S.A.)  

2. BDH Laboratory Supplies (U.K.) 

3. Biolog Inc. (U.S.A.) 

4. Bio-Rad Laboratories Ltd. (U.S.A.) 

5. First Base Laboratory (Malaysia)  

6. Life TechnologiesTM (U.S.A.)  

7. Lonza Group (Switzerland)  

8. Merck (Germany) 

9. Sigma-Aldrich® (U.S.A.)  

10. Thermo Fisher Scientific (U.S.A.)  

 

3.2 Growth Media and Buffer Solutions 

Unless otherwise stated, preparation of the growth media and solutions stated in this 

study required sterilization by autoclaving at 121 ˚C, 15 psi for 20 mins. Sterilization of 

heat sensitive solutions was performed via filter sterilization with syringe filter (pore 

size of 0.22 µm). 
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3.2.1 KG medium 

KG medium was prepared with basal medium consists of 1.0 g/L NaCl, 0.5 g/L KCl, 

0.15 g/L Na2SO4, 5.0 g/L KH2PO4, 0.4 g/L MgCl2, 0.1 g/L CaCl2 and 1.0 g/L 2-(N-

morpholino)-ethanesufonic acid (MES) (Chan et al., 2009). After adjustment to pH 5.5 

and autoclave sterilization, trace elements were aseptically supplemented into the 

medium to the final concentration of 1 mg/L for FeCl3, 0.1 g/L for MnCl2 and 0.46 g/L 

for ZnCl2.  

 

3.2.2 Luria-Bertani (LB) and modified (LBm) Medium 

Preparation of LB broth consisted of 10 g/L trytone, 10 g/L NaCl and 5.0 g/L yeast 

extract in distilled water whereas the modified LBm contained lower salt content at 5.0 

g/L NaCl. For preparation of agar, Bacto agar was added to broth medium at 1.5% (w/v) 

(Sambrook et al., 1989) and autoclave sterilized. 

 

3.2.3 M9 Medium 

For preparation of 100 mL M9 medium, 78 mL of distilled water was added with 20 mL 

of 5× M9 salts, 2 mL of 20% (w/v) D-glucose, 200 µL of MgSO4 (1 M) and 10 µL of 

CaCl2 (1 M) (Murray et al., 2010). Composition of the 5× M9 salts in 1 L of distilled 

water included 64 g/L of Na2HPO4�7H2O, 15 g/L of KH2PO4, 2.5 g/L NaCl and 5.0 g/L 

NH4Cl. 
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3.3 Stock Buffer 

3.3.1 10× Phosphate Buffered Saline (PBS) 

The 10× PBS solution was prepared by mixing 2.3 g of NaH2PO4, 11.5 g of Na2HPO4 

and 90.0 g of NaCl in 1 L of distilled water. Unless otherwise stated, the pH of solution 

was adjusted to the value of pH 6.5 prior to autoclave sterilization. 

 

3.3.2 10× Tris Borate EDTA (TBE) Buffer 

The 10× TBE stock solutions consisted of 108.0 g/L Tris-HCl, 55.0 g/L boric acid and 

7.44 g/L Na2EDTA�2H2O dissolved in 1 L of distilled water with pH adjusted to 8.0 

before autoclave sterilization. 

 

3.3.3 10× TE Buffer 

Composition of 10× TE buffer solutions consisted of 108.0 g/L Tris-HCl and 7.44 g/L 

Na2EDTA�2H2O dissolved in 1 L distilled water followed by the pH adjustment to 8.0 

before autoclave sterilization. 
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3.4 Molecular Techniques 

Oligonucleotides used for 16S rRNA gene amplification and plasmid detection were 

listed in Table 3.2. 

Table 3.2 Oligonucleotides used in this study 

Primers Sequence (5’-3’) Annealing 

temperature (ºC) 

Length (-mer), 

Reference 

27F 5’-AGA GTT TGA TCM TGG CTC AG-

3’ 

58 (Lane, 1991) 

1525R 5’-AAG GAG GTG WTC CAR CC-3’ 58 (Dewhirst et al., 

2000) 

PME_IN1F 5’-TTC GAG GTA CTG AAC ACG CC-

3’ 

55 20, This study 

PME_IN1R 5’-GTC CAG ATG ACA GCA CCA CA-

3’ 

55 20, This study 

Pm-F 5’-ATA GGT GAG CAC CTC GTA GTC-

3’ 

53 21, This study 

Pm-R 5’-GCG GCA GAT CAA CAA CAA TC-

3’ 

53 20, This study 

 

3.4.1 Polymerase Chain Reaction (PCR) Amplification 

The reagents from OneTaq® DNA polymerase kit (New England Biolabs Inc, U.S.A) 

were used for setup of the PCR mixtures. The composition of the PCR mixtures was 

illustrated in Table 3.3. The PCR cycles for the amplification consisted of initial 

denaturation at 94ºC for 5 min, followed by 30 cycles at 94 ºC for 30 s, annealing 

temperature and time based on the Tm of the primer pairs, extension at 68 ºC for 1 min 

and final extension step at same temperature for 5 min. A negative control was included 

for each PCR run by substituting template DNA with ultrapure H2O (MiliQ, Merck). 
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Table 3.3 Mixture for PCR reactions in the study 

PCR Component  Volume in 25 µl 

reaction 

Final concentration per 

reaction 

5× OneTaq standard reaction buffer 5.0 1× 

dNTPs (10 mM) 0.5 200 µM 

OneTaq polymerase 0.125 0.625 U 

Forward primer (10 µM) 0.5 0.2 µM 

Reverse primer (10 µM) 0.5 0.2 µM 

Template DNA 1.0 < 1.0 µg 

 Ultrapure H2O To 25 µl - 

 

3.4.2 Agarose Gel Electrophoresis 

Electrophoretic examination of DNA samples were carried out using horizontal agarose 

gel at 1.0% w/v submerged in 1×TBE buffer. Melting of the agarose mixture was done 

in the microwave oven followed by supplementation to final concentration of 0.5 µg/ml. 

Upon cooling, the molten agarose was then poured into a gel cast for solidification.  

Agarose gel electrophoresis was carried out after loading 3 µl of DNAs samples and 0.2 

µg of 1 kb DNA ladder (Vivantis) and electrophoresis was carried out at 80 V until the 

loading dye front approached about 1.0 cm from the edge of the gel. The gel was 

visualized on UVP ultraviolet transilluminator.  
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3.5 Bacterial Isolation and Assessments on Adaptive Phenotypes Associated 

with Vineyard Soil Environment 

3.5.1 Sampling and Isolation of Bacteria 

Sampling of the soil was performed in a vineyard in Riquewihr, France in October 2008. 

The GPS position for the site was at 48°10’06.2”N 7°17’51.5”E, at an elevation of 

309.1 metres above sea level. Soil sample was collected at the subsurface level (to the 

depth of 5 cm) and placed into a sterile 50-mL centrifuge tube. Large particles such as 

stones and roots were removed. Suspension of the soil was prepared with 1 g of the soil 

dispersed in 5 ml 1× PBS (pH 6.5) via vortex agitation. 

 

3.5.2 Enrichment and Isolation of Bacterial Strains 

Isolation of bacteria was performed using enrichment method in KG medium (Section 

3.2.1) based on the ability of the soil inhabitants to utilize quorum sensing signals. An 

amount of 1 mL suspended soil was inoculated in KG medium supplemented with 500 

mg/L N-heptanoyl-homoserine lactone as sole carbon and nitrogen source followed by 

incubation with shaking at 220 rpm for 48 h at 28oC. Next, 150 µL of the suspension 

solution was transferred into fresh enrichment medium and incubated for another 48 h 

with shaking at 220 rpm. The process was performed twice and the culture of the third 

enrichment transfer was then serially diluted with KG medium. Each dilution was 

transferred and plated on LB agar plates followed by incubation at 28oC for 48 h. 

Isolation procedure was preceded by selection of single bacterial pure colony displaying 

distinctive morphology. Each of the identified single colony was streaked onto LB agar 

plates until pure cultures were obtained. Gram staining was then performed followed by 

observation under OlympusTM IX71 inverted research microscope and the micrographs 

were captured using Olympus Cell^D imaging system. 
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3.5.3 Cellular Morphology  

Morphologies of the isolated bacterial strains were observed using table-top scanning 

electron microscope (SEM) TM3030 (Hitachi, Japan). The bacterial cells were fixed by 

immersion in 5% glutaraldehyde with 1× PBS (pH 7.2, 0.1 M) overnight and washed 

twice with the same buffer. Next, post-fixing in 1% of osmium tetroxide for 1 h and 

rinsing twice with sterile distilled water. The sample underwent a graded dehydration 

series of ethanol (50%, 75%, 95% and absolute ethanol) and followed by 

hexamethyldisilazane for 10 min each treatment. Then, it was for 1 day in a dessicator. 

After drying, the sample was mounted on aluminium stubs and gold-coated in a SC7620 

mini sputter coater (Quorum Technologies, U.K.) and followed by viewing using table-

top SEM. 

 

3.5.4 MALDI-TOF Mass Spectrometry Identification and Analysis 

A single colony of bacteria was smeared on MSP96 target polished steel PC plate and 

overlaid with MALDI-matrix (α-cyano-4-hydroxycinnamic acid in 50% acetonitrile/2.5% 

trifluoroacetic acid). The air-dried spot was then subjected to MALDI-TOF analysis 

using Microflex MALDI-TOF (Bruker Daltonik GmbH, Leipzig, Germany) bench-top 

mass spectrometer scanned with laser wavelength of 337 nm and acceleration voltage of 

20 kV (J. W. Chen et al., 2013). The resulting spectra were recorded and analyzed at 

mass range of 2 to 20 kDa using Bruker MALDI Biotyper Real Time Classification 

(RTC) version 3.1 (Build 65) software. 
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3.5.5 Molecular Identification and Phylogenetic Analysis of Bacterial Isolates 

The bacterial isolates were identified using 16S rRNA gene sequencing with 27F and 

1525R primer pairs for PCR amplification. The purified PCR products were sent for 

Sanger sequencing by 1st Base (Malaysia) with the same primer pair. The obtained gene 

sequences were then visualised using Applied Biosystem Sequence Scanner v1.0 

followed by trimming. The sequences were then compared with those in the GenBank 

databases using the BLASTN program through the National Center for Biotechnology 

Information (NCBI) server (http://www.ncbi.nlm.nih.gov). The genus and species of 

bacterial isolates were then evaluated based on the nearest identity to those deposited in 

the databases. Phylogenetic analysis was done using the Molecular Evolutionary genetic 

Analysis (MEGA) version 5.0 downloadable from http://www.megasoftware.net 

(Tamura et al., 2011). Phylogenetic tree was constructed using neighbor-joining method 

with Bootstrap test with the value of 1000. The model used was nucleotide maximum 

composite likelihood (MCL) to estimate the evolutionary distances between all 

sequences at one time. An appropriate outgroup namely a taxon that is distantly related 

but sufficiently conserved of homologues to each of the ingroup taxa was selected to 

produce a rooted tree. Additionally, pairwise similarity analysis was performed by 

comparing the obtained 16S rRNA gene sequences against EzTaxon database 

(http://www.ezbiocloud.net/eztaxon) for characterization and distinguishability from the 

closest identified relatives.  
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3.5.6 Heavy Metal Resistance Assays 

3.5.6.1 Copper Resistance Assay 

Maximum tolerable concentration of copper salt for the growth of Pseudomonas was 

determined in the study. An amount of 1 µL overnight culture was inoculated into 200 

µL of LB broth supplemented with different concentrations of CuSO4 ranging from 0 

mM to 5 mM and placed into a 96-wells microtitre plate. The growth curves of the 

strain were monitored at OD600 with measurements taken every 2 h for duration of 24 h 

using Tecan Infinite M200 luminometer (Tecan, Mannerdorf, Switzerland). 

 

3.5.6.2 Phenotypic Microarray Analysis (PM13B, PM14A, PM15B, PM16A and 

PM18C MicroplatesTM) 

The phenotypes associated with the heavy metal resistance and carbon utilization of the 

isolates were assessed using OmniLog Phenotype Microarray Analysis. The overnight 

cultured bacterial colonies were inoculated into Biolog IF-0a GN/GP Base medium to 

reach 85% turbidity followed by 1:200 dilution aliquoted into IF-10b medium 

supplemented with Dye Mix A as indicated by the manufacturer instructions. The 

mixtures were then added into wells of Biolog Microplates PM13B, PM14A, PM15B, 

PM16A and PM18C containing substrates of various heavy metal salts.  
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3.5.6.3 Incubation and Growth Monitoring 

The incubation and growth of inocula were monitored for 96 hours with readings taken 

at 15 min intervals. Growth of bacteria in the presence of heavy metals causes reduction 

of the dye, resulting in purple colour formation. The kinetic information were recorded 

and quantified (Bochner et al., 2001) using OmniLog OL_FM_12 kinetic software 

(Biolog, USA) for data analysis and export. 

 

3.5.7 Grapevine and Root Exudates Related Compounds Utilization Assays  

3.5.7.1 Phenotypic Microarray Analysis (PM1 and and PM2a MicroplateTM) 

To determine the strains’ growth under the exposure of major sugars and organic acids 

related to grapevines and root exudates, phenotypic microarray analysis was conducted 

in microplates containing arrays of carbon substrates including these compounds. 

Bacterial colonies cultured overnight in LBm agar were transferred using cotton swab 

into Biolog IF-0a GN/GP Base medium to achieve 85% turbidity. The inoculated 

medium was then supplemented with Dye Mix A according to the manufacturer 

instructions (Biolog, USA). The mixtures were then aliquoted into wells of Biolog 

Microplates PM1 and and PM2A. Growth monitoring and data analysis was performed 

as described in section 3.5.6.3. 
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3.6 Comprehensive Profiling of Genetic Determinants Corresponding to 

Phenotypes Through Complete Genome Sequencing 

3.6.1 Extraction and Quantification of Genomic DNA 

Bacterial genomic DNA was extracted using MasterPureTM Complete DNA and RNA 

Purification Kit (Epicentre, Illumina Inc., Madison, Wisconsin) according to the 

manufacturer instructions. The purity of DNA was examined using a NanoDrop 

spectrophotometer (Thermo Scientific, Waltham, MA, USA) and agarose gel 

electrophoresis. In addition, DNA quantification was carried out with a Qubit® 2.0 

fluorometer (Invitrogen, Carlsbad, CA, USA) by using dsDNA broad range assay kit 

(Invitrogen, Carlsbad, CA, USA).  

