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Abstract

An investigation of the phenotypic and genotypic dinges in Pseudomonas
putida CP1 following substrate-dependent autoaggregation

Wan Syaidatul Agma Wan Mohd Noor

School of Biotechnology, Dublin City University

Pseudomonas putid@P1 was isolated from soil. The organism is capalblthe
degradation of a wide range of substrates and caw @n all three mono-
chlorophenols. Substrate induced autoaggregatios whserved when the
bacterium was grown on 100 ppm 2-chlorophenol, 4o 3-chlorophenol and
200 ppm 4-chlorophenol and also when the organis® grown on 0.5% (w/v)
fructose. Autoaggregation which is the aggregatiba single bacterial species to
form clumps or clusters of cells, was attributectibstrate stress. Phenotyic and
genotypic changes in the organism accompanyingaggtegation had not
previously been studied. Aggregation was accompabie the production of
extracellular polymeric substances (EPS). A biodbamanalysis of the EPS
showed that the main constituents were carbohy@4@8% w/v) and protein (50%
w/v) together with lower levels of DNA (<10% w/v)lhe extent of EPS
production and the size of the aggregates increasbdincreasing stress as did
the aggregation index and the hydrophobicity ofdbks. A comparative study of
P. putidaCP1 andP. putidaKT2440 using the API20NE system showed a close
similarity between the two organisms. However, wmacray gene expression
profiling using aP. putidaKT2440 Genome Oligonucleotide Array (Progenika,
Spain) showed that 316 genes involved in metabolsrd adaptation were
differentially expressed iR. putidaCP1. Global transcriptomic profiling studies
showed thatP. putida CP1 growing on mono-chlorophenols resulted in the
induction of genes encoding for proteins involvedthe outer membrane, the
cytoplasmic membrane, efflux systems and generasstresponses. Growth of
the bacterium on fructose (0.5%, w/v) was assogiatgh the up-regulation of
genes involved in the flagellar assembly includimg fliE gene which encodes for
the flagellar hook-basal body protein. Two novelng® associated with
autoaggregation, were identified using transcriptoamalysis. They were PP1961
which encodes for TetR, a transcriptional regulatot PP4936 which encodes for
an O-antigen polymerase.
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1.0 INTRODUCTION



1 Introduction

1.1 Pseudomonads

Metabolically versatile bacteria such as memberhefgenus?seudomonaplay

a key role in eliminating pollutants from the emwviment. They are therefore
exploited in biotechnological processes to clean agmtaminated soils and
wastewaters (Hallswortkt al., 2003). The genuBseudomona®elongs to the
bacterial familyPseudomonadaceaghich also includes the genefgZzomonas,
Azotobacter, Cellvibrio, Mesophilobacter, Rhizoleacand Rugamonas These
bacteria are widespread in soil and water. Theystictly aerobic Gram-negative
and non-sporulating bacteria. Based on biochemotelracteristics, they are
oxidase and catalase positive, non-acid fast wb&h are generally straight, but
maybe slightly curved, 0.5 — 10n in diameter and 1.5 —@&m in length. They
are motile by one or several polar flagellae amdlyanonmotile. In some species
lateral flagellae of short wavelength may also benked. They do not ferment
carbohydrates, do not fix nitrogen and are not @ithetic. Most species are
inhibited when grown in acidic conditions (pH 4.6lower) and do not require
organic growth factors. The optimum growth tempaefor most strains is 28,
but many are capable of growth in between 4-45°Gstwf the species do not
accumulate granules of popthydroxybutyrate, but accululation of poly-
hydroxyalkanoates of monomer length higher thanm@y occur when growing

on alkanes or gluconate (Bergey’s Manual of SystienBacteriology, 2005).

Pseudomonaspecies are subdivided on the basis of rRNA hogylato five
similarity groups. There are about forty specieoup | is the largest group and
includes fluorescent strains such Bseudomonas aerugings&seudomonas
fluorescensand Pseudomonas putidand the plant pathogerBseudomonas
syringae and Pseudomonas cichoriilt also includes many important non-
fluorescent species such RsstutzeriandP. mendocinaThe members of groups
I, 1, IV and V were moved into new or previoushxisting genera such as
Burkholderig Xanthomonasnd Comamonadased on 16S rRNA gene analysis.
The closely related bacteria to the gemseudomonasnclude species of the
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aerobic, free-living, nitrogen fixingAzotobacter-Azomonascomplex and

cellulolytic species of the gen@llvibrio (Mooreet al.,2006).

Pseudomonads cover the most diverse and ecolggisghificant groups of
bacteria in a wide range of environmental nichetutling those connected with
plants, animals and human pathogens. The abilityn&tabolize a variety of
diverse nutrients and to form biofilms enables ¢héscteria to survive in a
variety of habitats (Mooret al., 2006). The genu®seudomonasepresents a
diverse group of medically, environmentally and teimologically important
bacteria. Pseudomonas aeruginosaan opportunistic pathogen for humans and
other mammals and is associated with infectionsimunocompromised patients.
The survival success of this species is due tlesance to many antimicrobial
drugs (Oberhardet al., 2008). Some Pseudomonaspeciesisolated from the
environment affect plant growth through their intidn of fungal plant pathogens
or by their effects on the roots of plants. Treeg also found to be involved in
food industry related to the spoilage of meats |tppand fish and can beresent
in tap water and in hospital saline solutions. Himlity of Pseudomonago
develop biofilms in certain conditions has led tonajor problem in particular

pipeline systems (Mooret al.,2006).

Pseudomonads have been used in bioremediation schrisformation, as
biocontrol agents for plant growth promotion andtire production of low-
molecular weight compounds, polymers and recombipasteins (Rehm 2008).
In the genusPseudomonasthe following species have demonstrated ability t
metabolise chaotropic environmental pollutants &ade been used for their

degradation;

P. alcaligenes- polycyclic aromatic hydrocarbons (PAH) (O’Mahony
et al, 2006)

e P. mendocina toluene (Tat al.,2004)

* P.resinovorons- carbazole (Widadet al.,2002)

* P. putida—organic solvents (Farrell and Quilty, 2002a)

e P. stutzeri- chlorinated hydrocarbons (Ryebal.,2000)
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Many enzymes isolated from Pseudomonads and wPsdeidomonasells have

been used as biocatalysts in industrial biotransétion. Enzymes isolated from
Pseudomonaghat has been applied in biotransformation reastionclude

aminopeptidase, benzaldehyde dehydrogenase, benzodioxygenase,
dehalogenase, lipase and oxidase (Rehm, 2008).u$keof whole cells in
biotransformation has emerged as a key tool initdestrial synthesis of bulk
chemicals, pharmaceuticals and agrochemical intates including the
conversion of ferulic acid to vanillin (Walton ahdrbad, 2000).

Pseudomonaspecies are among the most competent rhizosphéaizers of
soil (Moore et al., 2006) The rhizosphere is defined as a zone around |t p
root that contains high amounts of microbial atyivilue to the secretion of
organic and amino acids by the plamsfew strains ofP. fluorescensand P.
putida have been described as biocontrol agents (HaasDafdgo, 2005).
Pseudomonasspecies can inhibit the colonization of plants byheo
microorganisms and are seen as important agentsdoontrol of plant diseases
(Moore et al., 2006). Pseudomonads are capable of synthesizingriaty of
secondary metabolites and biopolymers that aréectlim biotechnology. Figure

1.1 illustrates the biosynthesis of various compisunyPseudomonaspecies.
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Figure 1.1 Biosynthesis capacity of PseudomofRdbm, 2008)



1.1.1 Pseudomonas putida

Pseudomonas putida a non-pathogen that belongs to @@mmaproteobacteria
and is frequently isolated from polluted soil, thezosphere and water. It is
among the best studied species of the metabolicafiyatile and ubiquitous genus
of the Pseudomonads. They are known as rapidly iggpwacteria and are
nutritional opportunists that are able to recyctgamic wastes in aerobic and
microaerophilic compartments of the environment tbe maintenance of
environmental quality (Wt al.,2011). Members of the species are recognised
for their metabolic versatility and tolerance toluses and solvents and to
chemically diverse aromatics and hydrocarbons timatuce chaotropicity
mediated stress (Cray al, 2013).

Pseudomonas putidaP1 is the subject of this study. The organism isakated
from soil and has been investigated in our laboyatmecause of its ability to
degrade a wide range of pollutants including ale¢hmono-chlorophenols. The
use of chlorophenols in agriculture or industriabgesses can lead to their
accumulation in the environment. The complete diagran of all three mono-
chlorophenol isomers by a single degradation systetvacteria is difficult and
has rarely been reported. Farrell and Quilty (20Ghowed thaP. putidaCP1
was capable of the complete degradation of u@@jppm 2- and 3-chlorophenol
and, 300 ppm 4-chlorophenol using a modifiedho-cleavage pathway.The
bacterium is interesting not just because of itgragative capabilities, but also
because it autoaggregates when grown on certaioentmations of substrates.
Formation of aggregates was observed in the cuthw@ium during growth dP.
putida CP1 on higher concentrations of the mono-chloroptse >200ppm 4-
chlorophenol and100ppm 2- and 3-chlorophenol (Farrell and Quilt§02a).
The ability to autoaggregate on mono-chlorophenas wbserved to be in the
order of 3CP> 2CP> 4CP which was inversely relédetie degradative ability of
the bacterium 4CP> 2CP> 3CP. Autoaggregation wasritied by the authors as

a stress response to the toxicity of the substrate.



Formation of aggregates was also observed wheputidaCP1 was grown on
fructose although not on glucose. This might belarpd by the higher
chaotropicity value for fructose compared to glecg€rayet al., 2013). The
aggregative ability of the bacterium has been shtwenhance the use of this
organism commercially and in particular its use bioaugmentation.
Augmentation of a commercial mixed culture wiRh putidaCP1 resulted in the
complete degradation of 2-chlorophenol via@tho-cleavage pathway (Farrell
and Quilty, 2002b) and successful bioaugmentatibraciivated sludge was
reported by McLaughlinet al., (2006). Success of the bioaugmentation was
attributed to the survival of the added organismblegoming integrated in the

sludge floc.

P. putidaKT2440 is the best characterized strain of theiggeand has become a
model bacterium worldwide. This strain is a plasiine derivative of a toluene-
degrading organism initially known aP. arvilla mt-2 and subsequently
reclassified a$. putidamt-2 (Palleroni, 2010). It is the first Gram-negatisoil

bacterium to be certified as a biosafety host fiar éxpression of foreign genes.
The organism is widely used in both laboratory msichnd the development of
biotechnological applications including biorementiat of contaminated sites,
biocatalysis for the production of useful chemicatgl the production of plant

growth promoters as a plant rhizosphere proteetgent (Yusteet al.,2005).

Pseudomonas putiddT2440 has a wide range of nutrient acquisitiostems
including mono- and di-oxygenases, oxidoreductasésrredoxins and
cytochromes, dehydrogenases, sulfur metabolismeipt efflux pumps and
glutathione-S transfereases. The organism also drasextensive array of
extracytoplasmatic function sigma factors, reguand stress response systems
which constitute the genomic basis for its nutnibversatility and opportunism.
The metabolic diversity of the organism was explbitor the experimental design
of novel catabolic pathways as well as for its aggpion in the production of high
value compounds (dos Santeisal.,2004). These include the hyperproduction of
polymers such as polyhydroxyalkanoates, indusyrigllevant enzymes, epoxides,

substituted catechols and heterocyclic compounds.
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Pseudomonas putid&T2440 was the firstP. putida sequenced. Genomic
sequencing and the analysis of the complete genseqeence ofP. putida
KT2440 has been published in 2002 (Nelsbml.,2002). The genome is a single
circular chromosome of 6.18 Mb in length with are@ge G + C content of
61.6%. A total of 5420 open reading frames (ORF#) an average length of 998
bp were identified Putative role assignments were identified for 36RFs, with
another 600 (11.1%) being unique B putida and 1037 (19.1%) of ORFs
encoding conserved hypothetical proteifike putative genes include the LysR
transcriptional regulator family with 110 membéts response regulator receiver
domain with 94 members and the ABC transporter lfamith 93 members. 27
families represented by more than 20 members &tedeto proteins involved in
transcription regulation (LysR, AraC, TetR, Sign¥-fetc.), transport (ABC,
major facilitator family MFS, binding-protein-depsent transport system and
porins), environmental signaling (response regulatgeiver domains, histidine
kinases and TonB receptors) and catabolism (depgdases, hydrolases,
transferases and oxygenaseéRble 1.1 lists the identified coding sequences to
The Institute for Genomic Research (TIGR) systemmetabolic categories iR.
putida KT2440. The majority of these categories includetabolic pathways

associated with a stress response.

Table 1.1 Metabolic categories of annotatecegeénP. putidakT2440 (Rehm, 2008).

Metabolic category Number of annotated
genes
*Amino acid biosynthesis 126

Biosynthesis of cofactors, prostheric groups atd9

carriers

*Fatty acid and phospholipid metabolism 112
Central intermediary metabolism 79
*Energy metabolism 459
*Purines, pyrimidines, nucleosides and nucleotides65
DNA metabolism 118
*Transcription 66
*Protein synthesis 132
Protein fate 180




*Cellular processes 361
*Regulatory functions 535
*Signal transduction 140
*Transport and binding proteins 656
*Cell envelope 327
Related to mobile elements 183
Unknown function 504
Conserved hypothetical proteins 1039
Hypothetical proteins 600

*Metabolic pathways associated with a stress regpons

Pseudomonas putidgT2440 shows a close similarity and relationshiphvihe
pathogenic specieB. aeruginosa Comparativegenome analysis between both
microbial genomes (http://www.tigr.org) revealed 85% of theputidaKT2440
genome has homologues in tAeaeruginosaPAO1 genome. The genome ®f
putida contains 1231 ORFs that are absent from th&.aeruginosancluding
226 conserved hypothetical proteins, 575 hypothktjgroteins, a cellulose
biosynthesis operon, a novel polysaccharide bib®gié operon, 36 putative
transposable elements, three phage, nine grouprdnis, two toluene resistance
proteins, 75 proteins involved in energy metabolignd type IV pilus
biosynthesis genes. The key virulence factors ptaadP. aeruginosabut absent
in the P. putida KT2440 genome include genes for exotoxin A, eksta
exolipase, phospholipase C, alkaline proteasepe ity secretion pathway, two N
ramp manganese/ iron transporters and an operontHer synthesis of
rhamnolipids (Nelsoret al., 2002). The genome oP. putidaKT2440 contains
894 paralogous gene families which is consideraibbher than that of the
genome ofP. aeruginosastrain PAO1, which has 809 putative paralogs. This
large number of paralogous gene families showedihe degree of functional
versatility of P. putida It also contains 105 distinguishable genomic istatizat
provide increased metabolic proficiency as weldatense against several kinds
of biotic and abiotic stresses (Yusteal.,2005).



The Pseudomonas putid€T2440 genome contains 36@sertion sequencdS)
elements with the majority of th& elements being present in multicopies. The
high number of IS elements may be related to thisatiée catabolic ability oP.
putida KT2440 which also requires an increased level afogee plasticity for
adaptation to various environmenttsertion sequencelS) elements are
associated with genes and operons encoding acgefsoctions (i.e., non-
housekeeping), catabolic enzymes and pathways,ogaticity factors and
protective functions against noxious agents. Moeed® elements mediate gene
rearrangements and facilitate the disseminatiorhdyzontal transfer of gene

clusters among bacterial populatigi¢einel et al.,2002).

Other atypical regions containing mobile elememis determinants of catabolic
pathways have been identified in thHe putida KT2440 genome. Codon
composition analysis revealed 39 regions of theogen greater than 10 kb in
length that have atypical composition. The majooitghem have a G + C content
that is different from that of the rest of the gere(Nelsonet al.,2002).Many of

these regions encode bacteriophage genes, trabépetaments or determinants
for proteins involved in the metabolism of aromatempounds. In total, 90

transposon and 92 prophage determinants have le¢ectet.

The Pseudomonas putidéT2440 genome reveals that a 35-bp sequence having
the structure of an imperfect palindrome whichepeaated more than 800 times
throughout the genome. More than 80% of these segseare extragenic and
designated as Repetitive Extragenic PalindromicHREequences. Of these, 82%
are situated within 100 bp (and many within 30 bp}he end of a neighboring
gene. Given the positions and distribution of REuences in th®. putida
genome, it was suggested that they may serve dav &INA gyrase to bind and
relax DNA when excessive supercoiling is generatdereby playing an

important role in the regulation of gene expresgAnanda-Olmedcet al.,2002)



Similar to the P. putidaF1, P. putidaGB-1 andP. putidaW619 genomesP.
putida KT2440 displayes a higher percentage of genestiypeita coding for
signal transduction mechanisms pointing to the ewes of sophisticated
regulatory networks to control gene expressiomeftinction of a highly variable
environment, inorganic ion transport and metabalistowever theP. putida
genomes were less dense in genes putatively indalvearbohydrate transport

and metabolism and replication, recombination apair (Wuet al.,2011).

Strains ofP. putidaare reported to metabolise a variety of substratelsiding
toxic compounds like chemically stable aromatic ot@atic compounds in the
environment. Consistent with the extensive metabolersatility for the
degradation of aromatic®. putidaKT2440 encodes more putative transporters
for aromatic substrates than any currently sequknterobial genome including
multiple homologues of thé\cinetobacter calcoaceticubenzoate transporter
BenK and of theP. putida 4-hydroxybenzoate transporter PcaK. In addition,
KT2440 has 23 members of the BenF/PhaK/OprD fawilporins that includes
outer membrane channels implicated in the uptaleahatic substrates (Nelson
et al., 2002).P. putidaKT2440 lacks catabolic plasmids but is known toenav
chromosomal pathway for the degradation of benza@de catechol and 3-
oxoadipate. The organism has revealed geneticrdietants for putative enzymes
able to transform a variety of other aromatic coomqus including ferulate,
coniferyl- and coumaryl alcohols, aldehydes andigovanillate p-coumaratep-
hydroxybenzoate and protocatechuate, related nanligvhich is generated during
decomposition of plant materials and abundant ie thizosphere. These
compounds constitute a carbon pool for rhizosplassociated microorganisms
(Nelsonet al.,2002)

1.1.2 Gram-negative bacterial cell structure

The primary site of action for defence against emmental threats is the cell
membrane. The cytoplasmic membrane of bacteri#d, @lphospholipid bilayer,
IS a matrix in which various enzymes and transpodteins are embedded. It

plays a vital role in solute transport, maintainitng energy status of the cell,
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regulation of the intracellular environment, turgmessure, signal transduction

and energy transducing processes (Sardessai arsteBA002).

The envelope of Gram-negative bacteria (Figure T.@ptains two distinct

membranes, an inner and an outer membrane separatee periplasmic space,

a hydrophilic compartment that includes a layempeptidoglycan (Ayaleet al.,

2012).

The inner membrane (also known as cytoplasmic bmoembrane) is a
symmetric phospholipid bilayer in which proteinse a@mbedded. The
integral transmembrane proteins span the inner memebwitha-helical
transmembrane domains, whereas lipoproteins arénosent to the
membrane via an N-terminal lipid modification andcé toward the
periplasm. Peripheral inner membrane proteins laceassociated at either
cytoplasmic or periplasmic side of the inner membra

The outer membrane is an asymmetric lipid bilay&h vwwhospholipids
forming the inner leaflet and lipopolysaccharideB%) forming the outer
leaflet. Proteins and lipoproteins are also inskentethe outer membrane
lipid bilayer. Typically, outer membrane proteinge daransmembrang-
barrel structures and function as porins, chanmelsgptors and other
transport machineries that mediate the communicatioith the

extracellular environment.
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Figure 1.2 Structure of cell envelope in Gramgatese bacteria (Sperandext al.,

2009).
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The bacterial cell wall differs from that of allhetr organisms by the presence of
peptidoglycan. Peptidoglycan is responsible for rigedity of the bacterial cell
wall and for the determination of cell shape. Rigglycan is a polymer that
consists of long glycan chains that are cross-tinka flexible peptide bridges to
form a strong but elastic structure. In Gram-negaliacteria, the peptidoglycan is
covalently attached to the outer membrane via lipigin. Gram-positive bacteria
which lack an outer membrane, have a thick cell waich contains covalently
linked, charged polymers, such as teichoic acid rudeins that are anchored

covalently or noncovalently to the cell wall (Sdlee$ and Pinho, 2005).

Lipopolysaccharides (LPS) are the major componentshe outer surface of
Gram-negative bacteria (Caroff and Karibian, 2003S is essential for the
viability of most Gram-negative bacteria and theoRdipid A moiety represents
the minimal structure that is essential for gro{#perandecet al., 2009). The
hydrophobic lipid A component of LPS secures thesdecules in the outer
membrane and the core oligosaccharide links thé Apregion to the O-antigen
or O-polysaccharide. The location of the LPS in theter leaflet of the outer
membrane allows interaction with the environment;

e Lipid A is composed of a phosphorylated diglucosamimoiety
substituted with fatty acids and responsible fa lbiological activities of
LPS.

» The core oligosaccharide region is attached tad lipi which can be
divided into an inner and outer core. The inneeamntains LglyceroD-
mannoeheptose and 3-deoxy-Bxannceoctulosonic acid (KDO) and the
outer core are composed of hexose sugars suclgasbse (D-GIc).

e O-antigen is known as A band (homopolymer) and Bndba
(heteropolymer) (Sabret al.,2003). The A-band O-polysaccharide region
is composed of D-rhamnose (D-Rha) residues arramgettisaccharide
repeating units. The A-band D-rhamnan polysacckarsdcomposed of
approximately 70 D-Rha residues, which is equivialen23 repeating
units. This is shorter than the B-band O antigenciwhs composed of

more than 50 repeating units.
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The terms smooth and rough are often used to desthie LPS phenotype.
Attachment of the O-antigen to core-lipid A resuitsa smooth LPS phenotype,
while core-lipid A lacking O-antigen is referredds rough LPS (Rocchetd al.,
1999). Some Gram negative bacteria express rough [(iacluding N.
gonorrhoeag that do not express an O-antigen. They do howbase a core
region including KDO, also termed lipooligosaccadhar (LOS). Other Gram
negative bacteria including. coli and Salmonellaexpress smooth LPS that

normally have an O-antigen (repeating unit of ssjgar

1.1.3 Metabolism in Pseudomonas putida

Pseudomonas putidéT2440 has an incomplete glycolytic pathway dua tack
of 6-phosphofructokinase like other Pseudomonadsriaizosymbionts. It uses a
complete Entner-Doudoroff (ED) route for utilizatioof glucose and other
hexoses. However it has genes coding for a fruetpgebiphosphate and for
glucose-6-phosphate isomerase which are involvedthm early stages of
gluconeogenesis. Similar t®. aeruginosaPAO1, P. putidaKT2440 lacks the
aldose-1-epimerase and glucose-1-phosphatase. dédlesg for the pentose
phosphate pathway, the TCA cycle, the glyoxylatenshas well those for the
oxidative and electron transport chain are presetite genomes of the. putida
KT2440 (Mooreet al.,2006). Three energy-dependent sugar- uptake mischsin
have been characterized in bacteria;

» the uptake of galactose, xylose and lactoge.inoli are conducted by the
major facilitator superfamily transporters and @perby proton symport,

» the phosphoenolpyruvate dependent phosphotransfeygsem (PTS) for
transporting glucose, fructose, mannose and suevbsd mainly operate
in Gram-negative bacteria,

» the periplasmic binding protein dependent ATP-bigdcassette (ABC)
transporters, which are ubiquitous membrane pratemplexes that use
the energy generated from ATP hydrolysis for uptakexport of various

solutes across biological membranes (\&tal.,2012).
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Glucose and fructose are similar hexoses with ailyudentical energy values but

they are predicted to follow different routes irttee central metabolism d®.

putida(Velazquezet al.,2004);

glucose can be transported through a dedicated ABtake system
(involving PP1015 to PP1018) into the cytoplasms Iphosphorylated to
glucose-6-phosphate and further to 6-phosphoglueoizucose can also
diffuse into the periplasm and be converted thergliconate and then to
2-ketogluconate. Both of these intermediates aga thransported into the
cytoplasm to be transformed into 6-phosphoglucoreate to 2-keto-6-

phosphogluconate. All upstream intermediates frolocagse converge
towards 6-phosphogluconate, which can then entidwereithe Entner-

Doudoroff (ED) pathway or the pentose phosphatbvpay (Lessie and
Phibbs Jr, 1984),

fructose metabolism occurs via a PTS system. Fsecte imported

through a typical PTS permease (FruA) consisting @fsion of EIIBFru

and EIICFru domains. Fructose is converted firstriwtose-1-phosphate
(F1P) and then to fructose-1, 6-bisphosphate and amter the ED

pathway and/or a standard glycolytic Embden-MeyeRarnas (EMP)

route (Nogalegt al.,2008).