 

3.6.2 Single Molecule Real-Time (SMRT) Sequencing  

The bacterial genomes were sequenced using Single Molecule Real-Time (SMRT) 

sequencing technology on PacBio RSII platform (Pacific Biosciences, Inc., CA, U.S.A.). 

The DNA library was prepared by shearing ~8 µg of genomic DNA using g-TUBETM 

(Covaris®) into targeted fragment size at 10 kb and 20 kb. After shearing, the samples 

were purified and concentrated using 0.45-fold volume of washed Agencourt AMPure 

XP magnetic beads (Beckman Coulter Inc.) followed by size verification using Agilent 

2100 Bioanalyzer (Agilent Technologies). Subsequently, preparation of the SMRTbell 

template library was performed using the commercial Template Preparation Kit from 

Pacific Biosciences Inc. The sheared DNA was subjected to end repair, ligation of 

adapters and exonuclease digestion of incompletely ligated products. Next, annealing 

0.83 nM of the library sequencing primers was performed followed by binding of P4 

DNA polymerase provided by DNA polymerase binding reagent kit (Pacific 

Biosciences Inc.). To complete genome sequences, a newer version of P6 DNA 

polymerase was employed for subsequent sequencing attempts. Prior to sequencing, the 
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bound complexes were immobilized into Magbeads (Pacific Biosciences Inc.) according 

to the accompanied protocols for enhanced loading efficiency. Sequence collection in 

the SMRT cells was carried out using Sequencing Reagent 2.0 (Pacific Biosciences Inc.) 

for 180 min (P4 DNA polymerase) and 240 min (P6 DNA polymerase) with stage start 

option.  

 

3.6.3 Genome Assembly  

The acquired sequence reads from SMRT sequencing were subjected to quality filtering 

and de novo assembly using the Hierarchical Genome-Assembly Process (HGAP) 

version 3.0 pipeline module available from the Pacific Biosciences's SMRT portal (Chin 

et al., 2013). This module generates polished assemblies by incorporating Celera 

Assembler, BLASR mapper and Quiver consensus caller algorithms. At the quality 

filtering stage, short reads that are less than 500 bp were filtered off and minimum 

polymerase read quality was set at 0.80. The resulting subreads were then subjected to 

assembly. During the assembly, the length cut off of seeding reads that serve as 

references to recruit shorter reads for pre-assembly process were determined. The 

values for cut off length were estimated based on the subread length corresponding to 

sequencing coverage at the depth of approximately 40✕ in subread length plot. 

Subsequently, the polished assembled contigs were further validated for sequence 

accuracy as well as circularization.  
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3.6.4 Curation and Circularization  

In the event of circular chromosomes or plasmids, the resulting polished assemblies 

contain overlapping sequences at the beginning and end of the contigs. Such occurrence 

of same sequence at both ends of the contigs was confirmed using assembly graph and 

dot plot. In this study, circularization of the contigs was verified and visualized using 

Genome Pair Rapid Dotter (GEPARD) version 1.3 dotplot program (Krumsiek et al., 

2007) and Contiguity version 1.0 program (http://mjsull.github.io/Contiguity/files.html).   

By comparing the same set of sequence in GEPARD, a diagonal line 

constructed by a series of dots will be observed bisecting the matrix of the dotplot, 

indicating identical sequences. In the case of same sequences at both ends of the contig, 

extra lines parallel with the main diagonal line spotted at the upper right and lower left 

corner of the dotplot. This represents the overlapping sequences hence verifying the 

circularity of the contig. Also as displayed in Contiguity assembly graph, overlapping 

sequence is indicated by ribbons connecting the front and end of the contig. 

During the HGAP polishing step, reads that mapped to the overlapped 

sequences often have low mapping score and low consensus quality. Hence, trimming 

of these sequences is essential to produce circular sequences with high quality 

consensus. This curation step could be performed using toAmos and minimus2 

pipelines by removal of overlapping ends to produce a blunt-ended complete genome 

map ready for deposition to NCBI GenBank 

(http://amos.sourceforge.net/wiki/index.php/Minimus). The contig sequence was first 

divided into half by using process_fasta.pl script that extracts subsets of sequences 

based on position. These halved subsets of sequences were then concatenated and 

subjected to curation using toAmos and minimus2. The relevant execution commands 

are listed below:- 

1. perl process_fasta.pl <file_name.fasta> [First base] [First half] &   
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2. perl process_fasta.pl <file_name.fasta> [Second half] [Final base] & 

3. cat <file_name_1to[First half].fa> <file_name_[Second half]to[Final 

base].fa> >< file_name_break.fa> 

4. source /opt/smrtanalysis/install/smrtanalysis_2.3.0.140936/etc/setup.sh   

5. toAmos -s <file_name_break.fa> -o <file_name_circularized.afg> & 

6. minimus2 <file_name_circularized> 

The resulting file_name_circularized.fasta contained the curated circular contig that is 

ready for subsequent analysis and deposition.  

 

3.6.5 Genome Annotation and Bioinformatics Tools 

Upon acquisition of curated genome sequences, the genes were then predicted and 

annotated using Rapid Prokaryotic Genome Annotation (PROKKA) (Seemann, 2014). 

Subsequently, the open reading frames (ORF) of interest were further validated using 

Rapid Annotation Subsystems Technology (RAST) server (Aziz et al., 2008) and NCBI 

Prokaryotic Genome Automatic Annotation Pipeline (PGAAP) based on Best-placed 

reference protein set and GeneMarkS+. Identification of tRNA and rRNA genes was 

conducted in PGAAP. Additionally, Average Nucleotide Identity (ANI) analysis was 

performed as a mean of verifying the species circumscription based on similarity 

measurements of genome sequences between close relatives. The analysis was conducted 

using EzGenome with the cut-off value for species boundary proposed at approximately 

95%-96% (Goris et al., 2007; Richter & Rosselló-Móra, 2009). A detailed descriptions 

and information of bioinformatics tools used in this study was displayed in Table 3.4. 
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Table 3.4 Various bioinformatics tools used in this study. 

Database/Software/Pipeline Description Reference/Source 

Applied Biosystem Sequence 

Scanner version 1.0 

Sanger sequencing 

chromatogram viewer  

https://products.appliedbiosystems.

com/ab/en/US/adirect/ab?cmd=cat

Navigate2&catID=600583&tab=De

tailInfo 

BEDTools suite version 2.17 Intersection of genomic features Quinlan, 2014 

BLAST ring image generator 

(BRIG) 

Visualization of genome 

comparison 

Alikhan et al., 2011 

Contiguity version 1.0 Visualization of contig circularity Sullivan et al., 2015 

EzGenome ANI calculation http://www.ezbiocloud.net/ezgeno

me/ani 

EzTaxon database Pairwise similarity analysis for 

16S rRNA gene 

http://www.ezbiocloud.net/eztaxon 

Genome Pair Rapid Dotter 

(GEPARD) version 1.3 

Genome dotplot analysis and 

visualization 

Krumsiek et al., 2007 

Hierarchical Genome-

Assembly Process (HGAP) 

version 3.0 

SMRT sequence assembly 

pipeline 

Chin et al., 2013 

Minimus2 pipelines Genome circularization http://amos.sourceforge.net/wiki/in

dex.php/Minimus 

Mfold web server Terminal inverted repeat analysis Zuker, 2003 

Modification and Motif 

Analysis 

DNA methylation analysis https://github.com/PacificBioscienc

es/Bioinformatics-

Training/wiki/Base-Modification-:-

-From-Sequencing-Data-to-a-High-

Confidence-Motif-List 

Molecular Evolutionary 

genetic Analysis (MEGA) 

version 5.0 

Phylogenetic analysis Tamura et al., 2011 

NCBI Prokaryotic Genomes 

Annotation Pipeline (PGAAP) 

Genome annotation pipeline Angiuoli et al., 2008 
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OmniLog OL_FM_12 kinetic 

software 

Cellular assay kinetic 

measurement and analysis 

Bochner et al., 2001 

Phage Search Tool (PHAST) Phage sequence annotation from 

bacterial genomes 

Zhou et al., 2011 

PhiSITE (PromoterHunter 

module) 

Promoter region prediction Klucar et al., 2010 

Rapid Prokaryotic Genome 

Annotation (PROKKA) 

Genome annotation pipeline Seemann, 2014 

Rapid Annotation Subsystems 

Technology (RAST) server 

Genome annotation pipeline Aziz et al., 2008 

REBASE Restriction enzyme and DNA 

methyltransferase prediction 

database 

Roberts et al., 2015 

Sequence Manipulation Suite Codon usage calculator http://www.bioinformatics.org/sms

2/ 

SMRT View Genome Browser Visualization tool for SMRT 

secondary analyses  

https://github.com/PacificBioscienc

es/DevNet/wiki/SMRT-View 

ToAmos  AMOS bank converter for 

genome circularization 

http://amos.sourceforge.net/wiki/in

dex.php/ToAmos 
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3.7 Characterization of Large Plasmids from Isolates 

3.7.1 DNA Manipulation Techniques  

Genomic DNA was extracted using MasterPureTM Complete DNA and RNA 

Purification Kit (Epicentre, Illumina Inc., Madison, Wisconsin) according to the 

manufacturer’s instructions. Plasmid DNA was isolated using Qiagen Midi prep kit 

(Qiagen, Hilden, Germany). Rapid PCR screening on the presence of plasmid in strain 

S5.2 was performed using PME_IN1F and PME_IN1R primer pairs whereas Pm-F and 

Pm-R primer pair (Table 3.2) was used for gap closing attempts for both ends of 

plasmid assembly. Table 1 illustrates the oligonucleotides used in this study. 

 

3.7.2 Pulsed Field Gel Electrophoresis (PFGE)   

To determine the size and linearity of the large plasmids, S1-PFGE was conducted by 

treating the genomic DNA with S1 nuclease for digestion and linearization of circular 

plasmids present in the samples according to standard procedures. XbaI digested 

genomic DNA of Salmonella serotype Braenderup H9812 was employed as standard in 

ths study. Separation was performed using PFGE on CHEF Mapper system (Bio-Rad, 

CA, USA).  
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3.7.2.1 Cell Suspension Buffer (CSB) and Cell Lysis Buffer (CLB) 

CSB was prepared by mixing Tris and EDTA to final concentrations of 100 mM each 

with both components adjusted to pH 8.0. The solution was then topped up with sterile 

ultrapure water to 1 L. CLB on the other hand, consisted of 50 mM of Tris (pH 8.0), 50 

mM EDTA (pH 8.0), 1% (w/v) of Sarcosyl (N-Lauroylsarcosine, sodium salt) in 1 L of 

sterile ultrapure water. 

 

3.7.2.2 Restriction Enzyme Master Mix 

For restriction digestion of the plug sizes, the master mix for restriction enzymes were 

prepared as indicated in Table 3.5. 

 

Table 3.5 Composition of restriction enzyme master mix. 

Reagent  Volume (µL)/Plug slice 

10× Restriction buffer 20 

BSA (10 mg/mL) 2.0 

XbaI or S1 nuclease 5.0 

Ultrapure H2O 173 

Total Volume 200 
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3.7.2.3 Agarose Gel Plug Preparation 

An overnight culture of the bacteria was streaked on modified LB agar (Section 3.2.2) 

and incubated at 28°C for 24 h. The bacteria colonies were then transferred using a 

sterile cotton swab into 2 mL of sterile CSB. The OD600 was adjusted to the value of 1.0 

by diluting with CSB or adding bacterial cells. An amount of 400 µL of the cell 

suspension was treated with 20 µL proteinase K followed by addition of melted 1% 

(w/v) Seakem Gold agarose. The mixture was then immediately transferred into 

reusable plug molds accordingly and allowed to solidify for 10-15 min. An amount of 5 

mL CLB containing 0.5 mg of Proteinase K was added into each 50 mL centrifuge 

tubes. The solidified agarose gel plugs were then transferred into the CLB/Proteinase K 

buffer accordingly and the tubes were placed in shaking incubator at 55°C for 1.5 h. 

The sterile ultrapure water and TE buffer were also pre-heated in 55°C during the 

incubation period. After the incubation, 10-15 mL of ultrapure water was added and 

incubated for additional 15 min. The water was subsequently poured off from the plugs 

and the washing step was repeated. After decanting the water, the washing step was 

repeated for three times with pre-heated TE buffer. The plug was added with 10 mL of 

TE buffer after the final wash and stored in 4°C until subsequent procedures. 

 

3.7.2.4 Restriction Digestion of DNA in Agarose Plug 

The agarose plugs were carefully removed from buffer, sliced at 2.0 mm width using 

sterile blades, and transferred into 200 µL diluted restriction buffer for each test samples. 

The plug slices were then incubated for 10 min in 37°C. Next, the restriction buffer was 

decanted and 200 µL of restriction enzyme master mix containing the appropriate 

restriction enzymes (Section 3.7.2.2) were added. Salmonella serotype Braenderup 

H9812 standard was treated with 50 U/plug slice of XbaI restriction enzyme whereas 
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the genomic DNA of samples were added with S1 nuclease. The restriction reaction was 

carried out in 37°C for 1.5 h.  

 

3.7.2.5 Gel Loading and Electrophoresis Conditions 

Electrophoretic examination of DNA samples were carried out in CHEF Mapper system 

(Bio-Rad, CA, USA) using 1.0% (w/v) SeaKem Gold agarose gel stained with 

GelStarTM nucleic acid gel stain and submerged in 0.5×TBE buffer. The digested plug 

slices were inserted into the bottom of each comb wells and sealed with molten agarose. 

The electrophoresis conditions were based on auto algorithm with initial switch time set 

at 2.16 s and final switch time at 63.8 s. Subsequently, the electrophoresis was carried 

out for 18 hours followed by visualization of the separations in UVP ultraviolet 

transilluminator. 

 

3.7.3 Twitching Motility Assay 

Twitching motility assay was conducted by stab inoculating the cells into bottom of the 

petri dish containing 1% (w/v) LB agar at approximately 3 mm of thickness followed by 

48 h incubation at 30 °C (Déziel et al., 2001).   
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3.8 Methylome Analysis and Correlation with Adaptation Features 

3.8.1 Detection of DNA Methylation and Motif Calling 

For detection of DNA methylation and the recognition motifs, the completed genome 

sequences were first uploaded into SMRT portal as reference sequences. Then, 

Modification_and_Motif Analysis protocol, available in SMRT portal was used. In the 

analysis, the changes in DNA polymerase kinetics of each methylated bases relative to 

the unmodified bases were measured as interpulse duration (IPD) ratios. The IPD ratio 

of each bases were then aligned with the references resulting in detection of methylated 

DNA at single-base resolution. The protocol also allows genome-wide detection of 

specific DNA modification motifs affiliated with presence of DNA methyltransferases 

in the bacteria. In this study, the minimum coverage was set at of 25 and modification 

quality score to be coined as an event of methylation was set at threshold value of 30.  

 

3.8.2 Data Processing 

Results from the Modification and Motif Analysis were presented in various output 

formats. Primarily, information that summarizes the genome-wide methylation patterns 

was listed in motif_summary.csv file. This file is required for upload and prediction of 

possible components of (Restriction-Modification) RM systems in the genome. To 

visualize events of methylation in specific positions in the genome, SMRT View 

genome browser was used to obtain reports on the IPD ratio values, sequence coverage, 

quality score, type and position of the methylated bases. Upon identification of 

modification motifs of interest, subsets containing modified coordinates were extracted 

from SMRT View Genome Browser and exported as .gff file. The distribution map of 

the modification motif across the genome was then generated using BLAST ring image 

generator (BRIG) (Alikhan et al., 2011).  
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In addition, the methylation sites of interest across the intergenic and 

intragenic regions in the genome were further characterized. Acquisition of such 

information firstly required gene coordinates resulted from RAST server annotation 

imported as .gff file. Then, gene coordinates of the methylated and unmethylated sites 

extracted from SMRT View and saved as .bed files. At this point, definition of the 

methylation state was based on threshold QV values of 30 and IPD ratio 3.0. 

Subsequently, BEDTools suite (Quinlan, 2014) was used to intersect both .gff and .bed 

files for distribution of these sites within intergenic and intragenic regions. The relevant 

execution commands are listed below:- 

Intragenic regions: 

1. bedtools intersect -a <Methylated_coor.bed> -b <RAST.gff> -wb > 

<Pmen_chr_methylated_intragenic.bed>  

2. bedtools intersect -a <Unmethylated_coor.bed> -b <RAST.gff> -wb > 

<Unmethylated_intragenic.bed> 

Intergenic regions: 

3. bedtools intersect -a <Methylated_coor.bed> -b <RAST.gff> -v > 

<Methylated_intergenic.bed> 

4. bedtools intersect -a <Unmethylated_coor.bed> -b <RAST.gff> -v > 

<Unmethylated_intergenic.bed> 

Line count command (wc –l) was used to calculate the amount of sites resulted from 

each intersection protocols. 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



  42 

3.8.3 Prediction and Annotation of Restriction Modification (RM) Systems  

The acquired complete genome sequences and motif_summary.csv file were uploaded 

into REBASE, a comprehensive and fully curated online database allowing 

identification of restriction enzymes and DNA methyltransferases involved in RM 

systems (Roberts et al., 2010). Based on the genome sequences, possible components of 

RM systems together with the respective recognition domains were predicted. The 

predicted data was subsequently compared with the list in motif_summary.csv file to 

elucidate the active genes that are responsible for the DNA methylation as detected by 

SMRT sequencing. 
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CHAPTER 4: RESULTS 

4.1. Isolation and Morphological Observation of Bacteria 

Bacterial isolation procedure was originally aimed at the bacterial inhabitants in 

vineyard soil, capable of utilizing QS signal supplemented in the KG selection medium. 

Two isolates were the focus of this study based on their traits in resisting elevated 

amount of copper in LBm medium (Chapter 4.2.1).  Table 4.1 summarizes the 

appearance and morphology of bacterial colonies obtained from LBm agar plates. 

Cellular morphologies of both isolates were further observed as illustrated in Figure 4.1. 

Table 4.1 Morphology of bacterial colonies.  

Strain Label Gram Surface Shape Elevation Edge Pigmentation 

S5.2 Negative Smooth 
and 

glistering 

Irregular Flat Undulated Yellowish 

S13.1.2 Negative Smooth 
and 

glistering 

Circular Convex Entire Baige 
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Figure 4.1 Scanning electron micrograph of strain S5.2 and S13.1.2 cells. Upper: Cells 
of strain S5.2 measured at the size of 1.5-2.5 µm in length and 0.8-1.0 µm in width. 
Lower: Cells of strain S13.1.2 measured at 2-3 µm long and 0.8-1.0 µm wide. 
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4.1.1 Identification of Pseudomonas Strains 

Microflex MALDI-TOF analysis revealed that the peptide mass fingerprint of strain 

S5.2 was closest to P. mendocina and the closest identity for strain S13.1.2 was P. 

putida with their respective matching score value listed in Table 4.2. In general, a score 

value between 2.0 to 2.29 indicates the reliable identification of genus and probable 

identity for species level. Score values of 1.7-1.99 show that the identification of genus 

is probable. Based on the score values acquired from the analysis, identification of 

strains as Pseudomonas was highly probable and further analysis involving 16S rRNA 

sequencing analysis was required to resolve the species identification. 

Table 4.2. Identification of Pseudomonas strains using Microflex MALDI-TOF 
analysis. 

Strain Closest Identity Score Value 

S5.2 P. mendocina 2.187 

S13.1.2 P. putida 1.936 
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4.1.2 16S rRNA Gene Alignment Analysis 

The 16S rRNA gene amplification and sequencing was performed with 27F and 1525R 

primer pairs. The resulted the amplicons at the size of ~1.5 kb were purified and 

sequenced.  Sequence comparison with GenBank databases using the BLASTN 

followed by phylogenetic analysis revealed the closest identified relatives of both 

strains to be consistent with results from Microflex MALDI-TOF analysis (Figure 4.2). 

Additionally, pairwise similarity analysis on EzTaxon database 

(http://www.ezbiocloud.net/eztaxon) further validated the identification with similarity 

higher than 99% securing the identification of strain S5.2 as P. mendocina and strain 

S13.1.2 as P. putida. 

 

Figure 4.2. Phylogenetic tree highlighting the positions of P. mendocina strain S5.2 and 
P. putida strain S13.1.2 relative to other strains within the genus Pseudomonas. The 
scale bar represents 0.002 substitutions per nucleotide position.  
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4.1.3 Strain Deposition 

Following the identification of both strains, strain deposition was additionally 

conducted in German Collection of Microorganisms and Cell Cultures (DSMZ) with the 

deposition number of DSM102033 for P. mendocina strain S5.2 and DSM102034 for P. 

putida strain S13.1.2.  

 

4.2 Heavy Metal Resistance Traits of Pseudomonas 

4.2.1 Copper Resistance Assay 

Growth of both P. mendocina S5.2 and P. putida S13.1.2 in the presence of various 

copper sulphate (CuSO4) concentrations in LBm medium was monitored for 24 h. The 

experimentation was conducted in triplicates with acquisition of optical density (OD600) 

value by substracting the OD600 value of uninoculated medium with each CuSO4 

supplementation. As illustrated in Figure 4.3, the growth of P. mendocina S5.2 was 

observed at up to 2.5 mM of CuSO4 whereas P. putida S13.1.2 is capable to grow at up 

to 3.5 mM of the copper salt. Though with slightly hindered growth, strain S13.1.2 was 

shown to grow in 4mM of CuSO4. Such observation has prompted us to search for 

genetic determinants involved in copper and possibly other heavy metal resistant 

abilities of these strains. Univ
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Figure 4.3. The growth curve of P. putida strain S13.1.2 in various copper sulphate salt 
(CuSO4) concentrations monitored for 24 hours. The graphs represent mean results from 
(OD600- blank) values of triplicate cultures with error bars signifying standard deviations 
(n=3). Growth was observed at up to 4 mM of CuSO4 supplemented into the culture 
medium. 
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4.2.2 Phenotypic Microarray Analysis (PM13B, PM14A, PM15B, PM16A and 

PM18C MicroplatesTM) 

The capability of both Pseudomonas strains to tolerate different heavy metals was 

determined via Biolog Phenotype Microarray Analysis. After the incubation time of 96 

hours, complete growth curves were observed in the presence of almost all tested heavy 

metal salts. In Table 4.3, heavy metal resistance profile is defined by bacterial growth 

measured after 96 h in phenotype microarray microplates wells containing four different 

concentrations of each heavy metal salts. The extent of growth observed were indicated 

as ++++ (full growth), +++ (strong), ++ (moderate), + (weak) and – (sensitive) signs. 

Table 4.3. Growth of P. mendocina strain S5.2 and P. putida strain S13.1.2 under 
various heavy metal salts from PM13B, PM14A, PM15B, PM16A and PM18C. 

Biolog 
Microplates 

Heavy Metal Salt Wells Growth Observed 
 S5.2 S13.1.2 

PM13B NiCl2 A9-A12 +++ +++ 

K2CrO4 C9-C12 ++ ++ 

CsCl F1-F4 ++++ ++++ 

CoCl2 G1-G4 ++ +++ 

MnCl2 G5-G8 ++ ++ 

CuCl2 H1-H4 +++ ++++ 

PM14A CdCl2 D1-D4 + ++ 

Na3AsO4 B9-B12 ++++ ++++ 

PM15B ZnCl2 H9-H12 ++++ ++++ 

PM16A NaSeO3 F5-F8 ++++ ++ 

CrCl3 G1-G4 ++++ ++++ 

PM18C NaAsO2 D1-D4 ++++ +++ 

SbCl3 E9-E12 +++ - 
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4.3 Carbon Utilization Traits of Pseudomonas 

4.3.1 Phenotypic Microarray Analysis (PM1 and and PM2a MicroplateTM) 

Among the 190 carbon sources tested, P. mendocina S5.2 was able to utilize 58 

compounds whereas P. putida S13.1.2 utilized as much as 67 compounds as sole carbon 

source. With reference to grapevine and root exudates related compounds (Cançado et al., 

2015; Dharmadhikari, 1994; Kliewer, 1966; López-Rayo et al., 2015; Mato et al., 2007), 

P. putida strain S13.1.2 was notably shown to utilize D-fructose, L-tartaric acid and m-

tartaric acid as opposed to P. mendocina strain S5.2 which could not grow on these 

compounds. On the other hand, positive utilization of L-lactic acid was detected for P. 

mendocina strain S5.2 but not for P. putida S13.1.2. Inability of both strains to utilize 

sucrose, L-glucose, oxalic, sorbic and D-tartaric acids were also observed in Table 4.4 

and Figure 4.4. Plate maps of the microplates were displayed in Appendix 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



  51 

Table 4.4. Utilization of grapevine and root exudates related compounds as sole carbon 
source by both Pseudomonas strains. 

Microplate Plate Position Carbon Source Strain 

S5.2 S13.1.2 

PM1 A5 Succinic acid + + 

B9 L-Lactic acid + - 

C3 D,L-Malic acid + + 

C7 D-Fructose - + 

C9 α-D-Glucose + + 

D11 Sucrose - - 

E2 m-Tartaric acid - + 

F2 Citric acid + + 

F5 Fumaric acid + + 

G11 D-Malic acid + + 

G12 L-Malic acid + + 

PM2A C2 L-Glucose - - 

D12 Butyric acid + + 

F4 Oxalic acid - - 

F9 Sorbic acid - - 

F11 D-Tartaric acid - - 

F12 L-Tartaric acid - + 

 

 

Figure 4.4. Differential metabolic profile of carbon sources compared between strain 
S5.2 and S13.1.2 assayed in PM1 (left) and PM2a (right) microplates. Growth of 
bacteria under specific carbon substrates is shown in area under curve (AUC) individual 
growths of S13.1.2 and S5.2 represented in green and red, respectively. Yellow area 
indicates overlapped growth shared by both strain. 
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4.4 Complete Genome Assemblies  

Complete genome assembly of P. mendocina strain S5.2 was acquired by utilizing 1 

SMRTcells to achieve average sequencing coverage of 182.75×. HGAP assembly 

pipeline showed that the genome consisted of a circular chromosome at the size of 

approximately 5.1 Mb and a large plasmid at approximately 252 kb. The large plasmid 

was later designated as pPME5. On the other hand, complete genome of P. putida strain 

S13.1.2 required 7 SMRTcells to achieve sequencing coverage of 163.56×. The genome 

constituted of 1 circular chromosome with the size of approximately 6.6 Mb.  

 

4.4.1 Circularity Analysis  

To determine the circularity of the genomes in Contiguity (Chapter 3.6.4), individual 

contigs generated from the assemblies was loaded followed by self-comparison analysis. 

Presence of a ribbon connecting the front and end contigs as illustrated in Figure 4.5 

and Figure 4.6 indicated that the chromosomes of P. mendocina strain S5.2 and P. 

putida strain S13.1.2 were circular. It was also speculated that plasmid pPME5 of strain 

S5.2 was linear as overlapping sequences were not detected at both ends of the contig as 

shown in Figure 4.7. In dot plot analysis, lines parallel with the main diagonal line 

magnified at the upper right  (Figure 4.8b) and lower left corner (Figure 4.8c) verified 

the circularity of the contig.  

Following the aforementioned verification processes, the overlapped sequences in 

circular chromosomes of both S5.2 and S13.1.2 strains with low mapping scores and 

low consensus qualities were trimmed using toAmos and minimus2 pipelines. 

Consequently, the resulted blunt-ended chromosomes and curated plasmid sequences 

were subjected to subsequent genome deposition and annotation procedures. 
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Figure 4.5. Contiguity analysis of strain S5.2 chromosome. 

Figure 4.6. Contiguity analysis of strain S13.1.2 chromosome. 

Figure 4.7. Contiguity analysis of strain S5.2 plasmid pPME5. 
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        (a) 

 

           (b)         (c) 

Figure 4.8. Representation of circularized chromosome of P. mendocina strain S5.2 in 
dot plot analysis. Main diagonal line is represented in (a) with magnified lower left 
corner (b) and upper right corner (c). 
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4.4.2 Genome Depositions and Data Access 

4.4.2.1 NCBI GenBank Accession 

The resulting blunt-ended chromosome and the plasmid sequences were then uploaded 

into NCBI GenBank database for deposition and genome annotation using NCBI 

Prokaryotic Genomes Annotation Pipeline (PGAAP). Complete nucleotide sequences of 

P. mendocina strain S5.2 chromosome and plasmid pPME5 were accessible under 

accession number of CP013124 and CP013125, respectively. On the other hand, the 

assigned accession number for strain S13.1.2 was CP010979. Table 4.5 summarizes the 

general information of the complete genome assemblies and deposition.  