The scheme in Figure 1.3 summarizes the netwomeadtions in cells growing

on either sugar as the sole carbon source. Ther upebolic domain includes
the Entner-Doudoroff (ED) pathway, the Embden-MagpéParnas (EMP)
glycolytic route and the pentose phosphate pathi&pP). The lower metabolic

domain comprises the phosphoenolpyruvate-pyruveddoacetate (PEPPyr-
OAA) node, including the pyruvate shunt and the T¢&yAle.

14



2-ketogluco
natel & Cluconate o Glucose Fructose

2K6PG
\” A\ -&j%?
GEP \L
A
s@r g&, F1P
5 N4
] W . FBP
©
= 2K3D6P <
5 DHAF‘ %Eei@
=
R |
I D7(]
GA3P <~ ED
éﬂ,"—l' EMP
PEP <€—
i . Flux
4\ @ °ﬁ" meter
aﬁ‘s 1
-
Pyr _f\_.\%s}
=
A
= - £E
5 W D ¢
E
by
E . OAA <——— Ac CoA
Malate Qﬁfg
- Citrate
= 2
e
Fumarate

Isocitrate
2-0X
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The catabolic potential including predicted pathsvégr energy production and
metabolism of organic compounds PBf putidaKT2440 is highlighted in Figure
1.4. Predicted transporters are grouped by substgcificity, inorganic cations
inorganic anions, carbohydrates, amino acids, @epti amines, purines,
pyrimidines and other nitrogenous compounds, cailates, aromatic compounds
and other carbon sources, water, drug efflux arerotThe energy-coupling
mechanisms of the transporters are also illustrateduding the solutes
transported by channel proteins, secondary tratesgorATP-driven transporters
and transporters with an unknown energy-couplingchraeism. The P-type
ATPases indicate that they include both uptake effldx systems. The central
metabolism is involved at the outer and inner meméy periplasmic space and

the cytosol.
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Substrate:

- inorganic cations (light
green)

- inorganic anions (pink)

- carbohydrates (yellow)

- amino acids, peptides,
amines, purines,
pyrimidines and
nitrogenous  compounds
(red)

- carboxylates, aromatic

compounds and

- other carbon sources (dark
green)

- water (blue)

- drug efflux and other (dark
grey).

Solutes transport by:

- channel proteins (double-
headed arrow)

- secondary  transporters
(two arrowed lines
indicating both the solute

- and the coupling ion)

- ATP-driven  transporters
(ATP hydrolysis reaction)

- unknown mechanism
(single arrow)

- The P-type ATPases
(double-headed arrow)




1.1.4 Chlorophenol degradation

Pseudomonads are able to degrade various recatcitampounds like
chlorinated aromatic hydrocarbons including chldwemols that are present as
pollutants in the environment (Jameeal.,2010). Chlorophenols are chlorinated
aromatic compound structures which are a major graod pollutants of
environmental concern due to their toxicity and egpread use. They are known
to be highly toxic, mutagenic and carcinogenic. dédybhenols include
pentachlorophenol (PCP), tetrachlorophenol (TeCt#ghlorophenol (TCP),
dichlorophenol (DCP), and chlorophenol (CP). Eacbug has been used in
industry for specific purposes (Solyanikova and dstdva, 2004). Chlorinated
phenolic compounds constitute an important claspadiitants because of their
wide-spread use in industry e.g., pulp and papesti@pdes, herbicides, biocides
and dyes. Monochlorophenols can be formed duringtevaater chlorination and
as a result of the breakdown of pesticides andrictated aromatic compounds.
Chlorophenols can easily migrate within differemuaous environments and
contaminate groundwaters since their solubility vimter is relatively high
(Armenanteet al.,1999). They are persistent in the environmentictard health
risk related, thus they have been characterizddstgriority pollutants by both
the EU (European Union) and US EPA (United Stateifenmental Protection
Agency) (Ye and Shen, 2004).

In natural environments, halogenated phenols usadkpt to different extents to
microbial attack. For exampl@ara-substituted halophenols are degraded more
readily than meta and especially,ortho-substituted ones; polyhalogenated
phenols are less susceptible to microbial attaek tmonohalogenated phenols.
Compared to chlorophenols, fluorophenols are repgotb be attacked more
easily. The position and nature of the halogen aaffiects not only the rate of
decomposition but also its pathway, resulting ire tformation of various
intermediates that are sometimes difficult to predind can be more toxic and
stable than the original halophenols (Finkel'shtah al., 2000). Generally
chlorinated phenols are transformed via oxidativexhtbrination in aerobic
biodegradation (Steinlet al., 1998) while in anaerobic conditions via reductive

dechlorination. The recalcitrance of chlorophenoisreases with increasing
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number of chlorine substituents on the phenolig.rifhe position of the chlorine
substituents on the ring may also affect the bicalbgpility of such substances.
The differences in the ability of microbes to delgrahlorophenols is influenced
by the environment under which they act and thatipos of the substituents
(Annachhatre and Gheewala, 1996).

Metabolism of mono-chlorophenols

Chlorinated aromatics can be degraded by aeroliicaanerobic microorganisms
by developing mechanisms to detoxify chlorophendlaggblom and Young,
1990). The use of microbial metabolic potential &minating environmental
pollutants provides a safe and economic alterndiivéheir disposal in waste
dump sites compared to physico-chemical strateddéslogical methods are
preferable to treat phenolic compounds because #neymore economic and
produce fewer byproducts. The application of phglsend chemical methods
includes adsorption, air stripping, solvent extiattand chemical oxidation to
treat wastewaters containing phenolic and chlorophe compounds are
expensive to operate (Ye and Shen, 2004; Monsatlab.,2009).

A complete degradation of chlorinated aromatic coumals involves two steps
including cleavage of the aromatic ring and the oeah of the chlorine atom
(Haggblom and Young, 1990). The initial step in terobic degradation of
mono-chlorophenols is the transformation to chlatechols. 2- and 3-
chlorophenol metabolism results in the formation3ae¢hlorocatechol, while 4-
chlorophenol is transformed to 4-chlorocatechog@ifé 1.5). Chlorocatechols are
central metabolites in the aerobic degradation afiéde range of chlorinated
aromatic compounds (Moiseew al., 2002). These hydroxylated intermediates
are then channeled into one or two possible patbwather anetacleavage or
ortho-cleavage pathway. Both types of pathways leachtiermediates of central

metabolic routes, such as the tricarboxylic acidleyTCA cycle).

Aromatic compounds found naturally in the environiri&ke phenol, benzene and
methyl-substituted are typically broken down vi& theta- cleavage pathway.

Generallymetacleavage of 3-chlorocatechol results in the inatibn of catechol
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2, 3-dioxygenase either by 3-chlorocatechol itsatfing as a chelating compound
(Klecka and Gibson, 1981), or by the productiom diighly reactive acylchloride,
the product of the cleavage of 3-chlorocatecholciwhiinds irreversibly to the
metacleavage enzyme. Thmetacleavage of 4-chlorocatechol results in the
production of a chlorinated aliphatic compound ¥ot+2-hydroxymuconic

semialdehyde reported as being a dead-end me&blieseret al.,1994).

The majority of known strains use a modifiedtho-cleavage pathway for
chlorophenol degradation. Normal 1,2-dioxygenasesolved in catechol
metabolism exhibit low activities for halogenatedbstrates. Enzymes with broad
substrate specificities that have a high affindy ¢hloroaromatic substrates have
been identified (Dorn and Knackmuss, 1978)Pseudomonasp. B13, catechol
and chlorocatechol were assimilated via two separ#tho-cleavage pathways;

e ortho type-l pathway, involved in the degradation of updnated
aromatics, via catechol which catalyzed by the sreycatechol 1,2-
dioxygenase (pyrocatachase Type I)

* modifiedortho- type Il pathway, specific to the degradation ofocimated
aromatics via chlorocatechol (Dorn and Knackmu838)

» ortho- cleavage (Type Il) of chlorinated aromatic compajnchtalyzed
by the enzyme chlorocatechol 1,2-dioxygenase (aemhase Type ll) is
generally necessary for complete degradation witksalting release of

the chloride atom.

Pseudomonas putid@P1 is able to degrade up to 200 ppm 2- and 3<gpihenol
and 300ppm 4-chlorophenol using amtho-cleavage pathwayPseudomonas
putida CP1 possesses two differeattho-cleavage enzymes, a catechol 1,2-
dioxygenase capable of metabolising catecholth@-l activity) and a
chlorocatechol 1,2-dioxygenase with low substrafgecsicity capable of
metabolising both catechol and chlorocatecholsh¢- Il activity) (Farrell and
Quilty, 2002a).Pseudomonas putid&€P1 is capable of degrading 3- and 4-
chlorocatechol which are known intermediates ofordphenol degradation.
Degradation of 4-chlorophenol, which occured viahdbrocatechol, was at a
higher rate than the degradation of 2- or 3-chlbewwl, which was degraded via
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3-chlorocatechol. This suggests that the initiakpstin degradation of
chlorophenols, hydroxylation of chlorophenols tdocbcatechols was the rate-

limiting step in degradation of chlorophenols®yputidaCP1.

Many reports have been published reporting thetplof Pseudomonastrains to
degrade a wide range of chlorinated aromatic comg®was sole carbon source
via the ortho-cleavage pathway€?seudomonasp. B13 was isolated for the
degradation of 3-chlorobenzoate and has been stota capable of degradation
of 4-chlorophenol as sole carbon source and theetadlism of 2- and 3-
chlorophenol via the modifiedrtho-pathway (Knackmuss and Hellwig, 1978).
Pseudomonas testosteroshowed complete degradatioof 2-, 3- and 4-
chlorophenol using thertho-cleavage pathway (Chih-Jegt al., 1996). The
ortho-pathway degradation was used Bicaligenessp. A-7, resulting in the
degradation of 2-, 3- and 4-chlorophenol (Schwied &chmidt, 1982).

Transformation of chlorocatechols via the modif@dho-cleavage pathway by
chlorocatechol 1,2-dioxygenase vyields chloromuaema(Figure 1.5). The
chlorocatechol is oxidized at both carbon atomsyaay hydroxyl substituents,
yielding two carboxylic acid (-COOH) groups at @@ of a chain. Ring cleavage
occurs between the hydroxyl-substituted carbo@tho-cleavage of 3-
chlorocatechol yields 2-chloro-cis,cis-muconatelevbieavage of 4-chlorophenol
results in the production of 3-chloro-cis,cis-muate Following ring cleavage
via the modified ortho-pathway, the products produced undergo
cycloisomerisation. The chloro-substituted cicyuigeonates are transformed
resulting in the production of dienelactones (4oaymethylenebut-2-en-4-
olides). This is a critical step in the degradatadrchlorophenols as it results in
the elimination of the chloro-substituent. The engyinvolved, chloromuconate
cycloisomerase (cycloisomerase Type Il) is homalesgoto muconate
cycloisomerase (cycloisomerase Type |) involvedh@ degradation of catechol
via the ortho-pathway. Cycloisomerase Il exhibits higher adi@gt with
substituted-muconates than with unsubstituted satlest Cycloisomerase I
converts 2-chloro-cis,cis-muconate to the intermtdi5-chloromuconolactone
and then dehalogenates the metabolite to toams-dienelactone, while 3-chloro-

cis,cis-muconate is converteddis-dienelactone (Vollmeet al.,1998).
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The final steps involve the conversion of dienalaes produced following
cycloisomeration into metabolites of the normal abelism of the bacterium.
This is achieved by the conversiona- andtransdienelactone, by the enzyme
dienelactone hydrolase to produce maleylacetatehwis readily converted to
intermediates of the TCA cycle and therefore maytilsed for the production of
biomass, energy, carbon dioxide and water, regsultincomplete degradation.
Figure 1.5 illustrates the degradative pathway#® oputidaby modified ortho-
cleavage pathway.
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Figure 1.5 Degradative pathwayshRofputidaby the modifiedortho-cleavage pathway
(Knackmuss and Hellwig, 1978).
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Microorganisms reported to degrade chlorophenols

The microorganisms used in biological treatment weseally aerobes, including
Pseudomonasp. (Farrell and Quilty, 2002aRlcaligenessp. (Elkarmiet al.,

2008; Jianget al.,2007) andRhodococcusp. (Martinkovéet al.,2009; Goswami
et al., 2005). These aerobes are more efficient at deggattixic compounds
because they grow faster than anaerobes and ustrahsform organic

compounds to inorganic compounds (Oh and Lee, 2002)

Gram-positive and Gram-negative bacteria have imbattified which can utilize
chlorophenols as a carbon and energy source uedabia conditions (Table 1.2).
Pure cultures are favoured for use in the majafitghoroaromatic biodegradation
studies. Among the strains used, the most commausges Pseudomonas
Pseudomonasstrains have a valuable potential to evolve entisgabolic
sequences for specific degradative pathways. Thanssms are present in large
numbers in all major natural environments includtegestrial, freshwater and
marine. Apart than that, they also have a remaekabtritional versatility and are

capable of utilizing a wide range of organic compaaias growth substrates.

Table 1.2  Examples of bacterial strains capab@gowth on chlorinated phenols when

supplied as a sole source of carbon and energy.

Bacterial strain Substrate
Alcaligenessp. A7-2 (Menke and Rehm 1992) 2CP, 4CP
Alcaligenes xylosoxidar#H1 (Hollendeet al.,2000) 2CP)
Pseudomonas pickettiD1 (Favaet al.,1995) 2CP, 3CP, 4CP
Rhodococcus opacuss (Finkel'shteiret al.,2000) 2CP, 3CP, 4CP
Pseudomonas putidaP1 (Farrell and Quilty 2002a) 2CP, 3CP, 4CP
Alcaligenes xylosoxidankH1 (Hollendeet al.,2000) 3CP, 4CPR
Pseudomonasp. B-13 (Dorn and Knackmuss 1978) 4CP
Arthrobacter ureafacienc€PR706 (Baet al.,1996) 4CP)
Arthrobacter chlorophenolicua6 (Nordinet al.,2005) 4CP)
Comamonas tertostero@PW 301 (Baet al.,1996) 4CP)
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The complete degradation of all three mono-chloemglh isomers by a single
degradation system is difficult and has rarely beeported. Pseudomonas
pickettii LD1 degraded up to 0.57 mM 3-chlorophenol, 0.75 d¢hlorophenol
and 1.51 mM 4-chlorophenol (Fae& al.,1995). Zaitsewt al., (1995) reported
the ability of Rhodococcus opacu&M-14 to degrade up to 0.78 mM 3-
chlorophenol and 1.95 mM 2- and 4-chlorophenol. these studies no
intermediates were detected in the culture mediwumng the degradation of
chlorophenols, suggesting that any metabolites ymed were degraded
immediately. The complete degradation of 2-, 3- ahdhlorophenol at
concentration of 0.08 mM was conducted by immobedizells ofPseudomonas
testosteronusing theortho-cleavage pathway (Chih-Jet al.,1996). Jamet al.,
(2010) demonstrated tHeseudomonasp. A4CP2 isolated from phenolic waste
contaminated sites was able to degrade up to 860giphenol, 200 ppm of 2-
chlorophenol and 350 ppm of 4-chlorophenol.

Pseudomonas putid@P1 is able to degrade a single concentration#d thM of
2-chlorophenol within 72 h, 3-chlorophenol withird & and 4-chlorophenol
within 30 h in the order 4-chlorophenol> 2-chlorapt» 3-chlorophenol (Farrell
and Quilty, 2002a). The differences between theratigion of the mono-
chlorophenols result from the differing positionk tbe chloride atom on the
aromatic ring which, coupled with the electron eealerating effect of the initial
hydroxyl group, affects the introduction of a setdmydroxyl group onto the
aromatic ring. Due to the competing electron - kxeding / decelerating effects,
the theoretical order of degradability should behdsrophenol> 2- chlorophenol>
3—chlorophenol (Menke and Rehm, 1992) - the otlgrwas observed during the
degradation of the mono-chlorophenols RyputidaCP1. A strain identified as
Pseudomonas pickettiiD1 isolated from an aerobic bacterial consortiuvas
competent to totally degrade and dechlorinate in®1 2-chlorophenol, 0.57mM
chlorophenol and 0.75mM 4-chlorophenol within 300 and 40 hour of
incubation. The rates of degradation followed teguence of 2- CP > 4-CP > 3-
CP (Favaet al., 1995). These results are dissimilar from thoseonted for
Alcaligenessp. A7-2 strain, which was found to metabolizendbmophenol faster
than 2-chlorophenol, both in batch cultures comtgriree cells and in continuous

cultures containing immobilized cells (Menke anchRe 1992).
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Pseudomonadsre not the only genus reported to perform theratkgion of
chlorophenolic compound€omamonas testosterodiH5 used 4-chlorophenol as
its sole source of energy and carbon up to a caraten of 1.8 mM and
degraded it by thenetacleavage pathway. Two key metabolites of theta
cleavage pathway, 5-chloro-2-hydroxymuconic serelayde and 5-chloro-2-
hydroxymuconic acid, were identified (Hollendet al., 1997). Arthrobacter
ureafaciensstrain CPR706 reached the maximum degradation(adeut 0.054
mM h') when the initial 4-chlorophenol concentration vietween 0.9 and 1.6
mM, whilst was inhibited when the initial concertiba increased to 2.0 mM (Bae
et al., 1996). Rhodococcus opacusCP was found to efficiently degrade 4-
chlorophenol and 2, 4-dichlorophenol (Eulbexgal., 1998). A Gram positive
Arthrobacter chlorophenolicusA6 isolated from soil slurry degraded high
concentrations of 4-chlorophenol up to 2.7 mM, tbge with othemp-substituted
phenols, such as 4-nitrophenol and 4-bromophenardiN et al., 2005). A
bacterium from th@&acillus species has been identified with the ability tgrdde
2-chlorophenol at initial concentration of 0.25+2M. However cell growth was
inhibited with the higher concentration of 2.5 mM-{Thani et al.,2007).

1.2 Autoaggregation in bacteria

Bacteria exist in a form of aggregates or biofilazssan adaptation and protection
strategy from environmental stress (O'Toad¢ al., 2000). In the form of
aggregates, bacteria are able to communicate aridrppemetabolic functions
more efficiently than their planktonic forms (Ebbagin et al., 2005). This
phenomenon exists in bacteria, yeasts, slime méldsmentous fungi, algae and
protozoa (Burdmaret al., 2000). A number of investigations have been carrie
out on bacterial autoaggregation including in seMeseudomonastrains (Farrell
and Quilty, 2002a; Saniet al., 2003; Matzet al., 2002; Panickeet al., 2006;
Klebensbergeet al.,2006).

Aggregation is the assembling of cells to form adnd contiguous structures
with multicellular associations, occurring undertam physiological conditions.
Cell aggregation may consist of similar units @sitnilar units. The aggregation

of a single bacterial species is termed autoagtjmegal he other term to replace
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words for aggregation found in the literature im@wagglomeration, agglutination,
association, clumping, coagulation, cohesion, docctlation (Burdmaret al.,
2000). Two principal elements that need to be prtege any cell-aggregation
system are physical movement and stable multiegllcbntacts to allow cells to
come together. Biofilms and biological aggregatmsehmany features in common
(Costerton, 1999). Unlike the aggregation phenomgebwfilms are defined as
communities of microorganisms that are attachealgolid surface embedded in a
polymer matrix (Madigan, Martinko and Parker, 20ipfilms can comprise a
single microbial species or multiple microbial sipscand can form on a range of
biotic and abiotic surfaces (O’'Tood al.,2000).

From a general point of view, microbial aggregasgatems can be classified into
three main categories as they constitute: (1) dugeeto morphogenesis and
differentiation, (2) a prelude to sexuality and gsaxuality and (3) a mechanism
for survival under adverse circumstances. Freadiviitrogen fixing bacteria such
asAzospirillum Klebsiellg andAzotobacterwhich are known for their capacity
to aggregate belong to the third category (Burdmtaal., 2000). All aggregates

are accumulation of microorganisms, extracellulalymeric substances (EPS),
multivalent cations, biogenic and inorganic paesclas well as colloidal and
dissolved compounds (Wingender and Flemming, 1988pregated microbes

being closely associated with one another allovweb&tommunication, structure,
protection, stability and defence to harsh condgimncluding water shear force,
predation and food limitation. Aggregated cellsoat8splay a higher degree of
resistance to biocide compounds and higher metabadtivity than their

planktonic counterparts (Bossier and Verstraet@gL9

Microbial aggregation is of great significance imetscope of environmental
research as well as biotechnological processesnaaical studies. Application of
microbial aggregation in aqueous solutions has heseql for cell concentration,
recovery and removal in various processes suclerasehtation, portable water
treatment and wastewater treatment. Microbial agggren enhances efficiency of
biological wastewater treatment processes throlngh selective separation of
microbes and the collection of suspended solid§ci&mt aggregation and proper

settling of aggregates is important for the gememadf good quality effluent in

25



the activated sludge process (Tse and Yu, 19974yeMder, aggregation can have a
detrimental effect on environmental processes, sashio-fouling of artificial
surfaces and corrosion of metals. Aggregation aofilra formation can also lead
to the colonization of medical devices leading néection (Eboigbodinret al.,
2007).