Table 4.5. Nucleotide contents and accession numbers for the complete genomes of P. 
mendocina strain S5.2, plasmid pPME5 of P. mendocina strain S5.2 and P. putida strain 
S13.1.2. 

 P. mendocina S5.2 P. putida S13.1.2 

Chromosome Plasmid pPME5 Chromosome 

Genome Size (bp) 5,120,146 252,328 6,621,848 

G+C Content 62.4% 54.7% 62.3% 

Sequencing Coverage 181.55× 206.96× 163.56× 

NCBI Genome 

Accession Number 

CP013124 CP013125 CP010979 

Consensus 

Concordance (%) 

99.9979 99.9968 99.9996 
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4.4.3 Average Nucleotide Identity (ANI) Analysis 

ANI analysis was performed on both P. mendocina strain S5.2 and P. putida strain 

S13.1.2 as described in Chapter 3.6.5. As shown in Table 4.6, the closest relative of 

S5.2 was P. mendocina NBRC 14162 with ANI value of 97.7876%. As such, the 

species circumscription of strain S5.2 as P. mendocina was reaffirmed with ANI value 

of more than the proposed 95%-96% (Richter & Rosselló-Móra, 2009). On the other 

hand, the closest relative of S13.1.2 was Pseudomonas putida NBRC 14164 with ANI 

value of 94.1852% (Table 4.7), which is at the borderline of the approximated cut-off 

value. Hence, the species circumscription of strain S13.1.2 as P. putida was of high 

confidence. 

 

Table 4.6. ANI analysis for strain S5.2. Pairwise genome comparison performed with 
genome sequences of strain 5.2 set as genome of interest. 

Subject Genome Genbank Accession Pairwise ANI 
Value (%) 

Pseudomonas mendocina NBRC 14162 BBQC00000000 97.7876 

Pseudomonas mendocina NK-01 CP002620 97.6983 

Pseudomonas mendocina EGD-AQ5 AVQF00000000 88.2962 

Pseudomonas mendocina ymp CP000680 86.7697 

Pseudomonas mendocina ZWU0006 JTLK00000000 85.4698 
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Table 4.7. ANI analysis for P. putida strain S13.1.2. Pairwise genome comparison 
performed with genome sequences of strain 13.1.2 set as genome of interest. 

Subject Genome GenBank Accession Pairwise ANI Value 
(%) 

Pseudomonas putida NBRC 14164 AP013070 94.1852 

Pseudomonas putida H8234 CP005976 93.3195 

Pseudomonas putida W15Oct28 JENB00000000 92.4856 

Pseudomonas putida KT2440 AE015451 89.159 
 

Pseudomonas putida ND6 CP003588 87.9225 

 

4.4.4  Genome Annotation and Bioinformatics Analyses 

4.4.4.1 Prokka Annotation Pipeline 

The primary annotation tool used in this study involved Prokka annotation pipeline. The 

general features of the individually annotated genomes were tabulated in Table 4.8. A 

total of 4,712 and 6,241 open reading frames (ORFs) were annotated in the chromosome 

of P. mendocina strain S5.2 and P. putida strain S13.1.2, respectively. Of note, majority 

of the putative ORFs of the chromosomes were assigned with annotatable functions 

whereas for plasmid pPME5, as much as 82.3% of the ORFs were predicted as 

hypothetical proteins. Subsequently, each coordinate and orientation of the annotated 

ORFs was extracted and visualization of the graphical map was performed using BRIG, 

as illustrated in Figure 4.9 and Figure 4.10.   
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Table 4.8. Prokka annotation of P. mendocina strain S5.2 chromosome, plasmid 
pPME5 of P. mendocina strain S5.2 and P. putida strain S13.1.2. 

 P. mendocina S5.2 P. putida S13.1.2 

Chromosome Plasmid pPME5 Chromosome 

No. of ORFs 4,712 (100%) 345 (100%)  6,241 (100%)  

No. of Hypothetical 

Protein Genes 

998 (21.2%)  284 (82.3%)  1469 (23.53%) 

  

No. of RNA Coding 

Genes 

72  4  96  

 

 

 

Figure 4.9. Graphical map of P. mendocina strain S5.2 complete chromosome and 
plasmid pPME5 from Prokka annotation. From outside to center: Genes on reversed 
strand (navy blue), genes on forward strand (dark red), GC skew (purple and green), and 
GC content (black). Univ
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Figure 4.10. Graphical map of P. putida strain S13.1.2 complete chromosome from 
Prokka annotation. From outside to center: Genes on reversed strand (blue), genes on 
forward strand (orange), GC skew (purple and green), and GC content (black). 

 

4.4.4.2 Prokaryotic Genomes Annotation Pipeline (PGAAP) Analysis 

Following the NCBI GenBank deposition of the genomes, additional genome annotation 

was also performed using PGAAP version 3.0. The genome statistics resulted from the 

annotation was tabulated in Table 4.9. Consistent with results from Prokka annotation, 

majority of the predicted genes were encoding hypothetical proteins for plasmid pPME5. 
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Table 4.9. Genome statistics of P. mendocina strain S5.2 and P. putida strain S13.1.2 

from PGAAP. 

 

 

 

 

 

 

 

 

 

 

4.4.4.3 RAST Server Annotation 

Another annotation pipeline employed in this study involved uploading the individual 

chromosome and plasmid sequences into RAST server. The resulted information 

containing clustering and distribution of genes in different subsystems and categories 

were illustrated in Figures 4.11-4.13.  

Attribute 

P. mendocina S5.2 P. putida S13.1.2 

Chromosome Plasmid pPME5 Chromosome 

Genome Size (bp) 
5,120,146 252,328 6,621,848 

G+C Content  
62.7% 55.6 62.3 

Total Genes 
4744 324 5861 

Protein Coding Genes 
4641 319 5694 

Hypothetical Proteins 
894 295 890 

tRNA Genes 
66 4 75 

rRNA Genes (5S, 16S, 23S) 
4, 4, 4 0, 0, 0 8, 7, 7 

Other RNA Genes 
4 0 1 

Pseudogenes 21 1 69 
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Figure 4.11. Subsystem coverage and category distribution of P. mendocina strain S5.2 
complete chromosome. 

 

Figure 4.12. Subsystem coverage and category distribution of P. mendocina strain S5.2 
plasmid pPME5 

 

Figure 4.13. Subsystem coverage and category distribution of P. putida strain S13.1.2 
complete genome 
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4.5 Identification of Heavy Metal Resistance Genes 

Following the genome annotation performed primarily using Prokka, open reading 

frames attributed to heavy metal resistance were additionally validated by NCBI 

Prokaryotic Genomes Annotation Pipeline (PGAAP) and Rapid Annotation Subsystems 

Technology (RAST) server as described in Chapter 3.6.5. Confirmation by protein 

sequence homology and conserved domain analysis of each ORFs was performed in 

PGAAP. Subsequent verification on localization and orientation of the genes were then 

conducted through RAST server.  Genetic determinants for heavy metal resistance that 

correspond to phenotypes displayed on phenotype microarray analysis were tabulated in 

Table 4.10 and Table 4.11. 

 

4.5.1 Copper Resistance Determinants of P. mendocina Strain S5.2 

The genome sequence of P. mendocina strain S5.2 was found to harbour 9 putative 

copper resistance genes (Table 4.10 and Figure 4.14) that are orthologous to genes 

associated with copper homeostasis and copper transport. For transport of copper, three 

P-type ATPase A genes known for import (copA2) and export (copA1, copA3) of copper 

ions was located different locations in the chromosome. The copA1 gene was also found 

to be part of a copper resistance gene cluster with tolC that forms outer membrane 

efflux situated upstream of the gene. On the other hand, a petE gene encoding 

plastocyanin-like protein followed by copper periplasmic binding gene (cusF) were 

located downstream of copA1. Sequence analysis revealed that PetE protein contained 

cupredoxin-like domain with type I mononuclear copper binding centres (T1Cu). The 

presence of a cysteine, a methionine and two histidine residues has also demonstrated 

the specificity of this protein in copper binding (Choi & Davidson, 2011). Such 

coordination is similar of those within plastocyanin, an electron transfer agent during 
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photosynthetic reactions hence the requirement of copper in redox potentials and 

bioenergy processes of strain S5.2 is speculated in this study (Anderson et al., 1987). 

Another copper binding protein namely multicopper oxidase encoded by mco 

gene was also identified in the chromosome. The protein also contains several 

cupredoxin domains and trinuclear copper binding sites. One of the cupredoxin domains 

was highly similar with CumA multicopper oxidase, which has been implicated in 

Mn2+-oxidising activity and possibly manganese resistance of Pseudomonas strains 

(Brouwers et al., 1999; Francis & Tebo, 2001).  

 

In addition, a copper resistance protein D was identified. Though no defined 

function were assigned, it is believed to be involved in copper transport based on the 

presence of transmembrane domain in the protein.   

 

Table 4.10. Identified ORFs in the chromosome associated with heavy metal resistance 
phenotypes of P. mendocina strain S5.2. 

Coding 
Sequence 
(Prokka) 

Annotation/ 
Predicted Role 

ORF Metal 
Resistance 

Position 
(Start-Stop) 

Size (bp) Orientat
ion 

Prokka00201 Copper resistance 
protein D 

copD 

Cu
2+

 

203,964-
203,500 

465 ← 

Prokka00764 Outer membrane 
efflux protein 

tolC 780,974-
782,374 

1,401 → 

Prokka00765 Copper-exporting P-
type ATPase A 

copA1 782,391-
783,803 

1,413 → 

Prokka00766 Plastocyanin-like 
protein 

petE 783,855-
784,349 

495 → 

Prokka00767 Copper binding 
periplasmic protein  

cusF  784,369-
784,662 

294 → 

Prokka00806 Copper-importing P-
type ATPase A 

copA2 818,881-
816,473 

2,409 ← 

Prokka02271 Multicopper oxidase cumA 2,413,014-
2,411,644 

1,371 ← 
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Prokka04421 HTH-type 
transcriptional 

regulator /Cu(I) 
responsive 

transcription regulator 

hmrR 4,754,831-
4,754,400 

432 ← 

Prokka04422 Copper-exporting P-
type ATPase A 

copA3 4,757,197-
4,754,828 

2,370 ← 

Prokka02203 Nickel and cobalt 
resistance protein 

cnrA Ni2+, Co
2+

 2,344,069-
2,340,995 

3,075 ← 

Prokka00307 NADPH-dependent 
FMN reductase  

arsH  
 
 

As3+, As5+ 

313,244-
312,555 

690 ← 

Prokka00308 Arsenate reductase arsC 313,725-
313,255 

471 ← 

Prokka00309 Arsenical pump 
membrane protein 

arsB 315,023-
313,740 

1,284 ← 

Prokka00310 HTH-type 
transcriptional 

repressor 

arsR 315,389-
315,033 

357 ← 

Prokka01774 Arsenate reductase arsC 1,894,493-
1,894,846
  

354 → 

Prokka03183 Putative chromate 
transport protein 

srpC Cr
6+

 3,386,029-
3,384,695 

1,335 ← 

Prokka03101 Putative cadmium-
transporting ATPase 

cadA  
 

Cd
2+

, Zn2+ 

3,300,835-
3,298,622 

2,214 ← 

Prokka03102 HTH-type 
transcriptional 

regulator 

cadR 3,300,916-
3,301,368 

453 ← 
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Figure 4.14. Orientation and product of putative gene clusters and operons involved in 
heavy metal resistance determinants P. mendocina S5.2. Annotated genes attributed to 
copper, arsenic and cadmium are displayed in purple, brown and grey, respectively. 
Genes encoding CnrA and SrpC are represented in cyan and green respectively. 

 

 

4.5.2 Copper Resistance Determinants of P. putida strain S13.1.2 

A total of 18 putative copper resistance genes were identified at six locations of the P. 

putida strain S13.1.2 genome (Table 4.11 and Figure 4.15). For transport of copper ions, 

the genetic determinants copA2 and copA3 encoding copper-importing P-type ATPase 

A and copper-exporting P-type ATPase A, respectively, were identified. Besides, a gene 

cluster composed of copB1, mco, and copA1 that encode copper resistance protein B, 

multicopper oxidase and copper resistance protein A, respectively was also present. 

Aside from cop genes, a gene cluster consisting of cusA1, cusA2 and cusB that 

coded cation efflux system proteins and cusF that coded a copper binding periplasmic 

protein were present. All these genes were components of a putative operon (cusCFBA) 

that determined an efflux pump for copper and silver ions. However genes encoding the 

CusC outer membrane channel component, belonging to OMF family was absent 
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(Kulathila et al., 2011). Instead, the outer membrane efflux protein located upstream of 

CusB gene showed higher similarity towards TolC, another OMF that is described as 

part of the AcrAB-TolC multidrug efflux pump system (Balakrishnan et al., 2001; 

Rensing & Grass, 2003). Although TolC was shown not to restore metal resistance in 

CusC knockouts in Escherichia coli (Franke et al., 2003), such a combination might 

represent a new copper transport mechanism in P. putida.  

 

4.5.3 Genetic Determinants for Other Heavy Metal Resistance 

Following the phenotype microarray analysis that revealed resistance towards various 

heavy metals, a series of genes and operons were also identified in both genomes.  

 

4.5.3.1 Arsenic Resistance (ars) Operon 

Both strains were able to withstand high levels of As(V) salt (microplate PM14A) and 

As(III) salt (microplate PM18C) as shown in Table 4.3. Genome sequencing revealed 

the presence of arsenate resistance operons (ars) in both P. mendocina strain S5.2 and P. 

putida strain S13.1.2 that consisted in arsR, arsB1, arsC1 and arsH determinants (Cai et 

al., 1998). Additionally, arsB2, arsB3 and arsC2 genes were detected at different 

locations in the genome of P. putida strain S13.1.2.  

 

4.5.3.2 Cobalt-zinc-cadmium Resistance (czc) Operon 

An operon that grouped czc cobalt-zinc-cadmium resistance determinants was found in 

P. putida strain S13.1.2. CzcC, CzcB and CzcA heavy metal efflux proteins are 

involved in the efflux of heavy metals ions such as Co2+, Cd2+ and Zn2+ (D.H. Nies, 

1992; Dietrich H Nies, 2000). The deduced CzcA, CzcB and CzcC proteins of P. putida 

strain S13.1.2 belonged to the family of CzcA, CzcB and CzcC heavy metal RND 

Univ
ers

ity
 of

 M
ala

ya



  67 

efflux proteins in the P. putida group. A czcD gene involved in the repression of czc 

system was also present in the genome (Anton et al., 1999; Van Der Lelie et al., 1997).  