1.2.1 Extracellular polymeric substances (EPS)

Extracellular polymeric substances (EPS) are tlyeckenponents in a number of
models explaining the aggregation of microorganismd the physicochemical
properties of the extracellular matrix in aggregaaed biofilms (Wingender and
Flemming, 1999). EPS accelerates the formation airahial aggregates by
binding cells closely (Liet al.,2004). Wingendeet al.,(1999a) defined EPS as
representing different groups of macromoleculeshsas polysaccharides,
proteins, nucleic acids, lipids and other polymearmnpounds presented in the
interior of various microbial aggregates. While d&h al., (1999) suggested EPS
were all polymers outside the cell wall which a directly embedded in the
outer membrane. EPS are mainly the high-moleculaight secretions from

microorganisms and the products of cellular lysiad ahydrolysis of

macromolecules.

The forms of EPS that exist outside of cells carsibledivided into bound EPS
(sheaths, capsular polymers, condensed gels, Yobsehd polymers and attached
organic materials) and free or soluble EPS (solatderomolecules and slimes)
(Jahnet al.,1999; Laspidou and Rittmann, 2002). Bound EPSckrgely bound

with cells, while free EPS are weakly bound witHlser dissolved into the

solution. Although the interaction between soluBRS and cells is very weak,
Sheng and Yu (2007) showed that soluble EPS alge aarucial effect on the
microbial activity and surface characteristics cfivated sludge. The structure of

bound EPS is generally described by a two layereh(€gure 1.6).
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Figure 1.6 Sketch of EPS structure including Bl&llEPS and bound EPS composed of
tight bound (TB) and light bound (LB) (Shegrgal.,2010).

Proteins and carbohydrates are usually the predorhiconstituents, but other
components such as multivalent cations, DNA, RNA &pids have also been
related to specific characteristics of EPS. Chellyic&PS are rich in high
molecular weight polysaccharides (10 to 30 kDa) agenerally have
heteropolymeric composition. Bacterial EPS are g@herich in hexoses like
glucose and galactose and the presence of sugarsadabinose helps in cell
aggregation in bacteria. The chemical compositioth ghysical properties of the
polysaccharides in biofilm matrices can vary gredtle to the type of monomer
units, the kind of glycosidic linkages (e.§-1,4, B-1,3 or a-1,6), and the

occurrence of different organic and inorganic sitilgtsbns.

EPS also contain amounts of proteins, non-sugaretmei like uranic acid,
pyruvates hexosamines, acetates, sulphate estrsaall amounts of lipids and
nucleic acid. These non-sugar components are atlath the sugar residues
(Flemming and Wingender, 2002). The EPS moleculesast bacterial species
are negatively charged under neutral pH conditidnge to the presence of
predominantly carboxylic and phosphoryl functiomabups (Ueshimaet al.,
2008). Besides protein and polysaccharides, othponents found in aggregate
EPS are nucleic acids. Although the percentageiolerc acids is normally quite
low relative to the protein and polysaccharide ticaxs, their role in aggregation
may be more important (Frglured al., 1996; Liaoet al.,2001). The presence of

extracellular DNA may play a role as a cell-to-deterconnecting component in
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many different biofilms. It was suggested that beatrelease DNA to exchange

genetic material and to form and stabilize biofilfRendrickxet al.,2003).

The biosynthesis of EPS serve many functions coinogrpromotion of cell
adhesion, formation of microbial biofilms, aggrezmtsludges and biogranules
and protect cells from hostile environments (Pa Baul, 2008; Reat al.,2009).

In addition, EPS serve as biosorbing agents bymatating nutrients from the
surrounding environment and also play a cruciaé nol biosorption of heavy
metals (Pal and Paul, 2008). EPS binds with cleiisugh complex interactions to
form a matrix structure with plenty of water thabfects cells against dewatering
(Wingenderet al.,1999a) and the harm of toxic substances (Sutrekr2001). In
conditions of nutrient shortage, EPS can servenasgg and carbon sources for
bacteria (Zhang and Bishop, 2003). A list of EP8cfions are summarized in
Table 1.3.

Table 1.3 Functions of extracellular polymeric stances (EPS) (Wingendet al.,
1999Db).

Function Relevance

Adhesion to surfaces Initial step in colonizati@gcumulation of bacteria gn

nutrient-rich surfaces in oligotrophic environments

Aggregation of bacterial Bridging between cells and inorganic particles pegbfrom
cells, formation off the environment, immobilization of mixed bacterjal
aggregates and biofilm populations, basis for development of high cell gilies,
generation of a medium for communication processes,

cause for biofouling and biocorrosion events

Cell-cell recognition Quorum sensing

Structural elements qafMediation of mechanical stability of biofilms (fregntly in
biofilms conjunction with multivalent cations), derminatiof the

shape of EPS structure (capsule, slime, sheath)

Protective barrier Resistance to nonspecific amdifip host defenses

Retention of water Prevention of desiccation unvdater-deficient conditions

Sorption of exogenousScavenging and accumulation of nutrients from [the
organic compounds environment, sorption of xenobiotics (detoxificatioand

volatile organic compounds.

Sorption of inorganic ions| Accumulation of toxic talke ions (detoxification)
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promotion of polysaccharide gel- formation, mirgra

formation

Enzymatic activities Digestion of exogenous macromolecules for nutrient
acquisition, release of biofilm cells by degradatiof
structural EPS of the biofilm

According to Shenget al., (2010), the production of EPS can be influenced by
various factors including substrate type, nutrieontent, growth phase and
external conditions. Bacteria would excrete moreSEénder unfavourable
conditions. Nutrient levels have a significant effen EPS production and
composition (Pal and Paul, 2008). étaal., (1996) found during the exponential
growth phase, the EPS content increased with atitm time, but during the
stationary phase it decreased with increasingvatitin time. Metal concentration
may influence the EPS contents because the EPSdbwith cells via ion
bridging with multivalent metals. Higgins and Novgl997) mentioned that the
protein content in the sludge EPS increased aehig" or Mg?* concentrations,

while higher Na concentrations resulted to a lower protein content

1.2.2 Interactions involved in the formation of aggregats

Several mechanisms have been suggested as beiofyedvin aggregate
formation highlighting the importance of surfaceomerties in the interactions.
The main interactions are:

» the polymer bridging model - the extracellular pogric substances (EPS)
which contain different negatively charged grougrg bound together by
means of divalent and/or trivalent cations to fotarge polymeric
networks in which the different aggregate constitsesuch as single
bacteria are embedded. It has been suggestetéattéractions between
the aggregate components can be described by th©Dheory (which is
named after Derjaguin and Landau, Verwey and Owdb#or colloidal
stability where van der Waal’s forces and the etestatic repulsive forces
caused by interpenetration of electrical doubletayare added together to
describe the interparticle interactions.
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e other non-DLVO interactions such as hydrophobiernattions have been
suggested as being important for the flocculatibaativated sludge and

other bacterial aggregates as well (Wikral.,2003).

Three types of noncovalent interactions have tedyesidered as cohesive forces
between the components within the EPS matrix tbatribute to the stability of
aggregates (Wingender and Flemming, 1999).

» Dispersion forces - exhibited by nonpolar moleculbscause of
movements of the electrons in interacting moleculdsey are present
between all chemical groups and usually repredsmtmain part of the
total interaction force in condensed matter. Theygenerally weaker than
ionic bonds and hydrogen bonds.

e Hydrogen bonds — form mainly between hydrogen atamn$ydroxyl
groups and electronegative oxygen or nitrogen atibvatsare abundant in
polysaccharides and proteins.

» Electrostatic interactions — occur in between chdngolecules (ions) and
between permanent or induced dipoles. Divalenbpatsuch as Gaact
as bridges contributing overall binding forces. ifnaaly charged groups
of amino sugars in polysaccharides or amino aciggoteins can interact
with negatively charged groups providing cohesiorcés. Electrostatic

interactions are the major importance for the $tglmf EPS matrix.

The polymer cation bridging theory is one of the chraisms describing
aggregate formation as illustrated in Figure 1.€ll<Care held together through
negatively charged EPS, which bridges with cati®®RS act as glue binding the
different aggregate constituents together by edstdtic forces described by the
DLVO theory. Bridging is by multivalent cations $uas Mg*, C&* and F&",
entanglement of EPS molecules and hydrophobicaatens (Wiléret al.,2008).
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Figure 1.7 Schematic structure of aggregates ydiget al.,2007).

Surface hydrophobicity is an important propertyoatteria which is correlated to
the aggregation or adhesion of cells. Hydrophafiieractions define the relations
between water and low water-soluble molecules (pliobes). Hydrophobes are
nonpolar molecules and usually have a long chaicadbons that do not interact
with water moleculesin biological systems hydrophobic interactions #ne
strongest long-range non-covalent interaction. Téevironmental factors
influencing the surface characteristics and adimegroperties of bacteria include
the source of nutrients, growth rate, growth phgsayth conditions, temperature
and pH (Saniret al.,2003).

Microbial aggregation is generally attributed toopalymeric bridging of

bacterial cells. Bridging of aggregate componemigolves ionic interactions
between charged functional groups of biopolymeid @dimalent cations and may
also be mediated through hydrophobic moieties apekymers and specific
protein—polysaccharide interactions (Chaignetnal., 2002). The results from
microbial surface hydrophobicity tests are usedrtderstand microbial adhesion
from physical-chemical perspective since microkidhesion is an interplay of

hydrophobicity, Van der Waals forces and electtastateractions.

Hydrophobicity measurement methods are universdlsame are still debated.
Several methods have been developed including:

e partitioning in agueous two phase systems
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* hydrophobic interaction chromatography
e salt aggregation

» polystyrene microsphere attachment

* contact angle measurements

* microbial adhesion to hydrocarbons

Bacterial strains with different cell surface hyglnobicity/hydrophilicity
properties have been isolated from activated slydgendet al., 1994, Zita and
Hermansson, 1997). Some strains were shown to gndtdir cell surface
hydrophobicity characteristics depending on thewtjno phase. Strains with
hydrophobic surfaces flocculate better than strainth hydrophilic surfaces
(Jorand et al., 1994) and adhesion to pre-existing flocs is enaédnby
hydrophobic cell surfaces (Zita and Hermansson,7;1@ofssonet al., 1998).
Environmental factors such as oxygen availabilind ahe presence of toxic
substances can also impact cell surface hydropitypbi@xygen limitation seems
to lower cell surface hydrophobicity and this effescmost pronounced during the

stationary phase (Palmgrenal.,1998).

The fact that bacterial cells can adapt their serfeharacteristics according to
growth phase, toxicity and oxygen and nutrient labdlity, indicates that

physiology may impact aggregate structure. The EHP®icrobial aggregates
containes charged groups (e.g., carboxyl, phosphqtienolic and hydroxyl

groups) and polar groups (e.g., aromatics, alipkati proteins and hydrophobic
regions in carbohydrates) (Flemming and Leis, 200Phe presence of
hydrophilic and hydrophobic groups in EPS moleculedicates that EPS are
amphoteric. The formation of hydrophobic areas RSEadvantages for organic

pollutant adsorption (Spast al.,1998).
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1.2.3 Genotypic changes in autoaggregation

Information on genotypic changes in autoaggregati@nstill lacking especially
in Pseudomonas putidaThe identification of new genes involved in
autoaggregation formation is important to undexdtde molecular basis of strain
variation and the mechanisms implicated in cell-cemmunication. The results
of expression profiling on genes regulated in agatige behaviour and the
identification of key aggregation induced genesesdepending on the strains
used. Table 1.4 lists the microorganisms exhibitmgoaggregation and the

genetic factors involved.

Table 1.4 List of microorganisms which exhibiit@aggregation and the genes

involved.

Organisms Aggregation Factor Genes Involved

Pseudomonas solanacearur&PS production Structural gene clusters:

(Chapman and Kao, 1998) opsl, opsll, rgnll, anc
epsl

Pseudomonas. putida Attachment to plasticg,lapA

(Espinosa-Urgeét al.,2000) glass and corn seeds

Escherichia coli Type 1 fimbriae fimH

(Schembriet al.,2001)

Pseudomonas fluorescens Outer-membrane lapE and lapA
(Hinsaet al.,2003) protein LapE

association with LapA
Pseudomonas aeruginos&PS production psl
PAO1(Jacksormt al.,2004)
Pseudomonas. aeruginosa PAK | EPS production pel

(Vasseuret al.,2005)

Shewanella oneidensis Medium aggA
MR-1 (Windtet al.,2006)
Pseudomonas aeruginosd&esponse to SDS siaA and siaD

(Klebensberger et al., 2007;
Klebensbergeet al.,2009)

Sinorhizobium meliloti (Sorrochel EPS prouction expR
et al.,2012)
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A study onShewanella oneidenstonducted by Windet al., (2006) discovered
that the agglutination protein AggA was involved tihe hyper-aggregating
phenotype. AggA is a necessary factor for the eed surface and cell adhesion
of the hyper-aggregating bacterium. Cucaretial.,(2001) found the loculsap
(for biofilm associated protein) encodes a novédllwall associated protein of 2,
276 amino acids (Bap) istaphylococcus aureu3he 2276-aabap products
displayed an organizational similarity with an guteembrane protein oP.
putidainvolved in adhesion to seeds which is highly elated with the ability of
this bacterium to produce a biofilm on abiotic sgds. Primary attachment,
intercellular aggregation and biofilm formationdits showed that Bap promotes

primary attachment as well as the second stepodfrbiformation.

EnteroaggregativEscherichia col(EAggEC 17-2) is defined by its characteristic
aggregative adherence (AA) ability. AA in EAggEC-27s associated with the
presence of plasmid encoded, bundle-forming fingbxath diameters of 2 to 3
nm. AggR was found to promote expression ofafggAgene under a variety of
conditions of temperature, osmolarity, oxygen tensand medium. At acid pH,
aggA expression was maximal and was regulated by bajyRAdependent and

AggR-independent mechanisms (Natat@l.,1994).

A number of surface factors are also known torbglicated in autoaggregation
of E. coli, such as Antigen 43 (Ag43), the product of thegiéune, the AAF/I and
AAF/Il aggregative adherence fimbriae (Schemébti al., 2001). Due to its
excellent cell-to-cell aggregation characteristics, Ag43 expression cenfer
clumpingand promotes biofilm formation. Ag43 is found in shé&. coli strains
and can actually be expressed by a broad spectfuBram-negativebacteria.
Ag43-induced bacterial clumping can also be a highly efficienefeshse
mechanism (Schembet al.,2003).

Nielsenet al.,(2011) discussed the importance of two putativegpekysaccharide
gene clusters named bacterial cellulose (bcs) andig exopolysaccharide A
(pea) inP. putidaKT2440 biofilm formation and stability. A novel BPlocus

known as putida exopolysaccharide pe§ is important for cell surface

interactions and for maintaining cell—cell intefans post attachment on abiotic
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surfaces. Pea contaifsl, 3 and3-1, 4 linkages based on the cellulose sensitivity
test. Pea is central to maintaining cell-cell iatg¢ions after attachment, possibly

by maintaining matrix stability.

Pseudomonas aeruginosais capable of producing at least three
exopolysaccharides (alginate, cellulose and newatxapolysaccharide) and one
intracellular storage polymer (PHA). Alginates a@n-repeating copolymers of
B—D-mannuronic acid and—L-guluronic acid, linked by 1-4 linkages. The
alginates inPseudomonasvere contributed to the formation of differentchte
biofilms. The entire alginate biosynthesis genestdu of P. aeruginosais
transcribed under control of the algD promoter,clihiepresent the major target
for transcriptional regulation (Rehm, 2008).

Four flocculating genes LELOL, FLO1, FLO5, andFLO9 and the protein Lg-
Flolp were identified as flocculation factorsSaccharomyces cerevisia€LO8
encodes a transcription factor required for floatioh; whereas FLO11 encodes a
cell surface glycoprotein responsible for the fotiora of pseudohyphae, sliding

motility and adhesion to agar and plastic surfgdetesneet al.,2009).

Surface molecules frorBifidobacterium bifidunplay a role in mucin adhesion
capability and the aggregation phenotype of thictdal species. The
involvement of surface-exposed macromolecules énatpgregation phenomenon
was determined iB. bifidum LMG13195, DSM20456, DSM20239 and A8. A
mucin binding assay dB. bifidum A8 surface proteins showed a high adhesive
capability for its transaldolase (Tal). The geneasling Tal fromB. bifidumAS8
was expressed ibactococcus lactisand the protein was purified to homogeneity.
The pure protein was able to restore the autoaggoegphenotype of proteinase
K-treatedB. bifidumA8 cells. These findings suggest that Tal, wheposrd on
the cell surface oB. bifidum could act as an important colonization factor

favoring its establishment in the gut (Gonzalez4Rpekezet al, 2012).
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1.3 Microbial stress responses

Stress is a factor that promotes aggregation (Kelbergeet al, 2006). Microbes

will grow at a maximum growth rate when suppliedhasufficient nutrients and

optimal growth temperature, pH, oxygen levels aallite concentrations. The
existence of variations in any of these parameatansaffect the maximum growth
rate and thus can represent an environmental streise microbe. The ability of

microbes to sense and respond to impromptu alb@stin the environments is
crucial to their survival. In reality, conditionsat allow for maximal growth rates
outside the laboratory are few and as a result tvaderia live in a constant state
of stress. Bacteria have the ability to sense asgdand to stress stimuli through
coordinated changes in gene expressidfechanisms for responding to
environmental changes are universally present drahges usually lead to the
synthesis of specific molecules that respond to #deerse environmental
conditions (Boor, 2006). Table 1.5 describes commtiass responses in the
environment and the mechanisms involved in badtsyistems to cope with the

stresses.

Microbial cells synthesize and accumulate low mal@cweight hydrophilic

compounds named compatible solutes such as glyeeavinitol, proline, betaine
and trehalose that can protect their macromolecafgraratus under stressful
conditions such as low water activity or extremégemperature. Compatible
solutes such as glycerol and trehalose may sometlmeeimplicated in turgor

control but frequently act as protectants of maaiecular structures

independently of osmotic processes. Microbial celés/ even release compatible
solutes into the extracellular in order to protéxth sides of the plasma
membrane. Compatible solutes protect diverse miarofpecies from stress
induced by hydrophobic stressor which can up-régulthe synthesis of

intracellular compatible solutes (Bhagamtal.,2010).
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Table 1.5 General stress responses in bacteria.

Type of stress

Response

Chaotropic solutes
(Hallsworth et al., 2003).

» Up-regulating proteins for protein stabilizatig

nv

lipid metabolism, membrane structure, protein

synthesis and energy metabolism.

* Accumulation of compatible solutes.

Osmotic stress
(Moat et al., 2002)

High Osmolality
* Increase in k+ ion influx i.e uptake systems: {

kdp and kup.

» Decrease in intracellular putrescine levels du¢ to

increased excretion.

» Synthesis of glutamate by two enzymes: glutamate

dehydrogenase (gdh) and glutamate synthase
* Accumulate the disaccharide trehalose
Low Osmolality
» Stretching of the cell envelope and activate dtre
activated channels.
* Increase the permeability of the membrane
* Synthesis of complex sugars, known as membr

derived oligosaccharides (mdos).

Nutrient stress (Moat et al.

2002)

* Inducing the expression of protein involved
starvation-stress response (SSR).

e Accumulation of at least two cellular nucleotid
cyclic 3,5-adenosine monophosphate (cAMP)
guanosine 3, 5-bis(diphosphate).

« Two alternative sigma factors ami encoded by
the rpoS and rpoE genes respectively are key
regulators.

 Expression of new or higher-affinity nutrie
utilization systems; the degradation of cellular RN
proteins and fatty acids, the reduction in the nends
ribosomes, altering of the amounts and types ad |
components in the cytoplasmic membrane, an incr
in the relative amounts of LPS in the outer memé

of Gram-negative bacteria and the condensatio

gs).

tc

ane-

n

and

SSR

ip

ease

an

N of

chromosomal DNA in order to protect it from dama

ge.
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Temperature stress
(Phadtare, 2004)

High temperature

Increase the rate of synthesis of a set of proteins

called heat shock proteins (hsps).
Protein dnaJ and dnaK, the RNA polymerade

subunit (rpod), groES, groEL, protease and lysU

induced.

Heat shock increases expression ofdfeegulon

in 6" levels, which in turn increases expression of

thech target genes.

Lower temperature

The extracytoplasmic response pathways inv
two partially overlapping signal transducti

cascades: the® and cpx systems.

Increased stability of RNA and DNA secondary

structures
Reduced efficiency of replication, transcripti

and translation

pH and acid stress
(Saito and Kobayashi, 2003

)

Induce the acid tolerance response (ATR).

Full induction of the ATR results in the increas
expression of synthesized or existing prote
called acid shock proteins

Mg*>-dependent proton translocating ATP:
system important to acid tolerance in so
organisms

Uses an arginine deiminase (ADI) pathway
generate ATP during acid stress.

Produces a powerful urease, a nickel-contair
metalloenzyme that converts urea to car

dioxide and ammonia.

ed

ins

nSe

me

to

ning

pon

Oxidative stress (Moat e
al., 2002)

—t

Controlled by two major transcriptional regulatq
OxyR and SoxRS (Cabiscol et al., 2010). 1
OxyR regulon induced by H202 and the So
induced by superoxid

E. coli produces a cytoplasmic Mn-SOD (Sod
and Fe-SOD (SodB) that protect DNA and prote

DI'S
[he
Rs

A)

ins

38



from oxidation.
* A periplasmic Cu/Zn-SOD (SodC) protects the
periplasmic and membrane constituents flom
exogenous superoxide.
* NADH oxidase catalyzes the direct four-electron
reduction of oxygen to water
« A superoxide reductase system eliminating
superoxide without the formation of molecular

oxygen.

The autoaggregation phenomenon observd® putidaCP1 can be related to the
presence of a cellular stressor. Two major categoaf cellular stressor are
present in environmental pollutants. The first amesolutes that are ubiquitous
and pervasive in the cellular environment. They @aetitioned in the aqueous
phase of all macromolecular systems and induceilaelivater stress via their
chaotropic properties. Second are the pollutamtsgartition into the hydrophobic
domains of macromolecules and lipid bilayer. Thespdler the macromolecules

and lipid bilayer structures via chaotropic actigBeaganneaet al.,2010).

Chaotropic solutes weaken electrostatic interastiarbiological macromolecules
and influence water availability without having ajor impact on cell turgor.
Chaotropic compounds perturb macromolecule—watégraotions, destabilize
cellular macromolecules and inhibit growth. Rseudomonas putigdahey are
potent mediators of water stress. The exampleshabtcopic solutes are LiCl,
ethanol, urea, ethylene glycol, phenol, guanidingrtchloride and benzyl
alcohol (Hallsworthet al., 2003). Examples of hydrophobic substances are
hydrocarbons, pesticides and diverse industriamiteds. They introduce stress
to biological systems and thereby affect their igbito mediate element and
energy cycling. Such chemically diverse compoundsy rhave distinct toxic
activities for cellular systems and they may alsare a common mechanism of
stress induction mediated by their hydrophobiddliggannaet al.,2010).
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The sustainability of the environment is threatebggollution by persistent and
non-persistent hydrophobic substances (Bhagaetnal., 2010). Hydrophobic
substances are well known for both their toxicity aheir interference with the
structural interactions of cellular macromolecudesl lipid bilayers (Sikkemat
al., 1995). The degree of hydrophobicity of a compoisnidaditionally expressed
as its partition coefficient in an octanol: waterixmare, 109 Poctanol-water
Environmentally persistent compounds with a 183, and non-persistent
molecules such as benzene (Bg 2-3), can bioaccumulate along natural food
chains and have adverse effects on animal and humealth and reproduction
(Kelly et al.,2007).