 

4.5.3.3 Nickel Resistance nikRABCDE Operon 

The genes that likely contributed to nickel resistance traits of P. putida strain S13.1.2 

included the nikRABCDE putative operon that mediated uptake of nickel ions, in which 

nikR negatively regulates the expression when in excess of nickel ions (Chivers & Sauer, 

2000; Navarro et al., 1993).  

 

4.5.3.4 Cadmium and Zinc Resistance (cad) Genes 

The genome of P. mendocina strain S5.2 also contains cadA gene forming putative 

cadmium-transporting ATPase, adjacent to cadR encoding a transcriptional regulator. 

Both products of cadA and cadR are found to be fully accountable for cadmium 

resistance and partially for zinc resistance in Pseudomonas, with cadR known to be the 

repressor for the expression of cadA (Lee et al., 2001).  

 

4.5.3.5 Other Resistance Genes 

A nickel and cobalt resistance protein encoded by cnrA gene and srpC gene encoding a 

putative chromate transport protein was also present in the genome of strain S5.2 (Table 

4.10). 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



  68 

Table 4.11: Identified ORF in the genome associated with copper resistance phenotypes 
of P. putida strain S13.1.2.  

Coding 
sequence 
(Prokka) 

Annotation/ 
Predicted Role 

ORF  Metal 
Resistance 

Size 
(bp) 

Position (Start-
Stop) 

Orie
ntati
on 

Prokka0035 Copper 
resistance 
protein B  

copB1  
 
 
 
 
 
 
 
 
 
 
 

Cu2+ 

1,116 38,088-36,973 ← 

Prokka0036 Multicopper 
oxidase 

mco 324 38,401-38,078 ← 

Prokka0037 Copper 
resistance 
protein A  

copA1 1,914 40,329-38,416 ← 

Prokka0039 Transcriptional 
activator 
protein  

copR1 678 40,883-41,560 → 

Prokka0040 Sensor kinase  copS 1,377 41,560-42,936 → 

Prokka0041 Transcriptional 
repressor  

frmR 276 43,053-43,328 → 

Prokka0043 Outer 
membrane 

efflux protein 

tolC 1,251 44,850-46,100 → 

Prokka0044 Cation efflux 
system protein  

cusB 1,464 46,097-47,560 → 

Prokka0045 Cation efflux 
system protein  

cusA1 1,785 47,557-49,341 → 

Prokka0046 Cation efflux 
system protein  

cusA2 1,356 49,359-50,714 → 

Prokka0047 Copper binding 
periplasmic 

protein  

cusF 354 50,711-51,064 → 

Prokka1751 Copper-
importing P-

type ATPase A 

copA2 2,475 1,823,028-
1,820,554 

← 

Prokka4547 Transcriptional 
activator 

protein/ copper 
sensing two 
component 

system response 
regulator 

copR2/ cusR 681 4,730,050-
4,730,730 

→ 

Prokka4548 Sensor kinase cusS 1,353 4,730,727-
4,732,079 

→ 

Prokka5227 Multicopper 
oxidase  

mco 1,383 5,445,588-
5,444,206 

← 

Prokka5685 Copper 
chaperone  

copZ 198 5,917,384-
5,917,187 

← 

Prokka5687 Copper-
exporting P-

type ATPase A 

copA3 
 
 
 

2,400 5,917,968-
5,920,367 

→ 
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Prokka5688 HTH-type 
transcriptional 

regulator /Cu(I) 
responsive 

transcription 
regulator 

hmrR 411 5,920,364-
5,920,774 

→ 

Prokka2199 Nickel/cobalt 
homeostasis 

protein 
precursor 

rcnB  
 
 
 
 

Ni2+ 

291 2,333,070-
2,332,780 

← 

Prokka3649  
 
 

Nickel transport 
operon 

nikR 426 3,763,101
 -
3,762,676 

← 

Prokka3650 nikA 1,466 3,763,297-
3,764,762 

→ 

Prokka3652 nikB 942 3,764,764-
3,765,705 

→ 

Prokka3653 nikC 846 3,765,702-
3,766,547 

→ 

Prokka3654 nikD 771 3,766,548-
3,767,318 

→ 

Prokka3655 nikE 885 3,767,315-
3,768,199 

→ 

Prokka0042 Cadmium, 
cobalt and 

zinc/H(+)-K(+) 
antiporter 

czcD  
 

 
Co2+, Zn2+, 

Cd2+ 

939 43,336-44,274 → 

Prokka4214 Cobalt-zinc-
cadmium 
resistance 

protein 

czcA 3,147 4,359,161-
4,356,015 

← 

Prokka4215 czcB 1,215 4,360,392-
4,359,178 

← 

Prokka4216 czcC 1,254 4,361,638-
4,360,385 

← 

Prokka3880 HTH-type 
transcriptional 

repressor  

arsR  
 
 
 
 
 
 
 

As3+, As5+ 

348 4000705-
4001052 

→ 

Prokka3881 Arsenical pump 
membrane 

protein 

arsB1 1,284 4,001,074-
4,002,357 

→ 

Prokka3882 Arsenate 
reductase 

arsC1 471 4,002,385-
4,002,855 

→ 

Prokka3883 NADPH-
dependent FMN 

reductase  

arsH 702 4,002,868-
4,003,569 

→ 

Prokka4375 Arsenical pump 
membrane 

protein 

arsB2 420 4,528,908-
4,529,327 

→ 

Prokka4376 Arsenical pump 
membrane 

protein 

arsB3 918 4,529,273-
4,530,190 

→ 

Prokka5064 Arsenate 
reductase 

arsC2 354 5,282,767-
5,283,120 

→ 
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Figure 4.15. Orientation and product of putative gene clusters and operons involved in 
heavy metal resistance determinants of P. putida strain S13.1.2. Genes attributed to 
copper; nickel and arsenic are displayed in purple, blue and brown, respectively whereas 
components of czc operon were presented as cyan. 
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4.6 Characterization of Plasmid pPME5 of P. mendocina strain S5.2 

The complete genome assembly of P. mendocina strain S5.2 revealed the presence of 

one plasmid designated as pPME5, with the size of 252,328 bp. Subsequently, the 

plasmid sequence was subjected to deposition into NCBI GenBank with accession 

number of CP013125. PFGE analysis was also performed to estimate the plasmid size. 

Consistently, the resulted electrophoresis image (Figure 4.16, Lane 4) showing a band 

positioned slightly above the 244.4 kb PFG marker indicated the size of plasmid pPME5 

to be approximately 250 kb. 

 

4.6.1 Linearity of Plasmid pPME5  

To assess the linearity of plasmid pPME5, PFGE analysis performed on plugs containing 

genomic DNA untreated with S1 nuclease digestion was compared with S1 nuclease-

treated plugs. Presence of a distinctive band (Lane 3 in Figure 4.16) with the same 

position as S1 nuclease digested plugs (Lane 4 in Figure 4.16) supported the view that 

pPME5 is linear. Furthermore, no PCR products were obtained from PCR amplification 

of both ends of the plasmid assembly using Pm-F and Pm-R primer pairs. In addition, 

after HGAP assembly, the contig corresponding to plasmid pPME5 did not contain any 

overlapping regions at both ends (Figure 4.7). All these data provided strong support of 

the linearity of plasmid pPME5. 
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Figure 4.16. PFGE image of S1 nuclease digested and non-digested genomic DNA of P. 
mendocina S5.2 with pPME5 and the cured derivative.  

 

 

 

 

Legend: 

SB: PFG Marker (XbaI digested 
Salmonella serotype Braenderup 
(H9812)) 

1: Non-digested cured P. 
mendocina S5.2 (NP)  

2: S1 nuclease digested cured P. 
mendocina S5.2 (NP)  

3: Non-digested P. mendocina S5.2 
with pPME5 (PP) 

4: S1 nuclease digested P. 
mendocina S5.2 with pPME5 (PP) 
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4.6.2 Genes of Interest in Plasmid pPME5 

Gene annotation of plasmid pPME5 has yielded in a total of 63 out of 345 putative open 

reading frames (ORFs) being assigned with annotatable functions (Appendix 7). Genes 

encoding ParA (Prokka00082) and ParB (Prokka00083) chromosomal partitioning 

proteins were identified, postulating the low copy number of this plasmid. Genes 

associated with the replication of plasmid pPME5 including those that coded the site-

specific tyrosine recombinase XerC (Prokka00001 and Prokka00018) known for its 

chromosomal segregation and recombination roles (Blakely et al., 1991) and DNA 

helicase PcrA (Prokka00002 and Prokka00322) known for the ATP-driven unwinding 

of nicked DNA during DNA replication (Dillingham et al., 1999). Besides, genes 

coding for DNA primase DnaG (Prokka00011) involved in RNA oligonucleotide 

synthesis that served as primers for DNA synthesis by DNA polymerase III 

(Prokka00196) were also identified (Bailey et al., 2007). In addition to the heavy metal 

resistance genes earlier identified in the P. mendocina strain S5.2 genome (Chong et al., 

2012), the plasmid also carries a putative mercury resistance (mer) operon 

(Prokka00240- Prokka00244) as shown in Table 4.12, the sequence of which shared 99% 

similarity with that of plasmid pUM505 from clinical P. aeruginosa isolates (Ramirez-

Diaz et al., 2011).  
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Table 4.12: Identified ORFs in the plasmid pPME5 possibly associated with mercury 
resistance of P. mendocina strain S5.2. 

Coding Sequence 
(Prokka) 

Annotation/ 
Predicted Role 

ORF Position 
(Start-
Stop) 

Size (bp) Orientation 

Prokka00240 Mercuric reductase merA, 
 

157707-
156013 

1695 ← 

Prokka00241 Mercuric resistance 
protein 

merC, 
 

158162-
157728 

435 ← 

Prokka00242 Mercuric transport 
protein periplasmic 

component 

merP 
158450-
158175 

276 ← 

Prokka00243 Mercuric transport 
protein 

merT 158814-
158464 

351 ← 

Prokka00244 Mercuric resistance 
operon regulatory 

protein 

merR 158886-
159296 

411 → 
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4.7 Assessment on Curing of Plasmid pPME5 in P. mendocina S5.2  

During the course of the study, differential colony morphology of P. mendocina S5.2 

was observed after repeated cultivation cycles in LB medium. Additional procedures 

involving 16S rRNA sequence analysis on the derivative reaffirmed the identity to be P. 

mendocina hence the possibility of contamination was annulled. SMRT sequencing was 

subsequently performed on the derivative to inspect for any alterations in the genome 

contents of strain S5.2. Interestingly, the HGAP assembly showed the absence of a 

contig corresponding to plasmid pPME5. Hence it was deduced that P. mendocina 

strain S5.2 has undergone curing of plasmid pPME5. PFGE analysis was again 

employed to verify this finding. Absence of bands in lane 1 and 2 (Figure 4.16) loaded 

with plugs of cured P. mendocina strain S5.2 (designated as NP) was observed as 

compared to plugs containing strain S5.2 harboring pPME5 (designated as PP) in lane 3 

and 4. As such, curing of plasmid pPME5 from P. mendocina strain S5.2 was confirmed 

to be the consequent of continuous cultivations during the course of the study. 

 

4.7.1 Differential colony morphologies of NP and PP 

A series of genes related to motility phenotypes (Prokka00339-00342), such as type IV 

pilin biogenesis protein (Prokka00342) and a twitching motility protein (Prokka00298) 

was identified. As such, twitching motility assay was performed and the resulting cured 

derivative of strain S5.2 was shown to be less motile (Figure 4.17). 
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Figure 4.17. Twitching motility assay. Bacteria colonies displaying differential 
morphologies of P. mendocina S5.2 with plasmid pPME5 (B) showing higher motility 
as compared to cured P. mendocina S5.2 (A) whereas motility negative E. coli DH5α (C) 
served as control.  
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4.8 Methylome and Restriction Modification (RM) Systems in P. mendocina 

Strain S5.2 

Genome-wide detection of DNA methylation motifs in P. mendocina strain S5.2 was 

conducted as described in Chapter 3.8.1 and prediction of RM systems was performed 

in REBASE (Chapter 3.8.3). A total of four methylation patterns with three methylation 

motifs (motifs 1, 3 and 4) recognized by 6mA MTases were identified whereas motif 2 

being recognized by 4mC MTases (Table 4.13). Among the motifs detected in the 

genome, high percentages of methylated motifs (>99%) were observed for motif 1, 2 

and 3 whereas motif 4 was shown to have a lower percentage of methylated motifs 

(88.78%).  

REBASE prediction as depicted in Table 4.14 showed that the 

discontinuous sequence motifs 1 (CGCm6ANNNNNNGGG) and 2 

(Cm4CCNNNNNNTGCG) were mediated by Type I R-M systems. Components of the 

predicted system include two MTases (M1.Pme5I and M2.Pme5I), one REase (Pme5IP) 

and one specificity subunit (S.Pme5I) (Figure 4.18). As for modification motif 3 

(GACGm6AG), a type IIG REase (RM.Pme5II) containing the fusion of both restriction 

(R) and methylation (M) domains in a single polypeptide were identified in pPME5, 

recognizing GACGm6AG motifs (Figure 4.19). Figure 4.20 also demonstrated that 

RM.Pme5II gene did not belonged to any prophage regions as predicted from PHAST 

analysis tool. 

REBASE found no R-M enzyme that recognized motif 4 (BCTGCAGV) in 

the genome of P. mendocina S5.2. Plasmid pPME5 was also found to encode two 

MTases, M.Pme5ORFCP and M.Pme5ORFBP, which recognize the palindromic 

sequence of CAGCTG and CCNGG, respective. However, these motifs were not 

detected during SMRT sequencing.  
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Table 4.13.  Summary on genome-wide detection of main DNA methylation motifs in P. mendocina strain S5.2 and cured P. mendocina 
strain S5.2. Absence of pPME5 corresponded to loss of 3,560 GACGm6AG methylation sites throughout the genome of S5.2. 