For substances with a ldg < 1.95, there was a direct relationship between
chaotropicity and hydrophobicity. For substancethwa logP higher than 1.95,
no chaotropic activity was detected. There is atioglty an inverse correlation
between the polarity and chaotropicity of a comgbudowever, at lodg® values
>1.95, hydrocarbons are insufficiently soluble twert detectable chaotropic
activity from within the aqueous phase of macroroolar systems (Bhaganre
al., 2010). It has been proved that it is not the clahstructure of the solvent,
but the concentration to which it accumulates & ¢kell membrane that plays a
crucial role in determining toxicity. The greatdnet degree of the solvent
accumulates in the membrane, the higher its tgxi(Bardessai and Bhosle,
2002).

In this study, P. putida CP1 was exposed to mono-chlorophenol. The
concentrations that induced the formation of agaegwere between 0.5- 2 mM.
This is the range of magnitude at which a compowitd a logP of 2-2.5 would

be expected to inhibit growth d?. putida, if its mode of action was as a
hydrophobic stressor that ultimately induces a dtiopicity-mediated) water
stress (Bhagannet al, 2010). Aggregation of the cells could be intetpd as a
stress response that enabled the organism to anitighe environmental toxic

shock.
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1.3.1 Mechanisms of gene regulation under stress

Bacteria sense their environment through signalfngteins involved in two-
component systems (TCS) which constitute the nagpral trasduction system in
bacteria (Almet al., 2006). Signal transduction systems function asaaetlular
information-processing pathways that link exters@muli to specific adaptive
responses. Other proteins like sigma factors, cydilguanosine monophosphate
(c-di-GMP) related proteins and methyl-acceptingerabtaxis with flagella

proteins are also involved in signal transducti@alperin, 2005).

Two-component signalling systems

Two-component systems are widely used by bacterf@adulate gene expression
in response to environmental stimuli. Two-componsystems respond to a
variety of environmental signals and regulate nwuagrfunctions, including cell
division, sporulation, motility, metabolism, commeation, virulence and stress
adaptation (Kivistik et al., 2006). Prokaryotes generally use a simple
phosphotransfer scheme, whereas phosphorelays ybil Fkinases dominate
two-component signalling in eukaryotes (West andoclst 2001).
Phosphotransfer-mediated signaling pathways alleiNg to sense and respond to
environmental stimuli. The typical prokaryotic twomponent system constitutes
a membrane- bound histidine kinase and a resposgelator (Figure 1.8).
Histidine kinase contains a variable sensing doneid a conserved kinase
domain. When sensing a stimulus, the sensor mstitinase is activated and
autophosphorylates at a conserved histidine (Hid)iafluences gene expression
by phosphorylating its cognate response reguldtar@nserved aspartate (Asp).
The response regulator is usually a DNA- bindirgnscription factor, which
undergoes conformational changes upon phosphamwlathat controls the

expression of target genes (Quaraettal.,2009).
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Figure 1.8 Two- component phosphotransfer schg4est and Stock, 2001).

Sigma factors

In bacteria, alterations in gene expression areenofcontrolled at the
transcriptional level through changes in assoaiatioetween the catalytic core of
RNA polymerase and the different sigma factors games a bacterial cell. Sigma
factors are dissociable subunits of prokaryotic RNé&lymerase.They control
several iron- uptake pathways, tolerance to sewtresses, alginate biosynthesis,

expression of virulence factors and expressiorutéremembrane porins.

Sigma factors are classified into two main proteimilies, c>* and¢’® families
(Figure 1.9) based on literature regardihgaeruginosgBoor 2006; Potviret al.,
2007) Subunits comprising the>* family are often commonly referred to &%

In addition to regulating nitrogen metabolism innamber of organismsg"
dependent genes also contribute to a diverse afnagtabolic processeBoth P.
putida KT2440 and P. aeruginosaspecify 22 c>“dependent transcriptional
regulators. Many of the** dependent regulators in KT2440 appear to belong to
two-component systems and posses a domain thabegrhosphorylated by a

sensor-kinase protein in the N-terminal section.

The sigma 70 family has two subcategories: i) thegry sigma factor RpoD
(6’9 which is involved in the transcription of housefing genes andirect
transcription of genes important for bacterial gitovand metabolismi) the

alternative sigma factors which play important soie transcription of stress
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related geneare divided into four groups based on conservatioimeir primary

sequences and structures;

RpoS 6% activates expression of numerous genes requiredaintain
cell viability as the cell leaves exponential groveonditions and moves
into stationary phases,

FliA (6% controls flagellin synthesis iR. aeruginosaThe mechanism of
fliA transcription is still unknown but is suggested b® constitutive
(Dasgupteet al.,2003),

RpoH %) controls the heat shock regulationBincoli. The role of RpoH
in P. putidais not fully clarified,

Extracytoplasmic function (ECF) are conserved atmth Gram-positive
and Gram negative species and consist of a lalygogenetically distinct
subfamily within thec’® family. Members of the ECF subfamily are
distinct from the rest of the’® family in that they regulate a wide range of
functions involved in sensing and reacting to ctiads in the membrane,
periplasm, or extracellular environme®seudomonas putid€T2440 is
reported to have 19 ECF sigma fact(Bsor 2006; Martinez-Buenet al.,
2002)

Sigma Factors

Sigma-70 Family Sigma-54 Family
| RpoN (0%

Primary Sigma Alternative Sigma
Factor Factors

RpoD (c7%) |

Figure 1.9 Sigma factors Fseudomonas aeruginogaoor, 2006; Potviret al.,2007).
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C-di-GMP

The formation of cell aggregates and biofilm$linaeruginosaand other bacteria
has been shown to involve cyclic-di-guanosine mbwsphate (c-di-GMP)
signalling. C-di-GMP-metabolizing proteins, di-gyéate cyclase and
phosphodiesterase, which each possess one GGDHEAdndomain as common
domains. GGDEF domains are involved in synthests BAL domains involved
in hydrolysis of c-di-GMP. The amino- acid sequenead protein structure in
both domains share high similarity, even the prsteicatalyze opposite

biochemical reactions (Klebensbergeal.,2007).

Levels of C-di-GMP are involved in a broad variety cellular processes
including the transition between the sessile antlenkifestyle in bacteria (Figure
1.10). The saturation of c-di-GMP directed processes achieved by the
expression of diguanylate cyclase leading to a higti-GMP production
triggering the sessile lifestyle, favoring phenagpsuch as extended biofilm
formation that is associated with the adhesive imatcomponents,
exopolysaccharides and fimbriae. While c-di-GMPle#&pn was achieved by the
overexpression of a cytoplasmic phosphodiesteragdetd the motility activity
such as swimming, swarming and twitching motilithe overall architecture of
GGDEF and/or EAL domain proteins (sensor output @ajnis similar to that of
sensor histidine kinases and methyl-carrier chexmot@roteins due to the
presence of an amino acid that can modulate theover of c-di-GMP in the
same pattern as they modulate activities of histidkinases (Romlinget al.,
2005).

Cell aggregation is a stress response and serves sasvival strategy foP.
aeruginosastrain PAO1 during growth on the toxic detergeatdddecylsulfate
(SDS). This process involved the psl operon animkgd to c-di-GMP signalling.
Transposon and site-directed mutagenesis revebdgdsiaD encoded a putative
diguanylate cyclase involved in the biosynthesic-@hi-GMP and essential for
SDS-induced aggregation (Klebensbergieal.,2009).
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Figure 1.10 Known input signals and outputs ofi-GMP metabolism (Rémlingt al.,
2005).

Chemotaxis and Flagellae

The first chemotaxis system &f. aeruginosawas described by (Moulton and
Montie, 1979). Chemotaxis is a process whereby lenamnicellular organisms

direct their movement towards or away from gradieot specific substances
either attractants or repellents. The process ua#ltwo separate systems
including the chemo-receptors located in the badteell membrane which are
crucial for sensing the binding compounds and iesduction proteins which are
involved in downstream signal transduction in resaoto the stimuli (VIadimirov

and Sourjik, 2009). Molecular mechanisms of baatechemotaxis consist of

methyl-accepting chemotaxis proteins (MCPs), c@splic chemotaxis proteins
(Che proteins) and flagellae (Figure 1.11).

Methyl-accepting chemotaxis proteins (MCPs) aragn@mbrane chemosensory
proteins for environmental stimuli. They are reugdgsmethylated and function as
homodimers. A cluster of chemotaxis genes has hlmmted cheY, cheZ, cheA,
cheB and cheJ. MCPs together with CheW modulateatiiephosphorylation
activity of CheA in response to temporal changestimulus intensity. MCPs are
reversibly methylated at several glutamate residuesnethyltransferase CheR
and methylesterase CheB. CheB is another respags#ator and receives the

phosphoryl group from phosphorylated CheA. Phosgation of CheB increases
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its methylesterase activity and the level of meitigh of MCPs is controlled in
response to environmental stimuli. This phenomencailed reversible

methylation of MCPs, is important for chemical gesnds sensing.

Changes in attractants or repellent concentraoasensed by a protein complex
consisting of transmembrane receptors (Tar, Tsp, Tag and Aer), an adaptor
protein CheW and a histidine kinase CheA. Autophosygation activity of CheA
is inhibited by attractant binding and enhanceddpellent binding to receptors.
The phosphoryl group is rapidly transferred frome&Ho the response regulator
CheY. Phosphorylated CheY (CheYp) diffuses to thegdilar motors and
changes the direction of motor rotation from cotcitekwise to clockwise to
promote tumbles. CheZ phosphatase, localized tsosgncomplexes through
binding to CheA, ensures a rapid turnover of CheMpuich is essential to quickly
readjust bacterial behavior. Receptor modificatiocreases CheA activity and
decreases sensitivity to attractants. Feedback reviqed by CheB
phosphorylation through CheA that increases Che®vigc (VIadimirov and
Sourjik, 2009).

i SR
‘ /’ . 7_/

\

Figure 1.11 Chemotaxis pathwaytncoli (Vladimirov and Sourjik, 2009).

Flagellae are complex organelles generating mptilEhey are capable of
propelling bacteria through liquids (swimming) atidrough highly viscous
environments or along surfaces (swarming) (Lind20&). Six distinct types of
bacterial surface motility are involved in bactdnaluding swimming, swarming,
twitching, gliding, sliding and darting. Among tleeswimming and swarming are
flagella dependent (Harshey, 2003). Individual <alvim by flagellar rotation
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and the number of flagella may differ dependingtio® species. For example
coli andS. typhimuriuntan have up to 10 peritrichous flagellae (Harsizé3)
while P. aeruginosahas a single polar flagellum (Dasgumtaal., 2003) and an
exception isBurkholderia malleiwhich is permanently immotile (Montie, 1998).
Pseudomonas putidhas been reported to have multiple polar flagebae
generally has between five and seven flagellagtedeat one end to form a tuft.
The flagellar filaments have a conventional wavwefcand are usually 2 to 3
wavelengths long. Changes in direction are comgleiéhin 20 to 30 miliseconds
(Harwoodet al.,1989).

Figure 1.12 shows the schematic representation tgpiaal flagellar assembly.
The major parts of a flagellum include the basaflypomotor, switch, hook,
filament, caps, junctions and export apparatus. Gdsal body incorporated MS
ring, P ring and L ring. The flagellar motor is and 50 nm and the filament is
usually around 5-1@m long and 20 nm in diameter (Harshey, 2003). Tiotom
comprises a stator and rotor with MotA and MotBtenes form the stators. In
Gram-negative bacteria MotA and MotB function tégetas a complex that
generates the rotation of the filament (Dasgugttal.,2004). The flagellar motor
of P. aeruginosanvolves additional Mot proteins, e.g. MotC, MotDhdaMotY.
MotAB together with MotY contribute mainly to maty in liquids, whereas
MotC and MotD are less important for swimming (Degt al.,2004). The rotor
is made up of FliG proteins and generates the &rgquired for movement. The
switch functions to change direction of the rotatidhe hook is considered as a
universal joint. The filament is the long cylindalcpart which is turned by the

motor.
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Figure 1.12 Flagellar assemblyRnaeruginosgJyot and Ramphal, 2008).

Flagellar rotations can be in a counter clockwiseclockwise direction. When

flagellae rotate counter clockwise (CCW), the aabbves forward and the cell
exhibits unidirectional swim called run. Meanwhilghen some of the flagellae
rotate clockwise (CW) and others rotate CCW, catst to tumble. Cells move in
a way by alternating between run and tumble andlteenation is believed to be
random. In a situation to exhibit chemotactic beébigy.e., sensing the gradients
of an attractant or repellent substrate, they chahg frequency of tumble and
run. When the cells sense increasing concentratibatiractants they tumble less
frequently and swim longer times, whereas when tlsense decreasing
concentrations of attractants they tumble more decrease run times (Berg,
2003). Contrary to swimming, swarming involves eotlve movement of the

cells (Harshey, 2003). In order to swarm, cellsobee hyper-flagellated and

elongated.

1.3.2 Molecular approaches used in understanding stresesponses

Stress susceptibility and tolerance phenotypesdcbelassigned to specific genes
but the links between gene and phenotype are afiesing. Thus, it is important

to use molecular studies to understand the fund&heoncepts (Feder and

Walser, 2005). Current advanced technologies hayeat impact on molecular
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biology. The available technologies known as trepsmmics, proteomics and
metabolomics allow analysis of a large number afegeor proteins. Innovative
high-throughput technologies allow measuring chargtevarious cellular levels
(Figure 1.13).

DNA TR TR TSR ey  Genomics
1 [ PIIPIIPPIIPIP 1
s s B 8 w0 y " .
RNA &0 e 2o 2o Transcriptomics
1 Protein-protein Inferaction 1
Protein A gf# Proteomics and Interactomics

. 1

I i
Biochemicals NN i ..
I\ rl—l" u} | 'J\ I--‘

(Metabolites) 'l

Metabolomics

Figure 1.13 Schematic diagrams of various ongchriologies targeting different types

of cellular information (Zhanegt al.,2010).

Proteomics is used to profile all the proteins eletbby a given genome (Huah
al., 2011). It can also be used to compare the prqgtedfiles from different
treatments and identify changes in protein expoessievels using mass
spectrometry and software databases (Lembsl., 2010). Two-dimensional
electrophoresis (2-DE)-based proteomics remainguluse resolving protein
extracts from organisms due to its high resoluaod low expense (Chait al.,
2012; Liu et al., 2012). Renzoneet al., (2004) pointed out that proteomic
technologies are powerful tools to study the pHgsjical response of bacteria to
various environmental stress conditions. Howeveither the 2D-PAGE nor the
LC-MS approach is close to saturating identificasian even small bacterial
proteomes. Normally only 20-40% of the proteome lbardetected and do not
provide quantitative information (Zharg al.,2010).

Metabolomics can be used to characterize metapadiiles in various biological
systems (Lindoret al., 1999; Daviss, 2005). Microbial metabolomics cob&la
powerful tool

in understanding microbial metabolisand bridging the

phenotype—genotype gap since it amplifies changéise proteome and provides
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a better representation of the phenotype of annisga (Bundyet al., 2009).
Similar to proteomics, comparisons on metabolomas discover metabolic
responses induced by stressors in organismseill, 2005; Pedras and Zheng,
2010). However, because metabolomics is a higHutso analysis, it requires
controllable experimental conditions, such as ghowdnditions and surrounding
environment to validate methods. Therefore, cherkrethod validation is one
important application of microbial metabolomicspesally sample preparation
and metabolite measurement (Petral.,2013).

Transcriptomics allows quantitative measurementthefdynamic expression of
MRNA molecules and their variation between difféstates at the genome scale,
thus reflecting the genes that are being activelyresssed at any given time.
Several popular high-throughput transcriptomictstyees include;

» differential display or serial analysis of gene regsion (SAGE),

» cDNA or oligonucleotide microarrays,

* next-generation sequencers for direct sequencintgeotDNA converted

from whole transcriptomes and

« direct RNA sequencing (DRS) technology.

Transcriptomic technologies have been used in warimicrobial systems to
explore genome-wide transcriptional activity and define regulons, operon
structure and perform comparative genotyping €fel., 2001). Understanding
the composition of the expressed genome, informawd what genes are
expressed and the extent to which they are repebgmovides three different
types of information;
» the set of genes expressed at a given time reftetitdar processes,
* help to elucidate the function of characterizedegeand uncharacterized
genes,
» the patterns and phenomena identified within theression data can be
used to address the complexities of the regulatibgene expression
(Horak and Snyder, 2002).
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Microarrays are among the common tools in transamics used to understand
the phenotypic changes in bacteria at a genetal.lévhas become a widely used
technology in molecular biology research to measgeee expression. Gene
expression microarrays are used to screen foradegenes involved in various
biological processes. Genes identified on a DNAro@oay become important
for further study involving a larger sample set.chMarrays are required to
validate that up- or down-regulation of the idartf genes either is a direct
consequence of the experimental conditions orafrégulation of that particular
gene is instead related to some other cellular ggses (Grimmond and
Greenfield, 2001). It is a powerful tool for viewithe expression of thousands of

genes simultaneously in a single experiment (€ead.,2007).

DNA microarrays can be applied to investigate glsithange in gene expression
that might be the key to a given alteration in pitgpe or to have an overview
pattern of gene expression in order to understaadgenetic regulatory system
(Schulze and Downward, 2001). They allow understandf various aspects of

microbiology from the study of gene regulation ahdcterial response to

environmental changes to genome organization aotlitian. They are useful in

taxonomic and environmental studies because thegnipeahe simultaneous

monitoring of the expression of all genes in angteaum (Ehrenreich, 2006).

However, compared to classical expression meas@asgys such as Northern
blotting, analyzing gene expression data from naimays is more complex due to
the considerable amounts of data produced (Grindnaoidl Greenfield, 2001).

Three sources of error might occur at differengjssaof the experimental process
including the microarray fabrication, the microgrraxperiment and the
interpretation of data analysed. The validatioatsgjies are important to alleviate
the error. One of the widely used validation teges is the quantitative reverse
transcriptase polymerase chain reaction (QRT-P@QR)-PCR is a technology
used to quantify mRNA for gene expression profilififne results obtained by
real-time RT-PCR are enumerated by two stratediesstandard curve method
(absolute quantification) and the comparative thoes method (relative
quantification) (Jahret al.,2008). The gRT-PCR is a desirable method because
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the assay can be completed in a short period. fingple to prepare, highly

sensitive and specific and is inexpensive (Fil201.2).

Global analysis of mMRNA abundance via genomic @rsych as transcriptional
profiling is one approach to identify the genesoined in organisms experiencing
environmental stress (Bar-Josegthal.,2012). Genomic cDNA or oligonucleotide
arrays have considerable value in evolutionaryistudf stress. Transcriptomics
can be the method of choice if, for example, thgedlve is to identify those

genes whose transcription might be linked or cadagd under stress, or to
deduce the nucleotide sequence responsible for brgtow levels of gene

expression. It may also guide researchers aboeadfr well-known genes that
have been overlooked in designing candidate geamdiest (Feder and Walser,
2005). Due to financial constraints and availapilissues, very few studies
employ more than one omics technology in any singlestigation. However in

the case of bacteria, the transcriptomic approach lie more powerful in the
study of expression regulatory systems due to thaller size of the genome
(Zhang et al., 2010).
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1.4 Aims and objectives of the project

Earlier studies in our laboratory had shown tRaeudomonas putid€P1 is a

very effective organism for use in bioaugmentatmoducts in the biological
degradation of toxic chemicals (Farrell and QuilBQ02) and also in the
degradation of fats, oils and greases (Tzirita Qudty, 2012). The fact that the
organism autoaggregates when grown under certawdittans was shown by
McLaughlin et al., (2006) to offer a particular advantage to the niga when

used in bioaugmentation products. However, aute@gdion by the organism had
not previously been closely studied. This studyrdfere was designed to
investigate phenotypic and genotypic changes indifganism associated with
autoaggregation so that the use of the organisitihhenbiological treatment of

waste streams could be optimised.

The objectives of the study were to;

e characterizé®. putidaCP1 and compare it . putidaKT2440,

e growP. putidaCP1 on 100 ppm 2-chlorophenol, 100 ppm 3-chlorophe
200 ppm 4-chlorophenol and 0.5% (w/v) fructose taduce
autoaggregation and study the kinetics of substestval,

* monitor phenotypic changes associated with aut@gggion including the
aggregation index and the hydrophobicity of thelsgebroduction of
extracellular polymeric substances and changeblddipopolysaccharide
structure and

» identify changes in gene expression associatedtivgtautoaggregation of
P. putidaCP1 by expression profiling studies at the mRNyelausing a
P. putidaKT2440 Genome Oligonucleotide Array.
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2.0 MATERIALS AND
METHODS
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2 Materials and methods

2.1 Bacterial cultures

Pseudomonas putid@P1 was isolated from soil. The organism was raaet at
4°C on nutrient agar and subcultured every two weélor the chlorophenol
studies, the strain was maintained on chlorophagat. The agar was prepared by
adding 1% bacteriological agar (Oxoid) to minimaédium (described below).
Chlorophenol was added to the cooled agar to gd@edpbm 2-chlorophenol, 100
ppm 3-chlorophenol and 200 ppm and 50 ppm 4-chlwnpl as required (Farrell
and Quilty, 2002). The cultures were maintainedt® and subcultured every

month.

Pseudomonas putidgT2440 was obtained from the DSMZ-German Collettio
of Microorganisms and Cell Cultures GmBH, Braunseigy Germany. The
organism was maintained at 4°C on nutrient agar sulatultured every two

weeks.

Escherichia coli498, Bacillus subtilis DSMZ 10 andEnterococcus faecalis
DSMZ 2570 were obtained from the DSMZ-German Catlbec of
Microorganisms and Cell Cultures GmBH, Braunschwégrmany and were

used as control organisms for the cell charactioiza
For long term preservation, bacteria were storedglycerol. 800 pl of an
overnight culture grown on nutrient broth was added200 pl of 80% (v/v)
glycerol solution and mixed in an Eppendorf tubde Tglycerol stocks were
stored at -80°C immediately, for up to three years.

2.2 Chemicals

All chemicals used were of analytical grade andewebtained from Sigma

Aldrich Chemical Company (UK) unless otherwise extat
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2.3 Buffers and solutions

Sodium Phosphate buffer

Sodium phosphate buffer (0.01 M) was prepared byalving 1.42 g/L NAHPO,
and 1.2 g/L NakPQO, separately in distilled water. A total of 700 nfldissolved
NaHPO, was combined with 500 ml NaRQ, to give pH 7.0.

Potassium Phosphate buffer

Potassium phosphate buffer was prepared by disgpkiHPO, (104.5 g/L) and
KH.PO, (72.3 g/L) in distilled water. A total of 497 mf dissolved kHPO, was
combined with 503 ml KKPO, to give pH 6.8.

Tris-EDTA buffer

Tris-EDTA buffer was prepared by dissolving Tris 0(1mM) and
ethylenediaminetetra acetic acid (EDTA) (1 mM) istidled water. The pH of the
resulting solution was then adjusted to pH 8.0 W@ (1M).

50X TAE DNA running buffer

50X Tris base, acetic acid and EDTA (TAE) DNA rumpibuffer was prepared
by dissolving Tris (2 M) and EDTA (0.05M) in disat water and adjusting the
pH to 8.0 with glacial acetic acid (1M). The 1X TABNA running buffer was

prepared by combining 20 ml of 50X TAE buffer in098nl distilled water and

was stored at room.

6X DNA Loading Dye
The loading dye was prepared by dissolving bromophélue (0.25 g) and
sucrose (40 g) in 100 ml distilled water.

1X FA running buffer

1X FA gel running buffer was prepared by dissolvib§0 ml 10X 3-(N-
morpholine)-propanesulfonic acid (MOPS) and 20 onhfaldehyde (37% v/v) in
880 ml distilled water. 10X MOPS was prepared bgsdiving 41.8 g 0.2M
MOPS, 4.1 g 0.5 M NaOAc and 3.72 g 0.01 M EDTA in distilled water. The

final solution was pH 7.
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2X RNA loading buffer

2X RNA loading buffer was prepared by dissolving2ml formamide, 0.16 ml

10X MOPS, 0.26 ml formaldehyde, 0.1 ml glycerol,08. ml saturated

bromophenol blue and 0.18 ml distilled water. Tokenaaturated bromophenol,
solid bromophenol was added to distilled water vatixing. Bromophenol were
added until no more will dissolve. Centrifuge theixture to pellet the

bromophenol and carefully pipette the saturate@sgiant.

2X SDS-PAGE Sample loading buffer

Sample buffer was prepared by adding 2 ml 0.5 M/RCI (pH 6.8), 1.6 ml
sodium dodecyl sulfate (SDS) (20% wl/v), 3.2 ml ghat, 0.8 ml B-
merkaptoethanol and 1.6 ml (1%) bromophenol blué.8ml of distilled water.
All samples were diluted 1:4 and heated to 95°C5faninutes, prior to loading
the SDS-PAGE gel.

SDS-PAGE Running (Towbin) buffer
This solution was prepared by dissolving 3.02 ¢ base, 14.4 g glycine and 1 g
SDS in 900 ml distilled water.

Fixation buffer
Fixation buffer was prepared by adding 50 ml metihahO ml acetic acid glacial

and 50 pl formaldehyde to 40 ml distilled water.

Sensitizing buffer
Sensitizing buffer was prepared by combining 0.02N&S,0; and 100 ml

distilled water.

Silver nitrate staining solution

Silver nitrate staining solution was prepared bgliag 0.2 g silver nitrate and 50
ul formalydehyde to 100 ml distilled water. Thigwtmn was prepared in a bottle
wrapped with foil in order not to be exposed tdtig
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Developer solution
Developer solution was prepared by combining 6 g0@g, 2 ml NaS,03 and 50
pl formaldehyde in 100 ml distilled water.

Stop solution

Stop solution was prepared by combining 50 ml meahalO0 ml acetic acid
glacial and 40 ml of distilled water.

2.4 Media and gels

Pseudomonas Minimal Medium

Degradation studies were carried outHeeudomonasninimal medium which

was prepared as described by Gould#gl., (1988). The trace salt solution was

prepared separately in distilled water and stanealdark bottle for 6-8 weeks.

KoHPO, 4.36 g
NaH,PO, 3.45¢g
NH4CI 10g
MgSQO,.6H,0 0912¢
Distilled water 1000 ml
Trace salts solution 1ml

*The medium was adjusted to pH 7.0 with 0.2 M Kbakefore autoclaving.

Trace Salts Solution

CaCh.2H,0 4.77 9
FeSQ.7H,O 0.37¢9
CoChL.6H,0O 0.37 g
MnCl, 0.10g
NaMoO4 0.02 g
Distilled water 100 ml
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Mono-chlorophenols were added to fP@eudomonaminimal medium following
sterilisation. A range of mono-chlorophenol concatihns from 50 ppm to 200
ppm were used. The additional carbon sources, gaubb% (w/v) and fructose
0.5% (w/v) were separately sterilized by filtratigMillex ®°GP, Millipore 0.22 pm

filter) and added to the sterilized minimal media.

Chlorophenol agars were prepared by the additiobaateriological agar, at a
concentration of 1% (w/v) to the minimal medium.ll&@ing sterilisation, the
agar was allowed to cool and the mono-chlorophevad added to the agar to

give the appropriate final concentration.

Preparation of gel agarose

Agarose gel, concentration 1% (w/v), was prepargdthe addition of 0.3 g
agarose (Sigma) to 30 ml of 1X TAE buffer. The mmt was heated up in
microwave for 2 minute until the agarose was sidfity dissolved. The solution
was allowed to cool down and thernuR(10 mg/ml) ethidium bromide (ETBR)

final concentration 0.4g/ul was added.

Formaldehyde agarose (FA) gel

Formaldehyde agarose (FA) gel was prepared fotref@woresis of RNA. The
agar was prepared by adding 0.48 g agarose and #0KIMOPS in 36 mi

distilled water. The mixture was heated up in maawe for 2 minute until the
agarose was sufficiently dissolved. The solutiors \alowed to cool down and
then 0.72 ml formaldehyde andu2 (10 mg/ml) ETBR (final concentration 0.4
ug/ul) was added then poured into the gel cast unxidi

SDS-PAGE Resolving gel (15%)

The resolving gel used in SDS-PAGE was prepareddaing 2.5 ml 1.5M Tris
HCI (pH 8.8), 10Qul SDS (10% wi/v), 5 ml acrylamide bisacrylamide (30&%
w/v) and 50ul ammonium persulphate (APS) (10% w/v) to 2.3 nstidled water.
10 ul of N, N, N, N-Tetramethyl-ethylenediamif@EMED) was mixed with the
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solution to catalyse the polymerization of acryldeni The APS was freshly

prepared on the day of use.

SDS-PAGE Stacking gel (4%)

The stacking gel used in SDS-PAGE was prepareditding 1.26 ml 0.5M Tris-
HCI (pH 6.8), 50ul SDS (10% w/v), 0.66 ml acrylamide bisacrylami@&®%o/
0.8% w/v) and 5Qu APS (10% w/v) to 3 ml distilled water. TEMED (B8) was
mixed with the solution to set the gel. The APS Wwashly prepared on the day of
use.

2.5 pH measurement

The pH was measured using an Orion TriddeH electrode Model 91-57BN
connected to an Orion bench top pH/ISE meter (m82eh).

2.6 Dry weight measurement

Aliquots of culture were filtered through 0.45 pmallHilters. Filters were dried at
85°C for 2 h and then reweighed (Fakhruddin andt@@007).

2.7 Cell characterisation

Gram staining

The Gram stain was carried out on 24 hour cult@asording to the method
described by Harley and Prescott (1990). Gram ipestells appeared purple and

Gram negative cells red.

Controls: Positive Bacillus subtilisDSMZ 10
Negative -Pseudomonas putidaP1

60



Spore stain

A smear of a 48 hour culture was prepared andpbeesstain was carried out as
described by Harley and Prescott (1990). Endospovesre detected
microscopically using x100 oil immersion lens. T8tained spore appeared green

and the vegetative cell red.

Controls: Positive Bacillus subtilisDSMZ 10
Negative -Pseudomonas putidaP1

Motility test

A 24 hour culture was examined microscopically mariging drop” preparations,
using a x100 oil immersion. A “hanging drop” slideas prepared by placing a
loopful of the bacterial suspension onto the cenfra coverslip. A depression
slide onto which a ring of Vaseline had been spraamind the concavity was
lowered onto the coverslip, with the concavity faicdown over the drop. When a
seal had formed, the hanging drop slide was tuoved and examined under the

microscope.

Controls: Motile:Pseudomonas putidaP1

Non-motile:Enterococcus faecaliBSMZ 2570
Catalase activity
A loopful of 24 hour culture was transferred inta@p of 3% (v/v) hydrogen
peroxide. Effervescence, caused by the liberatioinee oxygen as gas bubbles,

indicated a positive result.

Controls: Positive Bacillus subtilisDSMZ 10
Negative -Enterococcus faecall®SMZ 2570
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Oxidase activity

Oxidase strips (Oxoid) impregnated with NNN'N’ tmtnethyl-p-phenylene-
diamine dihydrochloride were used for the detectainbacterial cytochrome
oxidase enzyme. The formation of a purple colouhiwi5-10 seconds indicated

oxidase positive results.

Controls: Positive Pseudomonas putidaP1

Negative -Escherichiacoli 498

API 20NE system for Gram negative bacteria

The API identification system APl 20NE (BioMerieuMarcy-I' Etoile, France,
http://www.biomerieux.com) for non-enteric Gram-agge rods was used
according to the manufacturer’s instructions. Arrovght nutrient broth culture
(10 ml) was harvested and washed twice with stgiilesphate buffer solution
(4000 rpm for 15 minutes). The pellet was resuspdnd 0.85% (w/v) NaCl (10
ml). The suspension was then used to inoculate réiopoof the tests. For
assimilation tests, 20@l of this suspension was used to inoculate auyiliar
medium supplied by the manufacturer and this was thised to inoculate the
remaining tests. The strips were read and integdrafter incubation at 30°C for
24 hours. Identification was obtained using the Iptzal Profile Index: the
pattern of the reactions obtained was coded imaraerical profile. On a results
sheet the test were separated into groups of @ndea number 1, 2 or 4 was
indicated for each. By adding the numbers corredimgnto positive reactions
within each group, a 7-digit number was obtainedctviconstituted the numerical
profile. Identification was then obtained using tildentification software (API
20NE V6.0 database, apiweb.biomerieux.com) by migneatering the 7-digit
numerical profile. The profile was listed along hvitthe percentage of
identification — an estimate of how closely the fpeocorresponded to the taxa
relative to all the other taxon in the databasetaedl index — an estimate of how
closely the profile corresponded to the most tylpsea of reactions for each taxon.
The appearances of the positive and negative ogactire shown in Figure 2.1.
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Figure 2.1  Negative and positive reactions &t 20NE.

2.8 Culture conditions and biodegradation studies

P. putidaCP1 was grown up overnight in nutrient broth, damded at 4000 rpm
for 10 minutes and washed twice with 0.01 M sodpmosphate buffer, pH 7.0.
The pellet was re-suspended to give an opticaligesis660 nm of approximately
0.7. Biodegradation experiments were performed % 2nl conical flasks
containing (5% v/v) culture in 200 ml minimal mendidollowing inoculation and
addition of substrate. The cultures were incubaerbbically at 150 rpm and
30°C. Samples were aseptically removed at regatanials and analysed for pH,
chlorophenol concentration, reducing sugar andropaeameters. Uninoculated

control flasks were run in parallel.

Quantitation of chlorophenol concentrations

Chlorophenol concentrations were measured using 4keminoantipyrene
colorimetric method based on the procedure detaestandard Methods for the
Examination of Water and Wastewater (Clesaarial., 1998). Samples were
centrifuged at 13,000 x g for 10 minutes and th&ulteng supernatants were
diluted to bring the concentration into the randetlee standard curve. The
standards prepared were in the range 0-0.05 mplofaphenol in 10 ml distilled
water. The samples and standards were treatecabyngl10 ml in a test tube and
adding 0.25 ml 0.5 N NIOH. The pH was then adjusted to 7.9 £ 0.1 with
approximately 200 pl potassium phosphate buffer §@). 100 pl of 2% (w/v) 4-
aminoantipyrene solution was added and the tubgedwell. The 100 ul of 8%

(w/v) potassium ferricyanide was added and theguhied well. The tubes were
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allowed to stand for 15 minutes at room temperafline absorbance was read at
500 nm and the concentrations were calculated ftmmstandard curve (Figure
2.2).

Absorbance (500nm)

Concentration of chlorophenol (ppm)

Figure 2.2  Standard curve for determinatio2-chlorophenol €), 3-chlorophenol )

and 4-chlorophenol&) concentrations using the 4-aminoantipyrene cwletiic method.

Substrate removal rate were calculated in termsubktrate degraded per unit
time from the end of the lag period (L) to the tinfesubstrate disappearance (Td)
and expressed as ppm/h. The lag period was defisefbllows: in a plot of
chlorophenol concentration versus time, the stidigle was extrapolated to the
initial chlorophenol concentration {Sand the intercept on the time axis was
taken to be the length of the lag period. The tahdegradation (J) was defined
as the time at which no chlorophenol concentrati@s detected in the culture
medium. The specific substrate removal rate wasroeéted by the value of

substrate removal rate divided by the biomass wégjh).

Reducing sugar estimation

Reducing sugars were determined by the dinitrogaie (DNS) colorimetric

method (Miller, 1959). For the preparation of DN®agent, 1 g 3, 5-
dinitrosalicylic acid, 30 g potassium sodium taatar 50 ml distilled water and 16
ml 10% (w/v) sodium hydroxide were mixed togethad avarmed to dissolve.

When cool, the volume was made up to 100 ml wistilted water. Reducing
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sugar stock solutions were prepared by dissolvifgg2educing sugar in 100 ml
distilled water and stored at 4°C. Reducing sugardard solutions were prepared
by diluting 10 ml of stock reducing sugar soluttonl00 ml volume. This gives a
final concentration of 2 mg/ml. Bacterial cells weremoved from samples by
centrifugation (13,000 x g for 4 minutes) beforeaasng. One ml of standard and
suitably diluted samples and 1 ml of water was gdiaic a test tube. 2 ml of DNS
reagent was added. The tubes were capped and praadobiling water bath for
10 minutes. The tubes were then readily cooledl&nihl of water added to each.
Absorbance was read at 540 nm. The fructose cardtems were determined
from the calibration curve of corresponding knowtanslard concentrations
(Figure 2.3).

0.8

0.6

0.4

Absorbance (540nm)

0.2 4

a 0.4 0.8 1.2 1.6 2

Sugar (mg/ml)

Figure 2.3 Standard curve for reducing sugéimesion using the dinitrosalicylate

colorimetric method.

2.9  Microscopic studies

The stained planktonic cells were visualised orsglslides and aggregates were
visualised using cavity glass slides. Aggregatesofiservation with the confocal
laser scanning microscope (CLSM) were mounted 2&61(w/v) agarose gel. All

preparations were sealed by using commercial @aiish.

The Live/Dead Baclight Bacterial viability kit (Metular Probes, Invitrogen) was

used to determine the viability of bacterial cudisir An aliquot (1 ml) of culture
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was added to 3 ul of the Live/Dead stain mixtureT®Y9 and propidium iodide
(PI) (1:1). The tubes were gently tapped and intacdan the dark at the room
temperature for 15 minutes. Stained samples (20mgle transferred to glass
slides and covered with a cover slip (22 mm square) observed using an
epifluorescent microscope (Nikon-E) or a confocal laser scanning microscope
(Leica DM IRE2 microscope connected to a Leica 8PBS, Leica, Germany).

The size of cells and aggregates was determined psiase contrast.

The epifluorescent microscope was fitted with thfiter blocks with different
excitation/emission wavelengths; FITC (490-525) TRI(557-576) and DAPI
(350-470). The fluorescence of SYTO 9 and Pl wasteaded by
excitation/emission at 480/500nm (FITC) for SYTGa®d 490/635nm (TRITC)
for PI. Live cells fluoresced green while dead céllioresced red. The individual
images captured from FITC and TRITC filters weregee and the percentage of
live/dead cells was calculated using the Nikon EI8ments software. Images
were captured using the Nikon DS-U2 camera attatihéte microscope.

For the visualization with CLSM, fluorescence of BY 9 and Pl were detected
by excitation/emission at 480/500nm (FITC) for SYT® and 490/635nm

(TRITC) for PI. The top, middle and bottom crosstsms of each aggregate were
captured with on average between 50-200 stackghendnages were processed

with Leicalmage Processing software.
Fluorochrome staining

The staining procedure was performed on aggregaseterial cells to detect
biochemical components as previously described lgn@t al., (2007). In each
test, aggregates were carefully collected fromsdmaple suspension with a wide-
mouthed pipette. The aggregates were kept fullyrdtgd during the staining
procedure. FITC solution (10 &:12.5 pl) was added first and left to incubate for
1 h. FITC stains all protein and amino-sugars #6@nd EPS. This was followed
by the addition of 10 pl of calcofluor white sobni (Fluka) to stain the
polysaccharides and incubated for 30 minutes. S83Q1.5 pl) was added to the

aggregates and incubated for 15 minutes to staimticleic acid. The incubation
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was carried out in the dark at room temperaturéerAéach staining step, the
aggregates were washed gently three times with @B&®id) for complete de-
staining. Aggregates were transferred to cavitysglslides and covered with a
cover slip (22 mm square) and observed with anluep#scent microscope or
Confocal laser scanning microscope (CLSM). Aggregidor observation under
CLSM were mounted by embedding in agarose gel asritbed aboveThe
fluorescence of calcofluor white was detected bgitation at 400 nm and from
the emission width at 410-480 nm (blue). The FITiGbp was detected by
excitation at 488 nm and emission at 500-540 nreefgr. The fluorescence of
SYTO 63 was determined from excitation at 633 nmh @mission at 650—700 nm
(red). The individual images were captured fromheélter and merged. The
percentage of carbohydrate, protein and DNA wasutated using the Nikon

NIS-Elements software.

2.10 Aggregate studies

Aggregate sizing

The epifluorescence microscopy (Nikon-H) was used with phase-contrast
settings to determine the size of aggregates. e wgas calculated using the

object area measurement tool in Nikon NIS-Elemeafsvare.

Determination of aggregation index

The aggregation index (Al) of the cells was detewdias the relative decrease of
the optical density of a bacterial suspension atré after slow centrifugation at
4000 rpm for 2 minutes as described by Wietltal., (2006). 10 ml of culture
from each treatment was vigorously vortexed toutisithe aggregates, and the
ODxotar Of this suspension was determined. Another 10 mlcolture was
centrifuged for 2 minutes at 4000 rpm without verteeatment, providing

ODsupernatant
Al: [OD totar ODsupernatakODrotall -
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Cell surface hydrophobicity assay (BATH)

The relative hydrophobicity was measured accordmdpacterial adherence to
hydrocarbons (BATH) (Rosenbeeg al.,1980). 20 ml of culture was washed and
suspended in 0.01 M sodium phosphate buffer pH @.®.ml of n-hexadecane
(Sigma) were added to 3 ml of bacterial cell susmen (ODw=0.6) in acid-
washed test tubes (soak in 1% (v/v) sulfuric aciditson for overnight and rinse
with deionised water). The suspension was vortexLfminute to ensure mixing
and then left to stand for 15 minutes to allow safian of the two phases. The
aqueous phase was carefully removed using a Pgsfite and the OD at 400
nm was read. The percentage of the cells boundhexadecane was calculated

using:

BATH %: 100 x (OD 400 nm of washed cells - OD 400 nm ofeaqis layer
following extraction withn-hexadecane)

OD 400 nm of washed cells

2.11 Extracellular polymeric substances (EPS) extraction

The extracellular polymeric substances (EPS) wertragted using the
modification of the method described by Eboigbaaiml Biggs (2008). Cells (10
ml) were harvested by centrifugation at 4000 rpm1f® minutes at 4°C. The cell
pellets were used for extraction of the bound EMt, the supernatant was used

for the free EPS extraction.

Bound EPS extraction

The cell pellets were washed twice with 0.9% NafCidmove any traces of the
media. The washed cells were resuspended in 1uimebf solution 0.9% NaCl

and 2% EDTA then incubated for 60 minutes at 4°Be Supernatant was then
harvested by centrifugation at 4000 rpm at 4°C30@rminutes and then filtered

through 0.45 um membrane (Pall) as the EPS fraftiochemical analysis.
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Free EPS extraction

After the initial harvesting by centrifugation, tlwellected supernatant was re-
centrifuged at 4000 rpm for 30 minutes at 4°C tooee residual cells, and later
the supernatant containing free E EPS was pretagitaith 1:3 volume ethanol

and stored at -20°C for 18 hours. Free EPS were rttimoved by centrifugation

at 4000 rpm for 15 minutes at 4°C. The pellet wasuspended in 10 ml ultra
pure water and dialyzed against ultrapure wateretoove the ethanol. Dialysis
tubing of cellulose membrane (Sigma) was used lier dialysis process. The
tubing was processed before every usage. In codemiove glycerin, tubing was
placed under running water for 3 hours. Then thenty was treated with 0.3%
(w/v) sodium sulfide solution at 80°C for 1 mindteremove sulfur compounds.
Later it was washed with hot water (60°C) for 2 utes and followed by

acidification with 0.2% (v/v) sulfuric acid and ga with hot water to remove the

acid.

Both bound and free EPS were stored at -20°C ne&ted for further analysis.

EPS biochemical characterization

Carbohydrate content was determined by the Dulssayausing glucose as the
standard. Protein content was assayed using théfddamethod with bovine

albumin serum (BSA) as the standard and nucleit wes determined according
to diphenylamine assay with calf thymus DNA as stendard. The sum of the
amounts of total carbohydrate, proteins and DNA we@ssidered to represent the

total amount of EPS.

Dubois assay (Phenol/sulphuric acid method)

The test was conducted as described by Dubbial., (1956). 2 ml of sugar
solution was added to a universal and 0.5 ml of (8%) phenol solution was
added. Then 2.5 ml of concentrated sulphuric acid wdded. The universals
were allowed to stand for 10 minutes and latergdaa a water bath at 30°C for

about 20 minutes. The concentration of polysacdeariin the solution was
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determined according to a calibration curve withcgkse as the standard. The
absorbance was measured at 490 nm. The calibreticve for Dubois assay is

shown in Figure 2.4.
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Figure 2.4  Calibration curve for the Duboisas

Bradford-Assay

The assay was performed as written according talfBrd (1976). 1 ml of

Bradford reagent (Sigma) was added to 1 ml of sarapt immediately vortexed.
The mixture was left at room temperature for 5 rtesuand the colour was
measured at 595 nm. The concentration of the proteas determined by
comparison to a standard curve with bovine albuseérum (BSA) from Sigma.
The calibration curve for the Bradford assay ismaha Figure 2.5.

Absorbance (595nm)

a 0.2 0.4 0.6 0.8 1 1.2

Protein concentration (pg/ml)

Figure 2.5 Calibration curve for the Bradfossay.
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Test for DNA (Diphenylamine Assay)

The test to determine the DNA content of the sama@e conducted according to
Burton (1968). Diphenylamine reagent was prepared auding 1.5 g

diphenylamine to 100 ml glacial acetic acid andrlSulphuric acid. On the day
of usage, 100 ul acetaldehydes (1.6% v/v) werectw@0 ml of reagent. 2 ml of
diphenylamine reagent was added to 1 ml of sampdeleft to incubate at room
temperature overnight. The extinction was measat&)0 nm. The concentration
was determined by comparison to a standard curve tnghly polymerised calf

thymus DNA (Sigma) as a standard. The calibratiove for the DNA assay is

shown in Figure 2.6.
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Figure 2.6 Calibration curve for DNA assay.