Motifs Recognition Motifs Modified 

Position 

Type No. of 

Motifs in 

Genome 

No. of 

Modified 

Motifs in 

Genome 

% of 

Modified 

Motifs 

Mean 

Modification 

QV 

Mean Motif 

Coverage 

Partner Motif 

P. mendocina strain S5.2 with pPME5 

1 CGCANNNNNNGGG 4 6mA 980 979 99.9% 251.80 177.73 CCCNNNNNNTGCG 

2 CCCNNNNNNTGCG 2 4mC 980 975 99.49% 144.10 177.09 CGCANNNNNNGGG 

3 GACGAG 5 6mA 3,560 3,542 99.49% 241.49 177.27 - 

4 BCTGCAGV 6 6mA 8,622 7,655 88.78% 155.13 177.37 BCTGCAGV 

Cured P. mendocina strain S5.2  

1 CGCANNNNNNGGG 4 6mA 944 944 99.89% 249.18 176.78 CCCNNNNNNTGCG 

2 CCCNNNNNNTGCG 2 4mC 944 941 94.49% 145.33 176.99 CGCANNNNNNGGG 

4 BCTGCAGV 6 6mA 8,530 7,646 89.64% 159.34 175.89 BCTGCAGV 

* Modified position was denoted by underlined base. Univ
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Table 4.14.  Putative restriction modification systems with predicted recognition 
sequences in P. mendocina S5.2. Restriction, specificity and methylation subunits are 
represented by R, M and S, respectively. 

 

Type Subunit Localization Enzyme 
Name 

Predicted 
Recognition 
Sequence 

Genome 
Coordinates 

I R Chromosome Pme5IP CCCNNNNNNTGCG 4807737-4810787 

I S Chromosome S.Pme5I CCCNNNNNNTGCG 4810792-4811952 

I M Chromosome M2.Pme5I CCCNNNNNNTGCG 4811949-4813463 

I M Chromosome M1.Pme5I CCCNNNNNNTGCG 4814493-4815992 

II RM Plasmid RM.Pme5II GACGAG 115726-118473 

II M Plasmid M.Pme5OR
FCP  
 

CAGCTG 40755-42116 

II M Plasmid M.Pme5OR
FBP 
 

CCNGG 50220-52031 

 

 

 
Legend:  ç : Other open reading frame (ORFs) 
 

Figure 4.18  Components of Type I R-M system in P. mendocina S5.2 as predicted by 
REBASE. Methyltransferase catalytic site is represented by dppy whereas S-
adenosylmethionine (SAM) binding site is depicted as fgg.  
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Legend:  dppy: Methyltranserase catalytic site 
   
 
Figure 4.19  RM.Pme5II gene consisting of fused restriction (R) and methylation (M) 
domains located in pPME5 plasmid of P. mendocina S5.2 as predicted by REBASE. 
Methyltransferase catalytic site is represented by dppy whereas S-adenosylmethionine 
(SAM) binding site is depicted as fgg. 

 

 

 

 

Figure 4.20.  Locations of RM.Pme5II and possible prophage sequences in pPME5 
plasmid of P. mendocina S5.2. 
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4.9 Absence of GACGm6AG DNA Methylation Sites in Cured Strain S5.2 

As described previously, continuous culturing in non-selective LB medium has resulted 

in the occurrence of cured P. mendocina strain S5.2 as denoted by the presence (PP) and 

absence (NP) of plasmid pPME5. Such event was also accompanied by loss of 3,560 

GACGm6AG methylation sites (Figure 4.21), mediated by the plasmid-borne RM.Pme5II 

(Table 4.14 and Figure 4.19) after methylome analysis of the plasmidless derivative of 

S5.2 (Table 4.13).  

 

Figure 4.21.  Distribution map of GACGm6AG modification motif in P. mendocina 
strain S5.2 complete chromosome and P. mendocina strain S5.2 plasmid. Lost of these 
methylation sites were accompanied by curing of pPME5 plasmid from P. mendocina 
S5.2. 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



	
   82 

4.9.1 Characterization of GACGm6AG DNA Methylation Sites and Its 

Association with Metal Resistance Genes 

To further investigate the possible influences of GACGm6AG methylation particularly 

on the metal resistance traits of P. mendocina S5.2, the methylation sites on both 

intragenic and intergenic regions across the genome was first disseminated using the 

intersection procedure from BEDTools (Chapter 3.8.2). Table 4.15 summarizes the 

number of methylated and unmethylated sites, segregated across the intragenic and 

intergenic regions of the genome. Among the 399 (11.2%) methylated sites identified in 

the intergenic regions, 2 sites were detected upstream from start codon of a multicopper 

oxidase (cumA) gene and putative chromate transport (srpC) gene (Table 4.16). 

Prediction of the promoter regions of the genes were performed using PromoterHunter 

module from phiSITE database (Klucar et al., 2010). 

 

Table 4.15.  Summary of GACGm6AG methylation sites distributed across the 
intragenic and intergenic regions of P. mendocina S5.2 genome. 

 Chromosome pPME5 Plasmid  

Total Methylated Unmethylated Methylated Unmethylated 

Intragenic 3,189 5 66 2 3,261 

Intergenic 365 0 33 0 399 

Total 3,454 5 99 2 3,560 
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Table 4.16.  Detection of GACGm6AG methylation sites in the intergenic regions of 
metal resistance determinants in the P. mendocina S5.2 genome. 

Coding Sequence 
(Prokka) 

ORF Metal 
Resistance 

Intergenic Distance from 
Start Codon 

Modified 
Genome 

Coordinate 

Prokka02271 cumA Cu
2+

 1 (Start) 70 2,413,083 

Prokka03183 srpC Cr
6+

 1 (Start) 120 3,386,149 

  

 

4.9.2 Unmethylated Sites of pPME5 Plasmid 

Analysis on the unmethylated sites revealed that GACGAG motif within a type IV pilin 

biogenesis gene (Prokka00342) was found to be one of the two unmethylated intragenic 

site within the pPME plasmid.  This gene was previously described to be associated 

with higher motility phenotype of strain S5.2 (Chapter 4.7.1). On the other hand, 

another unmethylated intragenic site was detected within a hypothetical protein.  
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CHAPTER 5: DISCUSSION 

5.1.  Isolation and Identification of Pseudomonas Strains 

Selection of vineyard soil from Riquewihr, France, as isolation source was originally to 

assess the bacteria communities capable of degrading quorum sensing signals in 

previous studies. Based on the observation that mostly Pseudomonas strains were 

isolated, speculations on the vineyard soil chemistry that drove the prevalence of this 

genus among the soil inhabitants was raised. Preliminary assessment on the copper 

resistance traits (Chapter 4.2.1) has demonstrated the elevated capacity of these strains 

to grow in the presence of high copper content, suggesting the strong association of 

widely reported copper-based pesticide usage that could influence the microbial 

diversity of the vineyard soil. Of note, P. mendocina strain S5.2 and P. putida strain 

S13.1.2 displayed the most notable resistance hence they were selected for subsequent 

investigations. Systematic identification procedure involving 16S rRNA gene 

phylogenetic, peptide mass spectrometry fingerprinting and average nucleotide identity 

(ANI) analyses in the study have successfully validated the species circumscription on 

the selected strains as P. mendocina strain S5.2 and P. putida strain S13.1.2.  

Pseudomonas mendocina is a non-fluorescent denitrifying Pseudomonas species 

that was first isolated in 1970 from soil and water samples that were collected in 

Mendoza, Argentina (Palleroni et al. 1970). Although P. mendocina is found in the 

environment, this species is also a rare human pathogen due to its association with 

opportunistic infections such as sepsis, endocarditis and spondylodiscitis (Chi et al., 

2005; Mert et al., 2007; Nseir et al., 2011). From the biotechnological point of view, the 

potential use of P. mendocina in various industrial applications have been demonstrated 

such as in the production of green plastics (Guo et al., 2011; Li et al., 2013), 

biodegradation of polymer wastes (Mao et al., 2013; Z. Wang et al., 2013), 

bioreduction of toxic tellurite (Rajwade & Paknikar, 2003), wastewater treatment (Feng 
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et al., 2012) and as a biocontrol agent of cyanobacterial blooms (Shi et al., 2009). P. 

mendocina was also implied as a plant growth promoting rhizobacterium (Kohler et al., 

2006). Of note, this work represented the first comprehensive description on the heavy 

metal resistant traits and genetic determinants in P. mendocina. 

Pseudomonas putida is a generally non-pathogenic bacterium renowned for its 

metabolic versatility and low nutritional demand (Timmis, 2002). Frequently isolated 

from polluted soils, the environmental adaptability of P. putida has lead to its 

prominence in biotechnological applications, ranging from biodegradation of toxic 

compounds to synthesis of chemicals and bio-based polymers (PHA) (Poblete-Castro et 

al., 2012). Elaboration on the complete genome of P. putida was first documented on P. 

putida strain KT2440, a plant growth-promoting and potential bioremediation agent 

with activity against organic pollutants in soil (Nelson et al., 2002; Regenhardt et al., 

2002). The following in silico survey on the genome sequence revealed that strain 

KT2440 harbours an array of genetic determinants possibly involved in metal resistance 

or homeostasis. These include systems for arsenic (arsRBCH), divalent cations (cadA 

and czc), nickel (nikABCDE), copper (cus and cop) and more (Cánovas et al., 2003) to 

which were similarly observed in P. putida strain S13.1.2 later in the study.   
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5.2 Deciphering the Genomic Architecture of Pseudomonas Strains 

As starting point for functional genomics, the availability of complete genome 

sequences offers advantages in accurate definition of gene coordinates and distances, or 

recognition of paralogous gene families during genome annotation procedures (Fraser et 

al., 2002). The use of SMRT sequencing in this work has successfully generated the 

complete genome sequences and assemblies of P. mendocina strain S5.2, consisting of a 

circular chromosome and a linear plasmid pPME5 whereas P. putida strain S13.1.2 

consisting of a circular chromosome.  

One of the key advantages of SMRT sequencing approach is the unbiased and 

long read lengths that permits sequencing of extended repetitive and GC biased 

nucleotide sequences, hence elevating the capacity to complete bacterial genomes 

(Roberts et al., 2013). In comparison, other technologies such as sequencing by 

synthesis (SBS) engage in a more cost-effective sequencing of usually smaller 

fragments (up to 600 bp) that involves amplification processes for enhancement of 

sequencing coverage. The amplification steps however, generally lead to compromised 

sequence quality with the occurrence of GC biased genome sequences due to poor 

amplification the GC-rich or poor sequences or repeats (Aird et al., 2011).  

In view of this, the requirement of SMRT sequencing to close both GC-rich 

Pseudomonas genomes was supported in this study. Thus, acquisition of completed 

Pseudomonas genomes has subsequently enabled further polishing processes, such as 

genome circularization and sequence rearrangement according to the origin of 

replication. Thus, downstream bioinformatics analyses involving precise definition and 

profiling of determinants associated with heavy metal resistance were greatly facilitated.  

Another handiness of long-read sequencing in this work was the ability to 

clearly distinguish plasmid from chromosomal assemblies of P. mendocina strain S5.2. 
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Also, in the effort to overcome the possible shortcomings in sequencing coverage and 

accuracy of SMRT sequencing, employment of the latest P6/C4 sequencing chemistry 

in this study has yielded high sequencing coverage of more than 150× with accuracy 

exceeding 99.99% (Q40) (Table 4.5). Besides, the interpretation of polymerase kinetics 

during the sequencing run has additionally allowed direct detection and identification of 

DNA methylation profiles in both Pseudomonas strains (Flusberg et al., 2010).  

 

5.3 Comprehensive Profiling of Copper Resistance Determinants 

Presence of multiple chromosome-encoded genes associated with copper homeostasis, 

resistance and transport was identified in both Pseudomonas complete genomes. In 

relation, both strains exhibited noticeable resistance to copper sulphate in vivo. Notably, 

the most prominent resistance up to 3.5 mM of CuSO4 by P. putida strain S13.1.2 could 

be explained with a series of chromosomal-encoded cop and cus genes.  

Identification of cop genes strongly suggested the occurrence of a resistance 

mechanism based on protein-mediated sequestration and cellular accumulation of the 

copper ions in the cell (Cooksey, 1993). Notably, it is also highly possible that the 

transport of copper is further facilitated by cus operon. Activation of this transport 

mechanism is likely mediated by the copR1 and copS genes located upstream of the cus 

gene cluster that encodes the transcriptional activator and sensor kinase. In 

Pseudomonas syringae, this pair forms a two-component regulatory system whereby 

phosphorylation of CopR by CopS induces the expression of the copper resistance 

operon (Mills et al., 1993). Another set of transcriptional activator and sensor kinase 

genes (copR2 and cusS) was also found in the genome. However sequence alignments 

between both gene pairs showed a low identity (52.9 %) and similarity (66.1 %) at the 
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protein level that suggested their involvement in dissimilar copper resistance 

mechanisms. 

 

5.4 Ecology of Copper Resistance in Vineyard Soil 

The need for chemical pesticides in Alsatian vineyards involved the usage of copper 

sulphate in the form of Bordeaux mixture for decades and up to 400-500 mg/kg of 

copper was reported in soil (Brun et al., 1998). As such, anthropogenic accumulation of 

copper likely explains the predominance of soil inhabitants carrying the determinants 

involved in acquisition, efflux, sequestration or cellular distribution of copper 

(Andreazza et al., 2010).  

Surface layer of soil poses the highest level of copper due to its limited mobility 

(Angelova et al., 1999; Coscione et al., 2009). Therefore, isolation of Pseudomonas 

strains at this depth (~5 cm) reflects the nature of their copper resistance traits. As 

Pseudomonas was widely reported as part of the grapevine-associated microbiota, the 

importance of these beneficial taxa in this specific biogeography of vineyard soil was 

supported (Salomon et al., 2014; West et al., 2010; Zarraonaindia et al., 2015). These 

features suggestively explained the prevalence of pseudomonads in the vineyard soil to 

upkeep the growth of plants treated with copper sulphate over the years in order to 

control fungal diseases. In the light of such observations, the adaptive behaviour of the 

selected P. mendocina and P. putida strains were further explored in this study. 
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5.5 Potential Adaptation to Other Heavy Metals  

In addition to determinants and traits indicating the importance of copper resistance in 

vineyard soils, both strains also shared their resistance towards arsenic, nickel, cobalt 

and cadmium. Phenotypic display and the presence of nik, cad, czc and ars operons, 

together with other related genes also drove speculation on the tenacity of other 

vineyard soil chemistries in this study. Of note, vineyards have also been treated with 

sodium arsenate till the end of the last century, and vineyard posts in several parts of the 

world have been treated with a mixture of copper-chromium-arsenic salts. As a 

consequence, chromium and arsenic salts in vineyards soils and surrounding fields may 

remain at detectable concentrations (Robinson et al., 2006). Hence identification of ars 

operon and resistance in this strain suggested the persistence of arsenic in this vineyard 

soil environment.  

The ars operons are quite diverse (Branco et al., 2008) in pseudomonads such as 

P. aeruginosa (Cai et al., 1998) and P. putida (Fernández et al., 2014). In response to 

the presence of arsenite, the transcriptional repressor ArsR bound to the cognate 

promoter is released, followed by the subsequent induction of the ars gene expression 

(Busenlehner et al., 2003; Murphy & Saltikov, 2009). These include the transmembrane 

efflux pump ArsB that extrudes arsenite and the arsenate reductase ArsC that converts 

As(V) to As(III), this later being readily transported out of the cell by ArsB (Cai et al., 

1998; Jackson & Dugas, 2003). To date, no defined functions were assigned to the 

NADPH-dependent FMN reductase ArsH. It was suggested to respond to the oxidative 

stress caused by arsenite and recently, ArsH been demonstrated to oxidize trivalent 

organoarsenical herbicides to pentavalent species (Chen et al., 2015; Hervás et al., 

2012). Intriguingly, since ars determinants are responsible for both arsenic and 

antimony (Sb) resistance (Branco et al., 2008; Cai et al., 1998; Carlin et al., 1995), 

strain S13.1.2 was tested for resistance to Sb(III) salt and found to be sensitive. This 
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may imply a single substrate specificity of P. putida strain S13.1.2 ArsR protein 

towards arsenic and it is also possible that presence of As(III) is required to confer 

resistance to Sb(III). 

 

5.6 Carbon Metabolism in Relation to Root Exudation Profile and Heavy Metals  

Tartaric, malic, oxalic, lactic, citric and succinic acids are among the main 

organic acids, together with glucose, sucrose and fructose as main sugars detected in 

grapevines and root exudates across various genotypes (Cançado et al., 2015; 

Dharmadhikari, 1994; Kliewer, 1966; López-Rayo et al., 2015; Mato et al., 2007). The 

capability of both strains to utilize these organic acids and sugars were determined using 

Biolog Phenotype Microarray Analysis. Both P. mendocina strain S5.2 and P. putida 

strain S13.1.2 displayed distinctive metabolic profiles of carbon sources although only 

differ in utilization of a few organic acids substrates related to grapevine and root 

exudates. Such finding of distinctive specificity towards different carbon sources may 

indicate the differential localization in the native rhizosphere. This may also imply the 

preferences of each Pseudomonas strains in utilizing these carbon compounds for in-situ 

remediation of copper and other metal ions in vineyards. As various carbon sources serve 

differently as effective electron donor for a given metal resistance, such implication 

could be exemplified by the higher reduction rate of hexavalent chromium Cr(VI) and 

trivalent iron Fe(III) by Cellulomonas sp. ES6 in presence of molasses rather than pure 

sucrose, together with requirement of various carbon sources chromium reduction by 

Klebsiella sp. PB6 and even bacterial consortium from dichromate contaminated 

sediments (Field et al., 2013; Smith et al., 2002; Wani & Omozele, 2015). 

Of note, changes in organic acid exudates concentrations and profiles were 

reportedly driven by metal contents in soil. For instance, under the influence of varying 
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Fe conditions, fluctuation in oxalic, tartaric and ascorbic acid exudations were observed 

in grapevine rootstocks (López-Rayo et al., 2015). In another similar study, changes in 

citric acid exudation levels were found to be correlated with Al resistance phenotype of 

‘Kober 5BB’ grapevine genotype (Villa et al., 2009). In relation to elevated soil copper 

content, alteration of the root exudation profiles followed by microbial composition 

favouring those capable of metabolizing these exudates are highly probable. As such, it 

is crucial to correlate soil copper level with organic acid exudation in grapevine roots in 

the effort to elucidate the physiological responses of grapevine that drives the changes in 

microbial composition in soil. 

 

5.7 Description on Plasmid pPME5 in P. mendocina strain S5.2 

5.7.1 Linearity of Plasmid pPME5 and Its Features 

As indicated in Chapter 4.6, collective observations from sequence assembly, PFGE and 

PCR amplification attempts have evidently verified the linearity of plasmid pPME5. To 

the best of my knowledge, this study entailed the first glance of linear megaplasmid-

harbouring P. mendocina. The closest proximity of similar observation was 

demonstrated in P. putida strain AJ, containing linear megaplasmid with similar size of 

approximately 260 kb that enabled the metabolism of vinyl chloride (VC), ethene, and 

ethylene oxide as sole carbon source (Danko et al., 2004). Interestingly, prolonged 

exposure to these hydrocarbons as sole carbon source reportedly led to plasmid 

rearrangements, exemplified by appearance of two smaller plasmids (~80 kb and ~100 

kb) and one larger plasmid (~390 kb) after 1 year cultivation on VC. Such observation 

hence postulated the required linearity of plasmid pPME5 to undergo rearrangements in 

response to vineyard soil environment though the factors were yet to be determined.    
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5.7.2 Replication and Copy Number of Plasmid pPME5 

In reference to copy number of plasmid pPME5, in silico annotation of potential genes 

involved in replication of pPME5 has also provided indication on the copy number of 

plasmid pPME5. For instance, identification of genes encoding ParA (Prokka00082) and 

ParB (Prokka00083) chromosomal partitioning protein has led to the speculation of the 

low copy number of plasmid pPME5. This pairing of proteins were shown to be essential 

for proper positioning of low copy number plasmids in dividing progeny cells during cell 

replication (Bartosik et al., 2009; Bignell & Thomas, 2001). Additionally, the nearly 1:1 

ratio of sequencing coverage between the chromosome and plasmid (Table 4.5) has 

suggested the occurrence of pPME5 as low copy plasmid in P. mendocina strain S5.2 

(Antipov et al., 2016). 

Still, much remained to be uncovered including the unknown features on 

protection against exonuclease cleavage of terminal nucleotides of pPME5 plasmid. 

Following the described linearity, presumption on the presence of terminal inverted 

repeats (TIR) that occurs in most linear plasmids was annulled through several 

investigations in this study.  For start, analysis for possible occurrence of terminal 

inverted repeats (TIR) using DNA folding form of the Mfold web server showed low 

thermal stability of secondary DNA structure thus the unlikelihood of TIR regions at 

both ends of the plasmid (Zuker, 2003). Coverage plot for the plasmid assembly from 

SMRT sequencing was also known to provide clues on the presence of TIR, denoted by 

the spike in coverage at the extremity of the given contig (Gomez-Escribano et al., 2015). 

Presence of coverage spike however, was not detected in the assembly of plasmid 

pPME5 (Appendix).  
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5.7.3 Curing of Plasmid pPME5 and the Potential Inferences on Vineyard Soil 

Ecology 

Continuous culturing in non-selective LB medium has resulted in the occurrence of 

cured derivatives of strain S5.2 as denoted by the presence (PP) and absence (NP) of 

plasmid pPME5 in the various clones (Figure 4.16). Such event that yielded viable 

derivatives under laboratory conditions has nevertheless led to speculation on the 

essentiality of this plasmid for the survival in vineyard soil environment. However, 

factors contributing to the selectivity remain undetermined with majority of coding 

regions in the plasmid (82.32%) not assigned to any identification. A plausible 

hypothesis involves mercury resistance and bioconversion that is provided by presence 

of mer operon in pPME5. Mercury-containing pesticides have been banned for almost 

three decades from French vineyards but traces may remain in soils as observed in other 

locations worldwide (Reeder et al., 2006).  

Aside from the in silico prediction on functions of pPME5 in vineyards soil 

environment, one of the direct physiological changes of P. mendocina following loss of 

plasmid pPME5 was the incapacitated twitching ability of the cured derivative. Of note, 

the identification of gene clusters associated with twitching motility in the plasmid 

(Chapter 4.7.1) suggested its role in early stage of biofilm formation through cell-to-

surface interaction and microcolony development (Heydorn et al., 2002; O'Toole & 

Kolter, 1998). As stated in the literatures describing the communal mechanism of 

biofilm-mediated heavy metal resistance, it is thinkable that P. mendocina strain S5.2 

required this replicon for the enhancement of resistance traits especially towards mercury.  
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5.8 Methylome of P. mendocina Strain S5.2 

Apart from completion of genomes sequences, the advancement of SMRT sequencing 

technology has enabled genome-wide detection of methylation patterns at single base 

resolution (I. A. Murray et al., 2012). Since then, prospering list of studies revolving 

around methylomes of bacteria was reported, particularly on their roles in bacterial 

pathogenesis. The addition of methylome study of P. mendocina strain S5.2 to the 

collection however, had our interests skewed towards the environmental aspects 

focusing on heavy metal resistance. This study served as a foundation to elucidate the 

possible functions of DNA methylation in regulating heavy metal resistance. As 

described in Chapter 4.8, the genome-wide detection of DNA methylation coupled with 

REBASE prediction have identified three 6mA and a 4mC methylation patterns 

governed by Type I and Type II RM systems in P. mendocina strain S5.2.  

 

5.8.1       Uniqueness of Type I RM System 

The Type I RM system of P. mendocina strain S5.2 is chromosomal encoded, consisting 

of two methyltransferase (M) subunits (M1.Pme5I and M2.Pme5I) that methylate 

bipartite sequences of 5’-CGCm6ANNNNNNGGG-3’ (motif 1) and the complementary 

5’-Cm4CCNNNNNNTGCG-3’ (motif 2). Occurrence of motifs without modification 

will subsequently lead to cleavage by the restriction endonuclease (S) subunit (Pme5IP) 

fuelled by ATP, SAM and Mg2+ as cofactor (Eskin & Linn, 1972). The restriction 

activity relies entirely on target recognition domain (TRD) of the specificity (S) subunit 

(S.Pme5I), for cognitive recognition of the given sequence motif. Conversely, 

combination of M and S subunits is sufficient for methylation activity (Janscak et al., 

1998).  

Univ
ers

ity
 of

 M
ala

ya



	
   95 

               Thus, the formation of the R1M2S1 complex of Type I RM system in P. 

mendocina strain S5.2 has represented a unique stoichiometry of subunits, as opposed to 

the commonly observed R2M2S1 complex (Janscak et al., 1998). Comparative analysis 

in REBASE also indicated uniqueness of this system denoted by its absence in other 

known P. mendocina species. Interestingly, this Type I RM system of P. mendocina 

strain S5.2 showed resemblance in terms of both stoichiometry and sequence similarity, 

with uncultured Desulfofustis sp. PB-SRB1 derived from marine metagenome 

(Wilbanks et al., 2014). 

 

5.8.2     Plasmid-borne Type II RM System 

P. mendocina strain S5.2 also codes for a Type II RM system, namely RM.Pme5II that 

recognized and methylated a total of 3,542 sites in the genome harbouring 5’-

GACGAG-3’ motifs. REBASE analysis later designated RM.Pme5II as part of Type 

IIG subdivision of RM system and the corresponding gene was actually pPME5 

plasmid-borne. The main attributes of Type IIG RM system involved the methylation 

and restriction activity that was carried out in a single polypeptide while the cleavage 

occurs 14-21 bp from the recognition site at a -3’ direction (Roberts et al., 2003). The 

recognition sequence could be asymmetrical as shown in this study, as opposed to 

palindromic sequence recognition of Type II enzymes in general. Also, methylation 

only occurred in one strand of the recognized sequence (I. A. Murray et al., 2012), 

which was consistent with the appearance of single stranded methylation in all 5’-

GACGm6AG-3’ motifs as displayed by in this study (Appendix 10). 

 

 

Univ
ers

ity
 of

 M
ala

ya



	
   96 

5.8.2.1 Assessment on Loss of DNA Methylation Sites in Cured S5.2 

In search of direct effects on the methylome of P. mendocina strain S5.2 following the 

curing of pPME5 plasmid, another SMRT sequencing and methylome analysis was 

conducted on the cured derivative. Indeed, the absence of 3,542 5’-GACGm6AG-3’ 

motifs (Table 4.13) was apparent, thus confirming the function of the plasmid-borne 

RM.Pme5II. Moreover, as both native and cured strains shared similar growth rates in 

rich medium, it is unlikely that RM.Pme5II mediates segregational stability or 

postsegregational killing of plasmid as other RM systems do (Kulakauskas et al., 1995). 

In addition, PHAST (Phage Search Tool) showed that RM.Pme5II was not localized 

within any intact prophage sequences in pPME5, hence annulling the hypothesis that it 

was a prophage-derived RM system (Figure 4.21). As such, the significance of 

RM.Pme5II was hypothetically related to the survival of this strain in vineyard soil 

environment. One of the speculations revolves around the transcription regulation of 

essential genes by RM.Pme5II. 

 

5.8.2.2 Correlation Between GACGAG Methylation and Gene Expression 

Variation in DNA methylation states were known to affect gene expression levels by 

altering the binding affinities of regulatory proteins (Bendall et al., 2013; Low et al., 

2001). In this case, presence of methylated sites located in the intergenic regions, 

upstream from transcription start site of a multicopper oxidase (mco) gene and putative 

chromate transport (srpC) gene indicates possible transcriptional regulation of these 

genes, hence reflecting additional implication on chromate and copper resistance by 

plasmid pPME5.  
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On the other hand, the 5’-GACGAG-3’ motif within the intragenic region of type 

IV biogenesis gene (Prokka00342) was amongst the two unmethylated sites detected in 

pPME5 plasmid. The expression of motility phenotype was observed in LB medium 

(Figure 4.18) and it was used for culture of P. mendocina strain S5.2 prior to harvest for 

SMRT sequencing. Hence, it was suggestive of a possible connection between 

occurrence of unmethylated DNA and twitching motility gene expression although the 

motif was observed in the intragenic region.  