2.12 Lipopolysaccharide (LPS) extraction

LPS was extracted based on hot-phenol water medbatkescribed by Westphal
and Jann (1965) with some modifications. 10 ml attbrial suspension was
centrifuged at 10000 x g for 5 minutes. The pelNetse washed twice in PBS (pH
7.2) and re-suspended in 10 ml PBS and sonicatedOianinutes on ice (70%
power, ten times, with 1 minute interval at 4°CYtwa Branson digital sonifier
(Model 102c). An equal volume of 90% (w/v) phenokhsvadded to the
suspensions in a round bottom flask and was placadbeaker containing water.
The preparation was placed on a hot-plate ancedtat 65-70°C for 15 minutes.

Suspensions were then cooled on ice and transfeored centrifuge tube and
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centrifuged at 8500 x g for 15 minutes. The aqudaysr was removed and the
phenol phases were re-extracted with 2 ml of tkstilvater. Sodium acetate at
0.5 M final concentration (85 mg) and 10 volume®96% ethanol (20 ml) were
added to the extracts and samples were stored)at -@vernight to precipitate
LPS. Tubes were centrifuged at 2000 x g at 4°Clfbminutes and the pellets
were resuspended in 1 ml distilled water. Dialggiainst double distilled water at
4°C was carried out at the next step to removedhielual phenol in the aqueous
phases. The membrane tubing was prepared as descriBection 2.11. Final
purified LPS were run on SDS-polyacrylamide geketephoresis (SDS-PAGE)

and viewed with silver staining.

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

LPS was resolved by SDS-polyacrylamide gel elettwopsis (SDS-PAGE)
(Laemmli 1970), which was performed using 15% (wk3olving gels overlaid
with a 4% (w/v) stacking gel. The gel plates weleaned prior to use with hot
soapy water, rinsed with distilled water, then ethsvith ethanol and allowed to
dry. Seals were placed between the gel plates hedplates were clamped
together. The components for both the resolving gald stacking gels were
mixed. 5 ml of resolving gel was poured first ahd gel was overlaid with 50%
(v/v) isopropanol (to prevent air bubbles) andwa#d to set for 30 minutes. The
isopropanol was then removed and the stacking ged poured above the
resolving gel. A comb was then inserted into trecldhg gel and the gel was
allowed to set for 60 minutes.

The purified LPS was solubilized in sample buffaed doiled for 5 minutes. The
ratio of sample: sample buffer was 1:4. 16 pl/mbdnir each sample was
electrophoresed at 90 V for 1 hour and increasei?@yV for 1 hour using mini-
PROTEAN electrophoresis instrument (Bio-Rad Labmias, California, USA).
PageRuler Plus prestained protein ladder (Fermewias used as a marker on all
SDS-PAGE gels. Silver-staining was used to staanSBS-PAGE gels. LPS from
Pseudomonas aerugino4d purified by phenol extraction (Sigma) was ditlito

10mg/ml and use as a control.
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Silver staining

Polyacrylamide gel was placed in a polyethylenetaioer and 100 ml fixing
solution was added, agitated for 30 minutes at reemperature on an orbital
shaker. Fixing solution was poured out and thevget washed twice in 50%
ethanol, 10 minutes for each wash. The gel wasredveith sensitizing buffer
and agitated gently 1 minute at room temperatueae the gel was washed three
times with distilled water, 30 seconds each wadte §el was soaked in silver
nitrate solution for 20 minutes and agitated gewttya shaker in the dark. The
silver nitrate was poured out and the gel was wésheee times with distilled
water, 30 seconds each wash. The gel was soak&dOirml developer solution
and agitated gently until the desired level ofrétag was achieved. The staining
was stopped with stop solution then the solutios waured off and the gel was
washed in water slowly for 10 minutes. The gel wh®tographed using the
Imagemaster VDS image analysis system. The LPS wasdjuantified based on

the marker. The appearance of the extracted LB&own in Figure 2.7.

Lane 1 2

T0kDa O-antigen

351D
254D

154D

LipidA-core oligosaccharide

Figure 2.7 Appearance and quantification of DMAgel agarose. Lane 1: Marker,

Lane 2: LPS sample.
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2.13 RNA preparation
RNA Extraction using the RNeasy Mini Prep Kit

Total RNA was extracted according to the protogolvmled by Qiagen (RNeasy
Mini Kit). Samples were harvested by centrifugatair4000 rpm for 10 minutes
at 4°C and pellets were immediately kept in R&tar (QIAGEN) solution and
stored at 4°C before extraction. The mixture wagrdeged at 4000 rpm for 10
minutes at 4°C and the supernatant was decantedf arduired the bacterial
pellet could be stored at -20°C for up to 2 weekato-80°C for up to 4 weeks.
For cell lysis, the cell pellets were resuspendedl@0 pl Tris-EDTA buffer
containing 1 mg.mtlysozyme. 350 pl of buffer RLT (supplemented witluliml

of B-mercaptoethanol) was added and vortexed to lotteepellets. The samples
were homogenised by vortexing and centrifuged ad®Bx g in a Biofuge 13
microfuge (Heraeus Instruments) for 2 minutes amgematant was collected.
One volume (250 ul) of absolute ethanol was adddtld supernatant and mixed
well by pipetting. This mixture was then loaded 7400 ul aliquots on to an
RNeasy mini column, which was placed in a collettiobbe and centrifuged at
8,000 x g for 15 sec. Then 700 RW1 was loaded on to the column and
centrifuged at 8,000 x g for 15 sec. This followsd2 washes in buffer RPE by
centrifuging at 8,000 x g for 15 sec. To completaty the spin column, it was
placed in a fresh collection tube and centrifugédul speed for 1 minute to
remove the carryover ethanol. Finally for the @uatistep, 3Qul of RNase free
water was passed through the column by centrifagait 8,000 rpm for 1 minute

and followed with elution by 20l RNase free water.

RNA treatment with DNase

DNAse treatment was conducted to remove the gen@Ni& contamination in
the extracted RNA. Total of 2 pg of RNA was diluted8 ul of water. 1 ul of
10X Reaction Buffer and 1 ul of DNase |, Amplificat Grade, 1 unit/pl (Sigma)
were added in the reaction. The preparation wexedngently and incubated for
15 minutes at room temperature. 1 ul of Stop Smiuvere added to bind calcium

and magnesium ions and to inactivate the DNas&d. preparation was heated at
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70°C for 10 minutes to denature both DNase | andARRNA integrity and
purity was checked by formaldehyde agarose getrelgitoresis and the Agilent
2100 Bioanalyzer and the NanoDrop ND-1000 was ueeduantify the RNA

concentration.

Formaldehyde (FA) gel agarose electrophoresis

The gel, prepared as described in 2.4 was poutedimelectrophoresis apparatus
and a comb was inserted to make the wells. Whegeheas solidified, the comb
was removed and the gel was placed in the devideiramersed in 1X FA gel
running buffer. Oneul of a RNA sample were mixed withll 2X RNA loading
buffer and the total gl sample was transferred into the wells. Two miteos of
marker, 10 kb smart ladder (MyBio Ltd., www.mybe),iwere placed in the first
well for comparison of molecular weights. The elephoresis device, Bio-Rad
system was configured to 90 V for 45 minutes. Theads on the gel became
visible under UV light and the gel was photographbsihg the Imagemaster VDS
image analysis system. Figure 2.8 illustrates theARefore and after DNAse
treatment. Sample 1 shows the 2 ribosomal RNA bamitls genomic DNA
contamination at high molecular weight. Sample @wshthe 2 intact ribosomal
RNA bands.

Sample 1 2

Contaminatio

Figure 2.8  Appearance of RNA in two separate Feds hefore and after DNAse

treatment. Sample 1: before treatment and samidN2se treated RNA.
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RNA quantification using the NanoDrop

The NanoDrop ND-1000 is a full-spectrum (220-750rapg¢ctrophotometer that
measures Iul samples with high accuracy and reproducibilitheTND-1000
software automatically calculated the quantity ™ARin the samples using the
ODsg0 The software simultaneously measured thedpdf the samples allowing
the purity of the sample to be estimated. The ddsralue for purity ORygOD2go
should be in the range of 1.8-2.0. A ratio of <ihdicates that the RNA may not
be fully in solution.The protocol for RNA guantification using the Nanmgl illustrates
in Figure 2.9.

Figure 2.9 Measuringhe quantity ofRNA using the Nanodrop. Samples were
quantified by loading dl onto the receiving fibre (A), the source fibresn@onnected to
the sampling arm (B) and brought down into contétht the sample allowing a 1mm gap

between the upper and lower pedestal (C), througbhathe light passed.

RNA quality assessment using the Bioanalyzer

A Total RNA 6000 LabChip kit (Agilent Technologiesps used with the Agilent
2100 Bioanalyzer to measure the integrity and pwitRNA samples. The gel
was prepared by centrifuging 5hDof the Nano gel Matrix through a spin filter at
1500 x g for 10 minutes. 6@ aliquot of filtered gel was transfered into 0.% m
RNase-free microfuge tubes. The gel-dye mixture prapared by vortexing the
RNA 6000 Nano dye for 10 seconds and spun dowrnrédfal of dye added into
65 ul aliquot of filtered gel. The mixture was vortextiwbroughly and spun down
at 13000 x g for 10 minutes at room temperature [6ading of the gel-dye mix
was then carried out. A RNA Nano chip was placetb ahe Chip Priming
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Station. 9ul of the Gel Dye mix was loaded into the well (thirow, fourth
column). The Chip Priming Station was closed aredglunger of the syringe was
pressed down until held by the clip. After 30 sattthe plunger was released.
After five seconds the plunger was slowly pulledtaghe 1 ml position and the
chip was removed from the Chip Priming Station.afin 9 ul of the Gel Dye
Mix was pipetted into the bottom of each of the lsvéfirst row, fourth column
and second row, fourth column)ubof the RNA 6000 Nano Marker was pipetted
into the well marked ladder and into each of thesafple wells. 1ul of each
sample was pipetted into each of the 12 sampleswBINA samples were heat
denatured with a Stuart Block Heater SBH130D atC7@6r 2 minutes to
minimize secondary structure formation before béaagled into the well. l of
the Nano Marker was pipetted into the well withesamples loaded. {il of the
ladder pipetted into the well marked ladder. Thig gilaced into the adapter of
the IKA vortex mixer (2400 rpm) and vortexed fomiinute. Finally, the RNA
Nano Chip is placed into the receptacle of the &gi2100 Bioanalyzer and starts

the software.

Figure 2.10 shows the differences between a dedradd intact RNA based on
electropherogram profiles, (a) is an example ofttedpherogram of extreme
degradation of RNA. The example lacks 16S and Z&kpand consists solely of
low molecular weight species. On the right sidéhiesimage of gel-like image of
the degraded RNA sample with no specific band 8% Jand 23S. (b) is an
example of an electropherogram from high quality ARRNvith several
characteristics. First, there are clear 16S andd&2®s. Secondly, there should be
low noise between the peaks and minimal low mobaculeight contamination.

On the right the software displays a gel-like imafehe intact RNA.
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Figure 2.10  Electropherograms of RNA extradtedh P. putidaCP1 grown on 0.5%
(w/v) fructose a) degraded RNA samples b) highiguRINA samples.

2.14 Microarray studies

P. putida KT2440 Genome Oligonucleotide Array

The microarray experiments carried out in this gtuded theP. putidaKT2440
Genome Oligonucleotide Array (Progenika, Spain)e Ph putidaKT2440 DNA
microarray contains 5539 oligonucleotides (50-nsg)tted in duplicate ontp-
aminosylane treated 25 x 75 mm microscope slideslently linked to the slide
with UV light and heat. The spots, 180 mm in diaeneare separated from each
other by 265 mm and arranged in 48 subarrays (6o and 15 rows each).
The spotted area is ~17 x 54 mm. The oligonuclestidiesigned by BioAlma
(http://'www.bioalma.com), are specific for each ORRRhe array. These include
the 5350 ORFs annotated in tiie putida KT2440 genome (obtained from
http://www.ncbi.nlm.nih.gov, Refseq NC_002947; Q&gamk Accession No.
AE015451.1), the 140 ORFs defined for the TOL plidspWWWO (obtained from
http://www. ncbi.nlm.nih.gov, Refseq NC_003350; 8ank Accession No.
AJ344068.1) and other genes of diverse origins sscbommonly used reporter
genes lacZ, gfp) or antibiotic resistance markers. Two oligonutides, coding
for therpoD andrpoN genes, respectively, are spotted at 20 differesitipas of
the slide to serve as homogeneity controls. Negatontrols (spotting buffer,

50% (v/v) dimethylsulfoxide) are spotted in dupteaat 203 positions evenly
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distributed throughout the printed area. The amas printed by Progenika

Biopharma (http://www.progenika.cm

Microarray experimental design

The array studies were conducted based on the imyxg@al design shown in
Figure 2.11 and includeB. putidaCP1 grown on nutrient broth Qg 0.5, P.
putida KT2440 grown on nutrient broth Qg 0.5, P. putidaCP1 grown on 100
ppm 2-chlorophenoP. putidaCP1 grown on 100 ppm 3-chlorophen®l,putida
CP1 grown on 200 ppm 4-chlorophen®l, putida CP1 grown on 50 ppm 4-
chlorophenol for 4 days arfél putidaCP1 grown on 0.5% (w/v) fructose for 24
hours. Pure RNA was produced for each of the streatments. Three aliquots of
pure RNA, each 20 pg was prepared for each treatnigach aliquot was
hybridized to the corresponding aliquot for eacl® @frrays as described in Figure

2.11. Therefore each array was carried out initape.

Array 1 GUEAL
KT2440 | G CP1 | = Fructose
v{\@\’b ‘q/-,.s}s
N
100ppm e 90ppm
3-CP 4-CP
>
1& @
. 100ppm Array 6 200ppm
2-CP 4-CP

Figure 2.11 Microarray comparison design inctlideotal of 9 arrays.

Array 1: P. putidaCP1 grown on nutrient broth Q§30.5 compared t&. putidakT2440
grown on nutrient broth Qdgy 0.5, Array 2:P. putidaCP1 grown on nutrient broth Q§
0.5 compared t®. putidaCP1 grown on 100 ppm 2CP, ArrayR3:putidaCP1 grown on
nutrient broth Olgy 0.5 compared t@. putidaCP1 grown on 100 ppm 3CP, ArrayPL:
putida CP1 grown on nutrient broth Q3 0.5 compared t®. putidaCP1 grown on 200
ppm 4CP, Array 5P. putidaCP1 grown on nutrient broth Q3 0.5 compared té.
putida CP1 grown on 50 ppm 2CP , Array B: putidaCP1 grown on 200 ppm 4CP
compared tdP. putidaCP1 grown on 100 ppm 2CP, Array H. putidaCP1 grown on
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100 ppm 2CP compared B putidaCP1 grown on 100 ppm 3CP, Array B: putida
CP1 grown on 50 ppm 4CP comparedPtoputidaCP1 grown on 200 ppm 4CP and
Array 9: P. putidaCP1 grown on nutrient broth Qf 0.5 compared t®. putidaCP1

grown on 0.5% (w/v) fructose.

Hybridization and processing of microarrays

The hybridization and processing of the microarrags conducted by Dr. Lisa
Olohan from the School of Biological Sciences, émsity of Liverpool. This
process included the cDNA synthesis and labelingh wspecific dyes,
hybridization blocking, hybridization and post-highzation including washing

steps and array scanning.

cDNA synthesis

20 pg of total RNA was transformed to cDNA with Stgeript 11l reverse
transcriptase using random primers (p@gMoche, Product no. 034731001).

Labelling

Fluorescently labelled cDNA for microarray hybridiions was obtained by using
the Superscript Plus Indirect cDNA Labelling Systéitexa 647 or Alexa 555
dyes) from Invitrogen according to the manufactsrenstructions with some
modifications. Labelling efficiency was assessethgisa NanoDrop ND1000
spectrophotometer (NanoDrop Technologies) andabeléd cDNA was stored at

-20°C until hybridisations were carried out.

Hybridization blocking

Before the hybridization process, the microarrays Wéocked by immersion in
blocking solutions containing 250 ml of 20 x SSAt@&Pure; Invitrogen; 15557-
044), 10 ml of 10% SDS (Invitrogen; 24730-020), d®f BSA (Fraction V;

Sigma; A-3294), 740 ml of RO (reverse osmosis md)f water. The blocking
solutions were filter-sterilised through a 0.2 piftef then pre-heated at 42°C.
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Slides were incubated in blocking solution for uhat 42°C then washed in RO
water (room temperature) for 30 sec. The steps wageated thrice, using fresh
RO water each time followed by another immersionsmpropanol. The slides
were dried by centrifugation at 1000 rpm for 5 nt@suat room temperature in a
microtitre plate centrifuge (Eppendorf 5804 witlRADWP rotor).

Hybridization

For the hybridization set up initially the hybridi®on chamber (Genetix) was
preheated to 42°C before use. The samples wereigedtio be co-hybridised
and evaporated to complete dryness by centrifugatiader vacuum. The
hybridisation buffer was prepared freshly for edshtch of arrays to be
hybridised.

Hybridisation buffer

Hybridization buffer was prepared by combining 500 of 33.3% dextran
sulphate and 500 ul of 20 x SSC and mixed. Theurextvas filter-sterilised
through a 0.2 um membrane. 150 pl of the filterextin sulphate/SSC mixture
added to 50 pl of 10% SDS, 250 ul of formamideadgised, minimum 99.5%
(GC); Sigma; F9037) and 50 ul of 20X Denhart'susoh (Fluka; 30915). The
hybridisation buffer was heated at 42°C for 30 rtesu 43 pl of hybridisation
buffer added to the dried sample mixture and mikgdvortexing. The sample
denatured by heating at 95°C for 5 minutes. Thepgamvas centrifuged at 13000
rpm for 1 minute at room temperature and then plate37°C. The sample was
loaded on to a pre-hybridised (blocked) array b#nea22 x 60 mm lifterslip
(Implen). The array was placed in pre-heated hygattbn chamber and the

sealed chamber transferred to a 42°C oven for 18 h.

33.3% dextran sulphate was prepared by dissolvibggOof dextran sulphate
sodium salt (Sigma; D8906) to1l.5 ml of nuclease-frater (Ambion; AM9937).

The preparation were vortexed thoroughly and thestdd at 55°C with rotation
to mix, for approximately 10 minutes to ensure fihextran sulphate was
completely dissolved. The remaining stock solutias stored at 4°C after use in

the hybridisation buffer.

81



Post-hybridization

Post-hybridization was continued with washing stepd the scanning process.
An arrayl/lifterslip sandwich was submerged in Wdmslifer 1 containing 2 x
SSPE, 0.1% Tween 20 (wash buffer 1 was pre-heated2tC overnight to
remove lifterslip). The array was then transfern@a rack in a container of fresh
WB1 and washed for 5 minutes. Array was washedashnabuffer 2 containing
0.5 x SSPE, 0.1% Tween 20 for 5 minutes followeduMagh buffer 3 containing
0.5 x SSPE for 1 minute, wash buffer 4 containifg*0SSPE for 15 s and finally
dipped in wash buffer 5 containing 0.05 x SSPErdPlure 20 x SSPE Buffer
(Invitrogen; 15591-043) SigmaUltra Tween 20 (SigAidrich; P7949). Then the
array was dried by centrifugation at 1000 rpm faniutes at room temperature
in a microtitre plate centrifuge (Eppendorf 5804hav\-2-DWP rotor).

Array scanning

Arrays were scanned using an Agilent DNA microarsagnner with SureScan
High-Resolution Technology (Agilent Technologiesp&port, Cheshire, UK) at
a resolution of 10 um and 100% PMTs for both thet @ad green channels to
generate two 16 bitt Tiffs for each array. Scanineaiges were flipped from upper
left to lower right in Agilent Feature Extractiomfsvare and the data extracted
using BlueFuse for Microarrays (version 3.6 (713538ftware (BlueGnome,
Great Shelford, Cambridge, UK).

Microarray data analysis

A gene list was generated and the statistical arsalyf the microarray data set
was completed by Dr. Yong Xiang Fang from the Stlebdiological Sciences,
University of Liverpool. The statistical analysisciuded the data normalization
and qualification. The results for each replica drae intensity for each channel)
were normalized and statistically analysed usirgy tFMMA software package
(Smyth, 2004). Background subtraction was performesing a method
implemented in LIMMA designed to yield positive oected intensities (i.e. to

avoid negative intensity values). Differential eagsion was calculated using
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linear models and empirical Bayes moderatsthtistics (Smyth and Speed, 2003;
Smyth, 2004). The resulting log-ratios were norgedi for each array through
print-tip loess (Smyth and Speed, 2003) and exjmesglues were scaled to
achieve consistency among arrays. Each probe wstedtefor changes in
expression over replicates by using moderatsihtistics (Smyth, 2004). The
values were adjusted for multiple testing as dbscriby Benjamini and Hochberg
(1995) to control the false discovery rate (FDRheTcriterion for identifying
differentially expression was based on 5% FDR.

Data filtration was done in the laboratory in DC& denerate a shorter list of
differentially expressed genes. Only genes withraye fold changes /> 1.2 and
adjustedp-values less than 0.05 (i.e., false discovery rass than 5%) were
identified as significantly differentially expressgenes. Datasets obtained from
Progenika included the 5350 ORFs annotated inPthputidaKT2440 genome
(obtained from www.ncbi.nim.nih.gov, Refseq NC_0829GenBank accession
number AE015451.1). The information from the ddtgamed was then compiled
with the public datasets downloaded from Pseudosi@@enome Database v2
(www.pseudomonas.com) for further analysis whichntamed a better

annotation. Microsoft Access was used to geneha@éw annotation.

Genelists were arranged based on the LocusID, gange, annotation, fold-
change andg-value. A LocusID is a unique locus name that spomds to a
transcribed region . putidaKT2440 genome. The format of the LocusID is,
PPxxxx. The PP refers seudomonas putigdéhe X correspond to the digit code,
numbered from top to bottom of the chromosome. Aatian refers to the protein
encoded by the gene which refers to the gene ne@eefers to the fold change
which positive value means up-regulated and negatiglue means down-

regulated.

Microsoft Access

MSAccess is a database-building package that westoscompare different gene
lists. MSAccess allowed comparison of like genesss multiple lists. It allowed

comparison of genes ampdvalues. It was also used as a repository and fosed
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database queries. It was also widely used for mgrgables and adding

annotations to genelists.

Venny

Venny (http://bioinfogp.cnb.csic.es/tools/vennygmrchtml) is a Venn diagram-
drawing software tool that was used to overlap eachpare genelists for the

comparative studies.

DAVID

The Database for Annotation, Visualization and dni¢ed Discovery DAVID

(http://david.abcc.ncifcrf.gov/home.jsp) was used the functional analysis for
the genelists. The database provides a comprelgessivof functional annotation
tools to understand the biological meaning behardd lists of genes including
visualizing genes on KEGG (Kyoto Encyclopedia ofn€& and Genomes)
pathway maps. An Entrez ID for each gene from theefists is uploaded as the

identifier for the analysis.