 

5.8.3 Unknown RM enzymes for BCTGCAGV motifs 

No RM enzymes were found to modify 5’-BCTGCm6AGV-3’ motifs in the genome of 

strain S5.2. In fact, specificity towards this motif reportedly resembled the 5’-

CTGCAG-3’ sequence recognition of commercially available PstI restriction 

endonuclease isolated from Providencia staurtii (Chater, 1977). Following the notion 

that candidate genes responsible for the motif could be present in any missed out small 

plasmids during sequencing procedures, another SMRT sequencing attempt was 

conducted without the library size selection step (Chapter 3.6.2). Based on previous 

observations in our laboratory, such procedure bypass has allowed the retainment of 

previously eliminated small plasmids. However the resulting HGAP assembly showed 

no contigs corresponded to any small plasmids, thus indicating that the unidentified 

gene candidate was indeed located in the chromosome or plasmid pPME5. In addition, 

the lower methylated motif percentage of less than 90% (Table 4.13) could be resulted 

from competitive binding of the unidentified methyltranferase with another DNA-

binding protein. Similar results of low methylated motif and absence of any 

corresponding RM enzymes was also reported on 5’-GTTCm4CG-3’ motifs of P. putida 

strain S13.1.2 (Appendix 14). 
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5.9 Future Work 

Further investigation will be conducted with accurate quantification of resistance toward 

each metal salts due the limited information provided in Biolog Microplates, to which 

only approximate range of concentrations were disclosed as displayed in Appendix 2. In 

addition, changes in metabolic profiles of grapevine root exudates by Pseudomonas 

strains will also be elucidated in presence of metal ions in the inoculum. Also with in 

silico assignment of functions, the current listing of metal resistance genes has provided 

a basis for experimental gene isolation, which is required for proper attribution on the 

exact functions of the genes.  

 Additional methylome analysis will be required to monitor the changes in 

methylome profile following exposure to heavy metals, including the assessment on 

methylation states of essential genes involved in heavy metal resistance and twitching 

motility. In relation to gene expression levels, comparison between the transcriptomes 

of the native and derivatives in absence of a given RM systems will allow further 

insights on roles RM system for survival fitness of the strains in vineyard soil 

environments. This could be achieved via site directed mutagenesis followed by RNA-

seq analysis. However, it is worth noting that removal of certain RM system may alter 

biology and viability of cells. 
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CHAPTER 6: CONCLUSION 

Investigation on microbiota inhabiting the vineyard soil in Riquewihr, France has led to 

the isolation and identification of copper resistant P. mendocina strain S5.2 and P. 

putida strain S13.1.2. Phenotypic microarray analysis combined with complete genome 

sequencing have demonstrated the versatility and adaptation of both strains towards 

other heavy metals including nickel, cobalt, cadmium, zinc and arsenic. Thus the 

persistent effect of the vineyard soil contamination by these heavy metals was 

hypothesized in this work. Comparatively, both strains also displayed distinctive 

metabolic profiles towards carbon sources related to grapevine root exudates. 

Subsequently, the correlation between grapevine root exudation profile and metal 

resistant abilities of Pseudomonas strains has been established in this work. 

                This work has also reported the complete sequence and characterization of a 

linear megaplasmid pPME5 carried by P. mendocina strain S5.2, to which plasmid 

curing was observed to pose direct impact on the motility phenotype and methylome 

profile of the strain. Furthermore, the possible involvement of the plasmid-borne RM 

systems in regulating the expressions of motility and metal resistance genes was 

described in this study, suggesting the essentiality of pPME5 for fitness of the strain in 

native vineyard soil environments. In a nutshell, this work has demonstrated the 

adaptation of both Pseudomonas strains to the grapevine soils enriched with copper and 

other metals. 
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APPENDIX A 

Growth of P. mendocina strain S5.2 and P. putida strain S13.1.2 in M9 medium 
supplemented with various concentrations of CuSO4. 
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APPENDIX B 

Approximate concentration range of heavy metal salts in Biolog Microplates. 

Biolog 
Microplates 

Heavy Metal Salt Wells Approximate 
concentration range 

(µg/ml) 

PM13B NiCl2 A9-A12 10-1000 

K2CrO4 C9-C12 4-400 

CsCl F1-F4 20-2000 

CoCl2 G1-G4 8-800 

MnCl2 G5-G8 80-8000 

CuCl2 H1-H4 5-500 

PM14A CdCl2 D1-D4 4-400 

Na3AsO4 B9-B12 20-2000 

PM15B ZnCl2 H9-H12 2-200 

PM16A NaSeO3 F5-F8 40-4000 

CrCl3 G1-G4 8-800 

PM18C NaAsO2 D1-D4 10-1000 

SbCl3 E9-E12 5-500 
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APPENDIX C 

Biolog MicroplateTM maps for carbon sources 
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APPENDIX D 

Biolog MicroplateTM maps for chemicals and individual growths of strain S5.2 and 

S13.1.2 shown in area under curve (AUC) on each substrate. 

P. mendocina strain S5.2 

 

P. putida strain S13.1.2 
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APPENDIX D (Continued) 

P. mendocina strain S5.2 

 

P. putida strain S13.1.2 
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APPENDIX D (Continued) 

P. mendocina strain S5.2 

 

P. putida strain S13.1.2 
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APPENDIX D (Continued) 

P. mendocina strain S5.2 

 

P. putida strain S13.1.2 
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APPENDIX D (Continued) 

P. mendocina strain S5.2 

 

P. putida strain S13.1.2 
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APPENDIX E 

HGAP assembly report for P. mendocina strain S5.2 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



	
   124 

APPENDIX E (continued) 

HGAP assembly report for P. mendocina strain S5.2 
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APPENDIX E (continued) 

HGAP assembly report for P. mendocina strain S5.2 
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APPENDIX E (continued) 

HGAP assembly report for P. mendocina strain S5.2
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APPENDIX E (continued) 

HGAP assembly report for P. mendocina strain S5.2. 
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APPENDIX F 

HGAP assembly report for P. putida strain S13.1.2 
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APPENDIX F (continued) 

HGAP assembly report for P. putida strain S13.1.2 
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APPENDIX F (Continued) 

HGAP assembly report for P. putida strain S13.1.2 
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APPENDIX F (Continued) 

HGAP assembly report for P. putida strain S13.1.2
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APPENDIX F (Continued) 

HGAP assembly report for P. putida strain S13.1.2 
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APPENDIX G 

List of putative open reading frames (ORFs) with annotable functions assigned to 

pPME5 plasmid of P. mendocina strain 5.2. 

Coding Sequence Product Start Stop Orientation 

Prokka00001 Site-specific tyrosine recombinase XerC 61 1179 - 

Prokka00002 ATP-dependent DNA helicase PcrA 8386 8877 - 

Prokka00006 Transglycosylase SLT domain protein 1683 3827 + 

Prokka00011 DNA primase DnaG 11659 13005 - 

Prokka00018 Tyrosine recombinase XerC 17754 18740 + 

Prokka00019 
Uracil DNA glycosylase superfamily 

protein 18750 19379 + 

Prokka00029 
Bifunctional (p)ppGpp synthase/hydrolase 

relA 36469 37107 + 

Prokka00037 Modification methylase PvuII 40848 42116 + 

Prokka00040 Chromosome partition protein Smc 43889 44953 + 

Prokka00042 
RNA polymerase-binding transcription 

factor DksA 45291 45698 - 

Prokka00043 Bacterial membrane flanked domain protein 45695 46207 - 

Prokka00049 C-5 cytosine-specific DNA methylase 50220 52031 + 

Prokka00050 DNA-binding protein HU-beta 52085 52357 + 

Prokka00060 Sel1 repeat protein 56011 57108 - 

Prokka00062 
Endonuclease/Exonuclease/phosphatase 

family protein 57758 58819 - 

Prokka00063 
ATPase family associated with various 

cellular activities (AAA) 58873 60525 - 

Prokka00065 Antirestriction protein KlcA 61055 61489 - 

Prokka00067 LemA family protein 62750 63319 + 

Prokka00074 
nucleoside triphosphate 
pyrophosphohydrolase 65836 66555 - 

Prokka00079 RES domain protein 68293 68733 - 
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Prokka00082 
CobQ/CobB/MinD/ParA nucleotide binding 

domain protein 69991 70917 + 

Prokka00083 
putative chromosome-partitioning protein 

ParB 70914 72029 + 

Prokka00087 Restriction endonuclease 73269 74102 - 

Prokka00095 Abi-like protein 77039 77770 + 

Prokka00098 Flagellin N-methylase 78323 78934 - 

Prokka00105 BtpA family protein 84729 85397 - 

Prokka00125 
putative DNA-binding transcriptional 

regulator 95210 96478 + 

Prokka00135 
SNF2 family N-terminal 

domain;product=hypothetical protein 101529 103307 - 

Prokka00145 tRNA(fMet)-specific endonuclease VapC 107451 107867 - 

Prokka00146 Antitoxin VapB 107867 108097 - 

Prokka00157 Putative molybdenum carrier 112928 113506 + 

Prokka00165 GIY-YIG catalytic domain protein 119801 120601 - 

Prokka00166 Nucleoid-associated protein YejK 120689 121696 - 

Prokka00196 DNA polymerase III PolC-type 134086 134871 + 

Prokka00217 Arc-like DNA binding domain protein 143766 144323 - 

Prokka00236 TrfA protein 151125 152252 - 

Prokka00238 DNA polymerase V subunit UmuC 154052 155164 - 

Prokka00240 Mercuric reductase MerA 156013 157707 - 

Prokka00241 Mercuric resistance protein MerC 157728 158162 - 

Prokka00242 
Mercuric transport protein periplasmic 

component precursor MerP 158175 158450 - 

Prokka00243 MerT mercuric transport protein 158464 158814 - 

Prokka00244 
Mercuric resistance operon regulatory 

protein 158886 159296 + 

Prokka00247 Phage integrase family protein 160285 162138 - 

Prokka00249 Site-specific tyrosine recombinase XerC 163746 164903 - 

Prokka00250 LexA repressor 165127 165561 - 

Prokka00285 Carbon storage regulator CsrA 184082 184273 - 

Prokka00286 NYN domain protein 184285 185034 - 
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Prokka00287 SprT-like family protein 185031 186038 - 

Prokka00291 
Adenosine monophosphate-protein 

transferase VbhT 188435 189343 - 

Prokka00298 Twitching mobility protein PilT 195657 196817 + 

Prokka00300 Plasmid segregation protein ParM 197117 198196 + 

Prokka00311 Disulfide isomerase/thiol-disulfide oxidase 211063 212133 - 

Prokka00313 
Macrophage killing protein with similarity 

to conjugation protein 212481 213197 + 

Prokka00322 ATP-dependent DNA helicase PcrA 220033 222114 + 

Prokka00323 AAA-like domain protein 222114 225242 + 

Prokka00326 

DNA replication terminus site-binding 
protein (Ter protein);product=hypothetical 

protein 225918 226739 - 

Prokka00329 YqaJ-like viral recombinase domain protein 228113 229627 + 

Prokka00331 N-6 DNA Methylase 231105 238388 + 

Prokka00336 
Bacterial type II and III secretion system 

protein 240298 242142 + 

Prokka00339 putative major pilin subunit 243423 244025 + 

Prokka00341 Type II secretion system protein E EpsE 244832 246754 + 

Prokka00342 Type IV pilin biogenesis protein 246754 247878 + 

Prokka00347 Transglycosylase SLT domain protein 250974 251432 + 
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APPENDIX H 

Complete genome assembly of strain S5.2 revealed the average G+C content of plasmid 

pPME5 at 55.6%, which is lower a value as compared to the host chromosome DNA at 

62.40%. This implies a possible event of horizontal gene transfer from phylogenetically 

distant bacteria in vineyard soil. However, comparison of codon usages between the 

chromosome and plasmid did not show significant differences as illustrated below. 

 

 

Codon usage fraction compared between chromosome and plasmid pPME5 of P. 
mendocina S5.2. 
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APPENDIX I 

Upper: Demonstration on increased coverage of TIR region on the left extremity of 
coverage plot generated from SMRT sequencing assembly (Gomez-Escribano et al., 
2015). Lower: Absence of increased coverage in coverage plot of plasmid pPME5. 

 

 

Coverage plot of pPME5 assembly 
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APPENDIX J 

Base modification analysis report for P. mendocina strain S5.2 (PP). 
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APPENDIX K 

Base modification analysis report for P. mendocina strain S5.2 after curing of pPME5 plasmid 

(NP). 
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APPENDIX L 

Base modification analysis report for P. putida strain S13.1.2 
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APPENDIX M 

Graphical representation of single-stranded methylation of GACG m6AG motif and its 
proximity with multicopper oxidase cumA gene.  

. 

 

Proximity of GACGm6AG methylation sites with the predicted promoter region of 
multicopper oxidase cumA gene.  
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APPENDIX N 

Methylome and Restriction Modification (RM) Systems in P. putida S13.1.2 

Methylome analysis conducted on strain S13.1.2 indicated the presence of GTTCm4CG 

methylation motif recognized by m4C MTases (Table 4.15). On the other hand, REBASE has 

identified a total of six MTases (Table 4.16) however none was associated with the recognition 

motif detected from SMRT sequencing. In addition, the recognition sequence of all predicted 

components of RM system in this strain remained undetermined.  

 

 

Summary on genome-wide DNA methylation motifs in P. putida strain S13.1.2. 

Recognition Motif Modified 
Position 

Modification Type No. of Motifs in 
Genome 

No. of 
Modified 
Motifs 
Detected 

GTTCCG 5 4mC 2,137 1,553 

 

% Modified Motifs 
Detected 

Mean 
Modification 
QV 

Mean Motif 
Coverage 

Partner Motif 

72.67% 72.7 71.59 - 

• Modified position was denoted by underlined base. 
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APPENDIX N (Continued) 

Methylome and Restriction Modification (RM) Systems in P. putida S13.1.2 

Putative restriction modification systems in P. putida strain S13.1.2. None of the predicted 

RM systems were found to modify the GTTCm4CG motifs detected from SMRT sequencing. 

Type Gene Name Predicted 
Recognition Sequence 

Genome Coordinates 

II M M.PpuS1312ORF3785P unknown 864451-865374  

II M M.PpuS1312ORF6215P unknown 1377321-1379066  

II M M.PpuS1312ORF13915P unknown 3144817-3145767  

II R PpuS1312ORF20340P unknown 4579637-4581832  

II M M.PpuS1312ORF20340P unknown 4581881-4582870  

II V V.PpuS1312ORF20340P unknown 4584135-4584545 

II R PpuS1312ORF20355P unknown 4582943-4584133 

II RM PpuS1312ORF25705P unknown 5813180-5817190 

Legend:  R: Restriction subunit 
  M: Modification subunit 
  S: Specificity subunit  
  V: Nicking enzyme 

 

 

 

 

 

 

Distribution map of GTTCCG modification motifs in P. putida strain S13.1.2 complete 
chromosome.	
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