PSORTD version 3.0

PSORTb version 3.0 is protein sub-cellular locdiora predictor software for
prokaryotes. The modules may act as a binary pdiclassifying a protein as
either belonging or not belonging to a particulzedlization site, or they may be

multi-category, able to assign a protein to onseMeral localization sites.
Genelist analysis strategy
Comparison 1: KT2440vsCP1

This genelist analysis comparBdputidaCP1 with the reference organism (Array
1).
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Comparison 2: CP1vs2CP, CP1vs3CP, CP1lvsggdhd CP1vs4CR

This genelist analysis compared. putida CP1 grown on nutrient broth
individually with those obtained when the organigas grown on 100 ppm 2-
chlorophenol (Array 2), 100 ppm 3-chlorophenol @yr3), 200 ppm 4-
chlorophenol (Array 4) and 50 ppm 4-chlorophenolrré 5). The four
comparative studies (CP1vs2CP, CP1vs3CP, CP1lysd@irl CP1vs4Gf) were
overlapped using Venny to identify similar respaseall mono-chlorophenols.

Comparison 3: 50 ppm4CP vs 200 ppm4CP
This genelist compareB. putidaCP1 grown on higher concentration 200 ppm

with lower concentration (50 ppm) 4-chlorophenoirgy 8).

Comparison 4: CP1-200 ppm4gg3100 ppm2CP-100 ppm3CP

This genelist analysis compared CP1 vs 200 ppm #@Ry 4), 200 ppm4CP vs
100 ppm 2CP (Array 6) and 100 ppm 2CP vs 100 pprR 8&ray 7). The
differentially regulated genes from CP1 vs 200 pp@P, 200 ppm4CPvs 100
ppm 2CP and from 100 ppm 2CP vs 100 ppm 3CP wesdapped using Venny.
The overlapped genes were then analyzed using Btiftrdccess to verify genes

with consistent expression changes in fold charadgev

Comparison 5: CP1-200 ppm4¢gr100 ppm2CP-100 ppm3CP vs CP1-50 ppm
4CP

This genelist compared the genes with consistemtession changes in CP1-200
ppmM4CRy-100 ppm2CP-100 ppm3CP (Comparison 4) with CP10vp@n 4CP
(Array 5).

Comparison 6: CP1 vs. Fructose
This genelist compardd. putidaCP1 grown on nutrient broth with. putidaCP1

grown on 0.5% (w/v) fructose (Array 9).

Comparison 7: The unique genes belong to only QRL-Ppm4CRBy-100
ppm2CP-100 ppm3CP
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Comparison 5 was overlapped with genes from Corsparb using Venny to
identify common genes that are regulated duringhédion of aggregates in both

conditions.

2.15 Quantitative real time RT-PCR (qRT-PCR)

The validation of genes identified from microarrstydy was conducted using
gRT-PCR. Before running the assay, cDNA was symbdsby RT-PCR and
specific primers were designed. The validation inprs was carried out using
PCR. A High-Capacity cDNA Reverse Transcription KNpplied BioSystems,
4368814) was used for cDNA synthesis. Totalll6f RNA sample (200 ng) was
mixed in 10ul of RT reaction mix by pipetting up and down feimés (Table
2.1). The tubes were then briefly centrifuged tonspown the contents and to
eliminate any air bubbles and placed on ice uatidy to be loaded in the thermal
cycler which was programmed as described in Talfle Rositive and negative
controls were prepared as described in Table 2.3.

Table 2.1 Reaction mixture for RT-PCR using Highp@city cDNA Reverse

Transcription Kit

Component Volume (ul)
RNA 10
10X RT Buffer 2

25X dNTP Mix (100 mM) 0.8 0.8
MultiScribe Reverse Transcriptase 1
10X Random Primers 2
Nuclease-free H20 4.2
Total 20

Table 2.2  Programme for thermal cycler for RIRP

Step 1 Step 2 Step 3 Step 4
Temperature®C) 25 37 85 4
Time 10 min 120 min 5 sec 0
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Table 2.3  Composition of the positive and nisgatontrols for RT-PCR.

Component Positive control Negative control
ul pl

RNA (2 ul (400ng) x 5 sample) 10 10

10X RT Buffer 2 2

25X dNTP Mix (100 mM) 0.8 0.8 0.8

MultiScribe Reverse Transcriptase 1 -

10X Random Primers 2 2

Nuclease-free H20 4.2 5.2

Total 20 20

Primers for the amplification

Primer design was done using Primer Premier angringers were ordered from

Sigma. Six pairs of primers were designed. Theildetd the primer sequences
are listed in Table 2.4. The primers were designdte laboratory based on gene
sequences available in Gene bank (http://www.nthimh.gov). All primers

were stock as 100 uM.

Table 2.4  List of primers.

Primer name Primer sequence

fliE-F CCATGTCGCTGCCCAAGGTAAC
fiE-R ACGCCGCTCTTGCCGATTTC
PP132-F AGCAAGGCGAGCAGCAATTACC
PP132-R CCGAGTACACCACTGACCAGCA
PP4936 LPS-F TCTGGTTCCTGGCGGCGATT
PP4936 LPS-R GCCAACAGCAGCAGCACACT
PP1961-F TGAGAACGCAAAGAAGCTGA
PP1961-R GGGCTTTCGCTAGGCTAACT
RpoD-F CCTGACCGTTGCCGAGATCAAG
RpoD-R AGACCGATGTTGCCTTCCTGGA
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PCR Amplification

In order to check the specific binding of the dasid primer to the cDNA, PCR
amplification was conducted using MyTag Red mixyRwrase (MyBio). The
cDNA concentration of all the samples was adjudt®dlO0 ng prior to the
amplification step. The primers (Table 2.4) wereduto amplify each gene. The
amplification of the cDNA was conducted based orRR€action setup in Table
2.5. All the reactions were amplified in a Px2 Thal Cycler (Thermo Electron
Corporation, MA, USA) based on the PCR cycling dbod in Table 2.6. The

specificity of the primers was confirmed using agargel electrophoresis.

Table 2.5 Reaction mixture for PCR.

Component Volume (ul)
Template (100ng) 1
Primers Forward (10uM) 1
Primers Reverse (10uM) 1
MyTaqg Red Mix, 2x 25
ddH20 22
Total 50

Table 2.6  PCR cycling conditions.

Step Temperature (°C) Time Cycles
Initial denaturation 95 1min 1
Denaturation 95 15s 35
Annealing 60 15s

Extension 72 10s

Final extension 72 7min 1
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Agarose gel electrophoresis

The PCR products transferred to an agarose gelipeolda band as described in
Figure 2.12. The gel, prepared as described inidde@t4, was poured into an
electrophoresis apparatus and a comb was insartethke the wells. When the
gel was solidified, the comb was removed and tHeages placed in the device
and immersed in 1X TAE gel running buffer. Fiue of a PCR product were
mixed with 1pl loading dye and the total @ sample was transferred into the
wells. Two microliters of marker, 100 bp DNA Ladd@&ew England Biolabs),
were placed in the first well for the comparison rablecular weights. The
electrophoresis device, Bio-Rad system, configuoeflO V for 45 minutes. The
bands on the gel became visible under UV light #redgel was photographed
using the Imagemaster VDS image analysis system.PICR product yielded an

amplicon sized around 100-200 bp.

Lane 1 2

200 bp

100 bp

Figure 2.12 Appearance of PCR products on arpagajel. Lane 1: Marker and Lane
2: PCR product.

2.16 Quantitative real time RT-PCR (qRT-PCR) assay

The Fast SYBR® Green quantitative Real-time PCRT(HR) analysis was
performed using the Applied BioSystems 7500 FastlHRme PCR System. In
order to exclude any amplification product deriieeim genomic DNA or any
other contaminant that could contaminate the RNAparation, total RNA

without reverse transcription was used as a negatwtrol. Water on its own was
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used as a negative control to detect the preseihaayocontaminating RNA or
DNA.

I) Preparation of reaction-mix

The volume of each component needed for all thdswal each assay were
calculated based on number of reactions. Threecetpt of each reaction were
prepared. The reaction mix tube were vortex briegflymix the solutions and
centrifuge briefly to spin down the contents anidhelate any air bubbles from
the solutions. The qRT-PCR reaction setup was adedubased on Table 2.7.
The cDNA templates were only combined into the wdiqof master mix in

preparation of PCR reaction plate.

Table 2.7 Reaction migtéor gRT-PCR.

Component 1 reaction (pl)
Fast SYBR® Green Master Mix (2X) 10
Forward and Reverse Primers 1
cDNA template + H20 2

H,0 7

Total 20

i) Preparation of PCR reaction plate

18 ul of reaction master mix was added first to the dAmp fast optical 96-well
reaction plate (Applied BioSystems, 4346906) fokoWoy 2ul of the cDNA. The
plate was sealed before being placed in the thecywér (Applied BioSystems,
7500 Fast Real-time PCR System).
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iii) PCR reaction conditions were based on Tab$ 2.

Table 2.8 Thermal cycling conditions used foifefRCR.

Step Temp (°C) Duration Cycles
Enzyme activation 95 20 sec Hold
Denature 95 3 sec 40
Anneal/Extend 60 30 sec

Cycle threshold (¢
The threshold is the level of detection or the painwhich a reaction reaches a

fluorescent intensity above background. The threshne is set in the
exponential phase of the amplification for the maxsturate reading. The cycle at

which the sample reaches this level is called thaeCThreshold, Ct.

Relative Quantification (RT)

Relative quantification determines the change ipression of a target in a test
sample relative to the calibrator sample (contr@lipanges in gene expression
were calculated automatically in the Applied Bidsys 7500 System software
using theAA C; method as follows:

A C; (target) = ¢(target) — €(endogenous control)
A C; (calibrator) = €(calibrator) — €(endogenous control)
AA C; = A G (target) -A C; (calibrator)

Fold changes =2

rpoD gene was used as the endogenous control llasah®les included a no-RT

control to assess genomic DNA contamination inréaetions.

2.17 Data analysis

All experiments were carried out in triplicate. Abhmples were analysed in

triplicate. All data analysis was conducted usinigriekoft Excel.
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3 Results

Autoaggregation oP. putidaCP1 had previously been observed in the laboratory
but the phenomenon had not been studied in ddtailr€ll and Quilty, 2002;
Fakhruddin and Quilty, 2005). In this study it wa$ interest to identify
phenotypic and genotypic changes in the cell falhgw autoaggregation.
Pseudomonas putid@P1 was grown on 100 ppm 2-chlorophenol, 100 ppm 3
chlorophenol, 200 ppm 4-chlorophenol and 0.5% (wiwvictose in order to
produce aggregate®seudomonas putid€T2440, a non-aggregating organism
was used as a control. The phenotypic responsesnaa included changes in
cell surface hydrophobicity, the aggregation inaéxhe cells, the biochemical
composition of the extracellular polymeric subsen¢EPS) and the size of the
aggregates. The genotypic response of the orgamiasn determined using a
Genome Oligonucleotide Array (Progenika, Spain)k alray was prepared using
P. putidaKT2440. Studies oP. putidaCP1 growing on mono-chlorophenols are
described in Section 3.2 and on fructose in Se@&i8nThe first section of results
(Section 3.1) describes hdw putidaCP1 compares witR. putidaKT2440.

3.1 A comparative study ofP. putida CP1 andP. putida KT2440

WhenP. putidaCP1 andP. putidaKT2440 were identified in the laboratory, they
were both confirmed as Gram negative, non-spomaifag and motile rods. The

isolates were shown to be both oxidase and catptzsgve (Table 3.1).

Table 3.1 Cell characteristics d?. putidaCP1 andP. putidaKT2440.

Characteristic

Gram -
Shape Rod
Motility +
Spore formation -
Oxidase +
Catalase +
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When the bacteria were tested using the APl 20NiEMBrieux) system, both
isolates were identified @seudomonas putidaith the identification percentage
of 99.8% forP. putidaCP1 and 99.7% foP. putidaKT2440 (Table 3.2). The
results showed the close similarity of the two baat Both strains had the same
reaction in 18 of the 20 tests on the APl 20NE &sp. However, there were
some exceptions. Arabinose assimilation was peasifor P. putida CP1 and
negative forP. putida KT2440 and mannose assimilation was negativePfor
putidaCP1 while positive foP. putidaKT2440

Table 3.2 API 20NE identification tests #8r putidaCP1 andP. putidaKT2440.

Test P. putida CP1 P. putida KT2440
Reduction of nitrates - -

Indole production - -
Glucose acidification - -
Arginine dihydrolase + +
Urease - -
Esculin hydrolysis - -
Gelatin hydrolysis - -
B-galactosidase - -
Glucose assimilation + +
Arabinose assimilation + -
Mannose assimilation -
Mannitol assimilation - -
N-acetyl-glucosamine assimilation - -
Maltose assimilation - -
Gluconate assimilation + +
Caprate assimilation + +

Adipate assimilation - -

Malate assimilation + +

Citrate assimilation + +

Phenyl-acetate assimilation + +

Cytochrome oxidase + +

Identification Pseudomonas putida Pseudomonas putida

% 1D:99.8T:0.98  %ID: 99.7 T: 0.98
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Microarray gene expression profiling d?. putida CP1 and the reference
organism, P. putida KT2440 was performed (Array 1). The array studies
investigated 5539 genes Bf putidaKT2440 in total. Results showed that only
316 genes were significantly differentially regelhtin P. putida CP1 when
compared toP. putida KT2440 and 85 of those were identified as unknown
proteins. 230 genes were identified as signifigaop-regulated® < 0.05, Fold
Change (FC) >1.2) and 86 genes were identifiedgasfisantly down-regulated
(P < 0.05, FC< -1.2). Based on these limitations, thge 25 up- and 25 down-

regulated genes in each study were selected.

Up-regulated gene transcripts

The 230 up-regulated genes were ranked by foldgghand the top 25 genes are
listed in Table 3.3. 56 of the 230 genes that veggaificantly up-regulated were
identified with unknown function. Among the 25 tap-regulated genes, the top
two are involved in a two-component system pathwf270 encodes for
histidine kinase and fliC for flagelin FliC. A numb of the top up-regulated
genes, PP4065, PP4402, PP597, PP596, PP4403, PR1be#4667, play a role
in valine, leucine and isoleucione degradation.e®tip-regulated genes included
PP3533 involved in arginine and praline metaboliim,and PP4377 involved in
flagella assembly, fadAx in fatty acid metaboligeRR1071 in ABC transporters,
PP740 and PP2144 transcriptional regulators, hmg#olved in tyrosine

metabolism and PP1776 which encoded for mannodesghate isomerase.

Two genes that are involved in genetic elementstarnvere identified among the
top up-regulated genes. The gene PP2297 encodehdointegrative genetic
element Ppu40 integrase and TnpA for Tn4652, t@sege. Transposition is
important in creating genetic diversity within sfgscand adaptability to changing

living conditions.
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Table 3.3

Top 25 genes up-regulatedPin putida CP1 compared withP. putida

KT2440.
Locus Gene | Annotation Pathway FC p-value
ID Name
PP270 integral membrane sensdrwo-component system 6.276 0
signal transduction
histidine kinase
PP4378 | fliC flagellin FIiC Two-component system;| 5.874 0.00554
Flagellar assembly
PP3533 ornithine cyclodeaminase Arginine  and ipeqgl 5.420 1.00E-
metabolism 05
PP2737 short chain dehydrogenase 4.658 0
PP4065 propionyl-CoA Valine, leucine and 4.246 0
carboxylase isoleucine degradation
PP4376 | fliD flagellar cap protein FIiD Flagellasambly 4.134 1.00E-
05
PP88 luciferase family protein 4.048 0
PP2297 integrative genetic element 3.924 0
Ppu40, integrase
PP4621 | hmgA homogentisate 1,2Tyrosine metabolism 3.846 1.00E-
dioxygenase 05
PP740 MerR family Transcription 3.778 6.00E-
transcriptional regulator 05
PP2215| fadAx| acetyl-CoA Fatty acid metabolism 3.640 0
acetyltransferase
PP1016 binding-protein-dependent 3.548 0.00116
transport systems inner
membrane component
PP4402 | bkdA | 2-oxoisovalerate Valine, leucine and 3.486 1.00E-
2 dehydrogenase, betaisoleucine degradation 05
subunit
PP2964 | tnpA | Tn4652, transposase 3.418 0.00
PP597 mms | methylmalonate- Valine, leucine and 3.378 0.00021
A-1 semialdehyde isoleucine degradation
dehydrogenase
PP2988 alcohol dehydrogenase 3.198 2.00
05
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PP4377 flagellin FlaG, putative Flagellar assgmbl 3.176 1.00E-
05
PP2311 TatD family hydrolase 3.166 0.003
PP596 beta alanine--pyruvaté&/aline, leucine and 3.148 0.00016
transaminase isoleucine degradation
PP1071 amino acid ABC ABC transporters 3.104 0.0002
transporter
PP2144 TetR family transcriptionalTranscription 3.098 0.0038
regulator
PP4403 | bkdB| branched-chairketo acid| Valine, leucine and 3.074 6.00E-
dehydrogenase subunit E2 isoleucine degradation 05
PP4666 | mms | 3-hydroxyisobutyrate Valine, leucine and 3.028 0.00044
B dehydrogenase isoleucine degradation
PP4667 | mms | methylmalonate- Valine, leucine and 3.010 3.00E-
A-2 semialdehyde isoleucine degradation 05
dehydrogenase
PP1776 mannose-6-phosphate | Fructose and mannose2.914 0.00032
isomerase metabolism

Down-regulated gene transcripts

86 genes were identified as significantly down-tatgd and following ranking by
fold change the top 25 genes are listed in TallleT3venty of the down-regulated
genes were identified with unknown function. Thp ttown-regulated 25 genes
were involved in protein translation, pentose plhase pathway, purine
metabolism, bacterial chemotaxis, RNA degradatianginine and praline
metabolism, protein translation, pyrimidine metadal and oxidative
phosphorylation. The most down-regulated gene, BP®llencoded for a

recombinase-related protein with a fold change.-7.1
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Table 3.4

Top 25 genes down-regulatedPimputidaCP1 compared wittP. putida

KT2440.

Locus | Gene | Annotation Pathway FC p-value

ID Name

PP1118 recombinase-related -7.062 0
protein

PP2468| rplT 50S ribosomal protein L20  Protein tiagtitn -4.094 0

PP1360| groES | co-chaperonin GroES -3.790 0.00039

PP5000| hslV ATP-dependent protease -3.418 0.00209
peptidase subunit

PP722 | prsA ribose-phosphate Pentose phosphate-3.374 3.00E-
pyrophosphokinase pathway 05

PP5088| priA primosome assembly -3.360 1.00E-
protein PriA 05

PP1981 NifR3/Smm1 family -3.296 0.0037
protein

PP999 | arcC carbamate kinase Purine metabolism 443.1 2.00E-

05

PP3414 methyl-accepting Bacterial chemotaxis -2.974 0.04524
chemotaxis transducer

PP1361| groEL | chaperonin GroEL RNA degradation {2.84 0.00333

PP1000| argl ornithine Arginine  and  proling -2.742 0.00126
carbamoyltransferase metabolism

PP4709| rpsO 30S ribosomal protein S5  Proteinlaos -2.564 7.00E-

05

PP5337 LysR family -2.530 0.00362
transcriptional regulator

PP663 AsnC family -2.50 0.03012
transcriptional regulator

PP5393 heavy metal transport -2.458 0.051144

PP4014| mnmA| tRNA-specific 2- -2.418 0.00093
thiouridylase MnmA

PP1771| cmk cytidylate kinase Pyrimidine metabolism| -2.380 0

PP4728| grpE heat shock protein GrpE -2.362 0B051

PP5001| hslU ATP-dependent protease -2.340 0.00974
ATP-binding subunit HsIU

PP1522| cspA-1| cold shock protein CspA -2.276 980

PP77 betC choline sulfatase -2.222 0.00016|
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PP3218 NtaA/SnaA/SoxA family -2.170 2.00E-
monooxygenase 05

PP626 | ndh FAD-dependent pyridin@xidative phosphorylation -2.098 0.00134
nucleotide-disulphide
oxidoreductase

PP1670 NLP/P60 protein -1.988 0.00153

PP4409 phage integrase family site -1.958 0.00639
specific recombinase

Metabolic pathway analysis

Further analysis was carried out to determine tie of the 316 differentially

regulated genes in pathways based on the biologiftaimation database KEGG.
A total of 28 different metabolic pathways werentied in this analysis. Figure
3.1 summarizes these pathways and the number asgand their regulation
involved. In most of the pathways, more genes vietdleced than repressed. In
the case of 10 pathways coding for ABC transparteesnzoate degradation via
CoA ligation, beta-Alanine metabolism, tryptophanetabolism, butanoate
metabolism, caprolactam degradation, geraniol diegi@n, styrene degradation,
limonene and pinene degradation and pyruvate migabohe genes were only
induced. In the case of the oxidative phosphomytapathway the genes involved
were only repressed. The other pathways containéd Upp and down regulated
genes.

Excluding genes encoding hypothetical proteins, tiggority of induced genes
belonged to the group involved in amino acid meligbo Valine, leucine and

isoleucine degradation pathways were associated Wit induced genes. The
second largest group were the genes involved wittpgmoate metabolism
followed by ABC transporters, flagellar assemblyptfcomponent system, fatty
acid metabolism, butanoate metabolism, alanine,artsle and glutamate
metabolism and lysine degradation. The genes imgbin these top 10 significant
pathways are listed in Table 3.5. Some of the geessribed are included in the
list of the top 25 list of significantly up- and wo-regulated genes and are
highlighted in the Table 3.5.
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Figure 3.1  Metabolic pathways associated with 316 differentially regulated genes fh putida CP1 when compared witR. putidaKT2440. Up-
regulated genea} and down-regulated genas) (
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Table 3.5 The ten metabolic pathways associateth whe most significantly

differentially regulated genes i putidaCP1 when compared B putidaKT2440.

Pathway Locus Gene Annotation FC p-value
ID name
Valine, leucine and PP4065 propionyl-CoA carboxylase 4.24¢6 0
isoleucine PP2215 | fadAx acetyl-CoA acetyltransferase  3.64 0
degradation PP4402 | bkdA2 2-oxoisovalerate 3.486 0.00001
dehydrogenase, beta subunit
PP597 mmsA-1| methylmalonate- 3.378 0.00021
semialdehyde dehydrogenase
PP596 beta alanine--pyruvate3.148 0.00016
transaminase
PP4403 | bkdB branched-chain  alpha-ket®.074 0.00006
acid dehydrogenase subunit
E2
PP4666 | mmsB 3-hydroxyisobutyrate 3.028 0.00044
dehydrogenase
PP4667 | mmsA-2| methylmalonate- 3.01 0.00003
semialdehyde dehydrogenase
PP2214 | fadB2x short-chain 2.244 0.00136
dehydrogenase/reductase
SDR
PP4066 gamma-carboxygeranoyl- | 2.234 0.00247
CoA hydratase
PP4064 | ivd acyl-CoA dehydrogenas@.206 0.0002
domain-containing protein
PP4404 | IpdV dihydrolipoamide 1.874 0.00018
dehydrogenase
PP4401 | bkdAl 3-methyl-2-oxobutanoate | 1.79 0.00003
dehydrogenase
PP4067 acetyl-CoA carboxylasel.6 0.01097
biotin carboxylase, putative
PP2217 | fadB1x enoyl-CoA 1.302 0.0236
hydratase/isomerase
PP4030 enoyl-CoA hydratase 1.224 0.009
PP4187 | IpdG dihydrolipoamide -1.63 0.05869
dehydrogenase
Propanoate PP4065 propionyl-CoA carboxylase 4.24¢6 0
metabolism PP2215 | fadAx acetyl-CoA acetyltransferase  3.64 0
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PP597 mmsA-1| methylmalonate- 3.378 0.00021
semialdehyde dehydrogenase

PP596 beta alanine--pyruvate.148 0.00016
transaminase

PP4667 | mmsA-2| methylmalonate- 3.01 0.00003
semialdehyde dehydrogenase

PP2335 methylcitrate synthase 2.548 0.00068

PP4066 gamma-carboxygeranoyl- | 2.234 0.00247
CoA hydratase

PP2334 | prpB 2-methylisocitrate lyase 1.802 0.01555

PP4487 | acsA acetyl-CoA synthetase 1.726 0.08591

PP4067 acetyl-CoA carboxylasel.6 0.01097
biotin carboxylase, putative

PP2217 | fadBlx enoyl-CoA 1.302 0.0236
hydratase/isomerase

PP4030 enoyl-CoA hydratase 1.224 0.009)

PP4186 | sucC succinyl-CoA synthetgsd.384 | 0.0294
subunit beta

ABC transporters | PP1071 amino acid ABC transporte 3.104 0.00026

PP1139 | livM leucine/isoleucine/valine 2.318 0.00143
transporter permease subunit

PP1138 | IlivG leucine/isoleucine/valine 2.038 0.00209
transporter ATP-binding
subunit

PP4485 polar amino acid ABC1.988 0.00008
transporter inner membrane
subunit

PP1140 | braD inner-membrane translocator  1.866 6107

PP2456 | rbsC monosaccharide-transporting.728 0.01869
ATPase

PP1070 polar amino acid ABL1.602 0.00435
transporter inner membrane
subunit

PP885 dipeptide ABC transporterl.578 0.01985
periplasmic peptide-binding
protein

PP1069 polar amino acid ABC1.258 0.00199
transporter inner membrane

subunit
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Flagellar assembly| PP4378 | fliC flagellin FIiC 5.874 0.00554
PP4376 | fliD flagellar cap protein FIiD 4.134 0.0000¢
PP4394 | flgA flagellar basal body P-ring2.468 0.00026
biosynthesis protein FIgA
PP4396 FIgN family protein 2.298 0.0012
PP4380 | flgL flagellar hook-associate®.286 0.00113
protein FlgL
PP4388 | flgE flagellar hook protein FIgE 1.978 0002
PP4375 | fliS flagellar protein FliS 1.872 0.00345
PP4904 | motB flagellar motor protein MotH -1.424 (Dol
Two-component PP270 integral membrane sens@.276 0
system signal transduction histiding
kinase
PP4378 | fliC flagellin FIiC 5.874 0.006
PP1186 | phoP winged helix family two2.046 0.031
component transcriptional
regulator
PP4503 winged helix family twp1.33 0.006
component transcriptional
regulator
PP4489 | phhR transcriptional regulator TyfR  2.276 000.
PP5321 | phoR PAS/PAC  sensor  sighdl.686 0.032
transduction histidine kinase
PP4167 | sixA phosphohistidine phosphatisel.306 | 0.004
Fatty acid| PP2215 | fadAx acetyl-CoA acetyltransferage3.64 0
metabolism
PP2214 | fadB2x short-chain 2.244 0.00136
dehydrogenase/reductase
SDR
PP4066 gamma-carboxygeranoyl- | 2.234 0.00247
CoA hydratase
PP4550 | fadD2 long-chain-fatty-acid--CoA | 1.486 0.00243
ligase
PP2217 | fadB1lx enoyl-CoA 1.302 0.0236
hydratase/isomerase
PP4030 enoyl-CoA hydratase 1.224 0.009)
PP3839 | adhA alcohol dehydrogenase -1.448  0.02231
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Butanoate PP2215 | fadAx acetyl-CoA acetyltransferage  3.64 ®.00
metabolism PP3755 | paaH 3-hydroxybutyryl-CoA 2.746 0.000
dehydrogenase
PP2214 | fadB2x short-chain 2.244 0.001
dehydrogenase/reductase
SDR
PP4066 gamma-carboxygeranoyl- | 2.234 0.002
CoA hydratase
PP2217 | fadB1x enoyl-CoA 1.302 0.024
hydratase/isomerase
PP4030 enoyl-CoA hydratase 1.224 0.010
Alanine, aspartate PP4065 propionyl-CoA carboxylase 4.24¢6 0.000
and glutamate PP4038 dihydropyrimidine 2.946 0.000
metabolism dehydrogenase
PP2453 | ansA L-asparaginase, type I 2.58 0.002
PP4037 putative oxidoreductase 1.632 0.001
PP4030 enoyl-CoA hydratase 1.224 0.010
PP2406 | aroE shikimate 5-dehydrogenase -1.246  0.00
Lysine degradation| PP2215 | fadAx acetyl-CoA acetyltransferage  3.64 ®.00
PP2214 | fadB2x short-chain 2.244 0.001
dehydrogenase/reductase
SDR
PP4066 gamma-carboxygeranoyl- | 2.234 0.002
CoA hydratase
PP2217 | fadB1x enoyl-CoA 1.302 0.024
hydratase/isomerase
PP4030 enoyl-CoA hydratase 1.224 0.010
PP4188 | kgdB dihydrolipoamide -1.74 0.043
succinyltransferase
Tryptophan PP2215 | fadAx acetyl-CoA acetyltransferage  3.64 ®.00
metabolism PP2214 | fadB2x short-chain 2.244 0.001
dehydrogenase/reductase
SDR
PP4066 gamma-carboxygeranoyl- | 2.234 0.002
CoA hydratase
PP2217 | fadB1x enoyl-CoA 1.302 0.024
hydratase/isomerase
PP4030 enoyl-CoA hydratase 1.224 0.010
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3.2 Phenotypic and genotypic responses &f. putida CP1 when grown

on mono-chlorophenols

The phenotypic and genotypic responseB.gbutidaCP1 when grown on mono-
chlorophenols were monitored. The ability of thgasrism to grow on 100 ppm 2-
chlorophenol, 100 ppm 3-chlorophenol, 200 and 5@ ppchlorophenol was
determined. Autoaggregation was monitored and tlggregates were
characterised. Expression profiling analysis wagiez out to identify genes

associated with autoaggregation.

3.2.1 Phenotypic responses ofP. putida CP1 when grown on mono-

chlorophenols

The phenotypic responses Bf putidaCP1 when grown on mono-chlorophenols
were determined by monitored growth and substetewal, aggregate formation

and cell viability and aggregate characterizatimiuding EPS composition.

Growth of P. putida CP1 and P. putida KT2440 on orohlorophenols

P. putidaCP1 andP. putidaKT2440 were grown in liquid culture on 100 ppm 2-
chlorophenol, 100 ppm 3-chlorophenol, 200 and 56 gpchlorophenol. Previous
studies had shown th&. putidaCP1 aggregated when grown on 100 ppm 2-
chlorophenol, 100 ppm 3-chlorophenol and 200 ppohlérophenol although not
on 50 ppm 4-chlorophenol (Farrell and Quilty, 2002he chlorophenol was
supplied as the sole carbon source. The pH of g&@ium in all cases was 6.9 and
did not change in any system for the duration af #xperiment. Substrate
removal was monitored with time (Figure 3.B). putidaKT2440 was unable to
grow and remove any of the chlorophenols. In thgecaf P. putida CP1, 4-
chlorophenol was removed more readily than 2-clplbemol which was removed
more readily than 3-chlorophenol (Figure 3.2). Theer concentration of 4-
chlorophenol was removed fastest in 15 hours. Bgsmaas monitored
throughout the experiment. Although putidaCP1 could remove the substrate,
there was little growth by the organism on 100 ghwehlorophenol, 100 ppm 3-

chlorophenol and 200 ppm 4-chlorophenol. The ongnifcant increase in
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biomass was observed whenputidaCP1 was grown on 50 ppm 4-chlorophenaol.
The pattern of substrate removal By putidaCP1 was a two stage process. A
slow or lag period was followed by a rapid phaseeofioval. The lag period was
shortest for 50 ppm 4-chlorophenol and longestifa® ppm 2-chlorophenol and
100 ppm 3-chlorophenol (Table 3.6). When the rafesubstrate removal and the
specific rates of substrate removal were calcul&tedhe two stages, the rates of
substrate removal were in the order 4CP> 2CP> 3Ct#a case of the higher
concentrations of chlorophenols. The formation gigragates of cells was
observed after 72h growth on 100 ppm 2-chlorophemad 200 ppm 4-
chlorophenol and after 96h in the presence of 1pfh [8-chlorophenol. No
aggregate formation was observed during growtheridwer concentration of 50
ppm 4-chlorophenol.

The percentage viability d?. putidaCP1, determined using the Live/Dead stain,
decreased with time over the four day incubatioab{@ 3.7 and Figure 3.3). On
day four, the percentage viability correlated witle ability of the organism to
degrade the substrate — highest percent viabilitgrmthe organism was grown on
4-chlorophenol and lowest viability when the orgami was grown on 2-
chlorophenol and 3-chlorophenol. Images of the msy (Figure 3.3) illustrate
aggregation of the cells. The distribution of liaed dead cells in the aggregate
grown on 100 ppm 3-chlorophenol for 24 h was obsgrusing confocal laser
scanning microscopy (CLSM) at x60 magnificationg(ife 3.4). The biomass was
scattered evenly across the whole region. The lBena the core was stained
mainly by SYTO 9 indicating mainly live cells. Celin the outer zone were
stained by both propidium iodide and SYTO 9 randomtlicating a mixture of

live and dead cells.
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Figure 3.2 Degradation of a) 100 ppm 2-chloropheln) 100 ppm 3-chlorophenol, ¢)
200 ppm 4-chlorophenol and d) 50 ppm 4-chlorophéyd?. putidaCP1 andP. putida
KT2440. () P. putida CP1 (ppm chlorophenol), A) P. putida KT2440 (ppm

chlorophenol) ands() Biomass ofP. putidaCP1 (g/L). Arrow indicates time of aggregate
formation.
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Table 3.6 Lag periods and substrate removastairP. putidaCP1 grown on 100 ppm
2-chlorophenol, 100 ppm 3-chlorophenol, 200 andppth 4-chlorophenol (Data from

Figure 3.2).
Substrate and stage of Time (h) Substrate Specific
removal removal substrate
rate removal
ppm h* rate

ppm h

g—l

Biomass
100 ppm 2CP
Slow/lag phase 0-54 0.85+0.01 1.53+0.10
Rapid removal phase 54-72 2.98 £0.02 59.67 £ 0.46
100 ppm 3CP
Slow/lag phase 5-54 05+0.14 6.27 £ 0.47
Rapid removal phase 54-84 2.49+0.21 31.2+261
200 ppm 4CP
Slow/lag phase 0-24 1.01+£0.22 20.2+£4.36
Rapid removal phase 24-48 7.28 £0.05 72.77 £0.52
50 ppm 4CP
Slow/lag phase 0-5 1.76 £0.25 13.54 +1.92
Rapid removal phase 5-15 3.96 £0.09 39.62 +£0.88
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Day 1 Day 2 Day 3 Day 4
100 ppm 2-chlorophenol

100 ppm 3-chlorophenol

200 ppm 4-chlorophenol

50 ppm 4-chlorophenol

. ) .

Figure 3.3  Microscopic images showing cell iligbof P. putidaCP1 stained with the
Live/Dead stain following growth on 100 ppm 2-cldphenol, 100 ppm 3-chlorophenoal,
200 and 50 ppm 4-chlorophenol over a four day perio
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Table 3.7  The percentage viability ®f putidaCP1 following growth on 100 ppm 2-
chlorophenol, 100 ppm 3-chlorophenol, 200 and 5@ gpchlorophenol over a four day
period (Data from Figure 3.3).

Treatment Day 1 Day 2 Day 3 Day 4
100 ppm 2-chlorophenol 97 +6.3 80+6.9 65+5.7 4.7
100 ppm 3-chlorophenol 817 70+£75 64 £ 10 @ +
200 ppm 4-chlorophenol 94+7.4 83 %55 78+54 68
50 ppm 4-chlorophenol 97 +6 92+6.8 81+16.7 804

Figure 3.4 CLSM image &t. putidaCP1 aggregates stained with the Live/Dead stain
following growth on 100 ppm 3-chlorophenol for 4yda

Analysis of the aggregates

The aggregation index, cell surface hydrophobieity size of the aggregates
were determined over a four day periodRasputidaCP1 grew on 100 ppm 2-
chlorophenol, 100 ppm 3-chlorophenol, 200 and 50 gichlorophenol. In the
absence of aggregation, on day 1 and when the isrgamas grown on 50 ppm 4-
chlorophenol, the aggregation index was in the roafe0.3 — 0.5. When cell
aggregation was observed, the aggregation indexeased with time of
incubation. The aggregation index was highest wherorganism was grown on
100 ppm 3-chlorophenol with a value of 0.94 + Odd8day 4. This was followed
by a value of 0.9 + 0.02 on day 4 for 100 ppm 2atphenol and 0.88 on day 4

when the organism was grown on 200 ppm 4-chloroplhen
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The BATH assay was used to determine the hydrophgbof the aggregated
cells. When the organism was grown on a lower aginagon of 4-chlorophenol
and did not form aggregates, the hydrophobicityhef cells was less than 7%.
Hydrophobicity increased with time and there wassignificant difference
between the hydrophobicity of the aggregates fragpndto day 4. In the presence
of 100 ppm 3-chlorophenol, cell surface hydrophibpiwas greatest at 52% on
day 4, followed by 44% when the organism was groown 100 ppm 2-
chlorophenol and 32% when the organism was grown 200 ppm 4-

chlorophenol.

The aggregates increased in size from day 1 taldsyincubation. The aggregate
size is only recorded in Table 3.8 where measuraglgegates were observed.
Aggregates were observed on days 3 and 4 followiayvth on 100 ppm 2-
chlorophenol and 200 ppm 4-chlorophenol, on dayplbwing growth on 100
ppm 3-chlorophenol and no aggregates were formeenwhe organism was
grown on 50 ppm 4-chlorophenol. On day 4, the efzbe aggregates was largest
at 22.47 + 2.96 puMm(10°) when the bacterium was grown on the most toxic
substrate 3-chlorophenol. The average size of guygegates was 19.15 + 0.43
unt (10°) when the organism was grown on 100 ppm 2-chlczophand the
smallest aggregate size was 9.35 + 1.7 (@) when the bacterium was grown
on 200 ppm 4-chlorophenol (Table 3.8).
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Table 3.8 Changes in aggregation index (Al), srface hydrophobicity (BATH %)
and aggregate size whén putidaCP1 was grown on 100 ppm 2-chlorophenol, 100 ppm
3-chlorophenol, 200 and 50 ppm 4-chlorophenol doir fdays.

Analysis Day

1 2 3 4
100 ppm 2-CP
Al 0.55+0.05 0.67+0.13 0.72+0.04 0.9+0.02
BATH % 17 + 1.68 28 +1.06 29+2.4 44 +1.01
Size uM (10°) - - 5.45 19.15 + 0.43
100 ppm 3-CP
Al 0.35+0.19 0.48+0.19 0.90+0.02 0.94+0.08
BATH % 10 £ 1.42 30+1.25 40 +1.42 52+1.7
Size pm (10°) . - - 22.47+2.96
200 ppm 4-CP
Al 0.32+0.05 0.21+01 06018 0.88
BATH % 10 £ 0.79 10 + 1.07 14 +0.75 32+1.64
Size uM (10°) - - 394+12 935+1.2
50 ppm 4-CP
Al 0.3+£0.08 021+0.1 0.25+0.03 0.27+£0.01
BATH % 2+0.38 6 +0.94 4+1.02 6+0.93

Extracellular polymeric substances (EPS)

The production of extracellular polymeric substan¢EPS) byP. putida CP1

cultivated on mono-chlorophenols was investigatadtiie four day period. The
levels of both bound and free EPS were quantifladufe 3.5). In general, the
levels of bound EPS were higher compared to theldewf free EPS in all

treatments. In the absence of cell aggregationjetels of EPS did not change
significantly with time when the bacterium was groan 50 ppm 4-chlorophenol.
Where cell aggregation occurred, the levels of EfeBased steadily until day 4.
The highest levels of EPS were detected when tganm was grown on 3-

chlorophenol, then 2-chlorophenol and then 200 gprhlorophenol.

112



180

160
140
120
100
80
60 -
40
20

EPS (mg/g Biomass)

200-4CP

200-4CP

N
i

B
(o]

Time (hour)

O Bound EPS B Free EPS ‘

~
N

200-4CP

200-4CP

Figure 3.5

Distribution of bound and free ER@irtty growth ofP. putidaCP1 on 100

ppm 2-chlorophenol, 100 ppm 3-chlorophenol, 200 &hgpm 4-chlorophenol.

Biochemical composition of EPS

A biochemical analysis of the EPS showed that taénrnomponents of the EPS

were carbohydrate and protein in approximately egraportions (Figure 3.6).
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Figure 3.6  Biochemical composition of total E®A8ing growth ofP. putidaCP1 on

100 ppm 2-chlorophenol, 100 ppm 3-chlorophenol, 28 50 ppm 4-chlorophenol.
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When the biochemical composition of the bound aee EPS was individually
analysed it was found that carbohydrate was theirtioth component of the free
EPS (Figure 3.7), while protein dominated the boBR& (Figure 3.8). The third
component of the EPS was DNA which formed less th@% of the EPS. The
levels of DNA were lowest on day 1 and increaseith Wime suggesting that the

DNA resulted from cell lysis.
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Figure 3.7 Biochemical composition of free ERBing growth ofP. putidaCP1 on
100 ppm 2-chlorophenol, 100 ppm 3-chlorophenol, 08 50 ppm 4-chlorophenol.
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Figure 3.8  Biochemical composition of bound ER&ENng growth ofP. putidaCP1 on
100 ppm 2-chlorophenol, 100 ppm 3-chlorophenol, 98 50 ppm 4-chlorophenol.
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A microscopic examination of the EPS was carriedd asing specific
fluorophores and epifluorescent microscopy. Calowflwhite was used to stain
carbohydrate, FITC to stain protein and SYTO 63stain DNA. The results
supported the biochemical analysis showing equetep¢ages of carbohydrate
and protein and approximately 10% DNA (Figure 3@pnfocal laser scanning
microscopy (CLSM) was used to study the aggregatesn the organism was
grown on 100 ppm 3-chlorophenol. The distributiof the biochemical
components of the EPS were seen to be randomhybdistd (Figure 3.10).

Percentage (%)

100ppm 2-CP 100ppm 3-CP 200ppm 4-CP

Treatment

‘l Carbohydrate @ Protein @ DNA ‘

Figure 3.9 Percentage of carbohydrate, protein BNA in EPS produced bl. putida
CP1 following growth on2-chlorophenol, 100 ppm 3-chlorophenol and 200 ppm

chlorophenol after four days based on microscopgeovation.

ppm 3-chlorophenol for four days. a) FITC, b) SYBO c) Calcofluor white and d)

combined multi-channel image.
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3.2.2 Expression profiling analysis

Expression profiling analysis was used to idengjgnetic factors governing
autoaggregation when the organism was grown on rehlavophenols using B.

putida Genome Oligonucleotide Array (Progenika, Spainmitidlly results

obtained forP. putidaCP1 grown on nutrient broth were compared indiviigua
with those obtained when the organism was growri@h ppm 2-chlorophenol
(array 2), 100 ppm 3-chlorophenol (array 3), 200npp-chlorophenol (array 4)
and 50 ppm 4-chlorophenol (array 5). Then a contparatudy of 50 ppm4CP vs
200 ppm4CP (array 8) was carried out and finalgomparative study of CP1vs
200 ppm 4CP, 200 ppm4CPvs 100 ppm 2CP and 100 @gg#v& 100 ppm 3CP
was done. In each study the differentially regulatpenes were identified,
PSORTB v3 analysis was used to identify the callldeation of the proteins and

metabolic pathway analysis was used to identifynilaén biological pathways.

Comparative study for CP1 vs 100 ppm 2-chlorophe@®1 vs 100 ppm 3-
chlorophenol, CP1 vs 200 ppm 4-chlorophenol and OBl 50 ppm 4-

chlorophenol

The results obtained fd?. putidaCP1 grown on nutrient broth were compared
individually with those obtained when the organigmas grown on 100 ppm 2-
chlorophenol (array 2), 100 ppm 3-chlorophenol ggarr3), 200 ppm 4-
chlorophenol (array 4) and 50 ppm 4-chlorophenotaga 5). The results are
described in Figure 3.11 and show that a total 8% §enes were differentially
regulated in the comparative study of CP1-100 ppahl@rophenol, 556 genes
were significantly up-regulated and 426 were idesdi as significantly down-
regulated. A total of 1615 genes were differentiategulated when the
comparative study of CP1-100 ppm 3-chlorophenol wasied out. 925 genes
were significantly up-regulated and 690 genes wegrificantly down-regulated.
The comparative study of CP1-200 ppm 4-chlorophsholved 1015 genes were
significantly up-regulated and 960 genes were dosguated and a total of 1423
genes were differentially regulated whienputidaCP1 grown on nutrient broth
was compared witl®. putidagrown on 50 ppm 4-chlorophenol. 857 genes were
identified as significantly up-regulated and 566ne® were identified as
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significantly down-regulated. All data generatedravbased on p-value< 0.05
and a fold change, FC> 1.2/ FC< -1.2.
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Figure 3.11  The number of differentially regelhtgenes iP. putidaCP1 grown on
100 ppm 2-chlorophenol, 100 ppm 3-chlorophenol, 288 50 ppm 4-chlorophenol when
compared tdP. putidaCP1 grown on nutrient broth. Up- regulated gemgsad down-
regulated geneay.

When the differentially regulated genes in the faomparative studies were

overlapped using Venny, 484 genes were identifiedoanmon (Figure 3.12). 344

of these genes were identified as differentiallyregulated and 137 genes were
down-regulated. Three of the overlapped genes vesgressed in various

patterns.

Figure 3.12 Venn diagram representing the geapsnon and uncommon R putida
CP1 grown on 100 ppm 2-chlorophena),(100 ppm 3-chloropheno' }, 200 ppm 4-
chlorophenol &) and 50 ppm 4-chlorophenad) when compared tB. putidaCP1 grown

on nutrient broth.
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Protein localization

It was of interest to determine the cellular locatof proteins encoded by these
484 genes. PSORTB v3 analysis showed that 11%ajehes encoded proteins in
an unknown location, 245 encoded proteins in theoptgsm, 103 in the
cytoplasmic membrane, nine in the periplasmic spacgight in the outer
membrane, one for flagella and two proteins la@edi in an extracellular
compartment (Table 3.9).

Table 3.9 Cell location of proteins encoded byagedifferentially regulated iR. putida
CP1 grown on 100 ppm 2-chlorophenol, 100 ppm 3oipleenol, 200 and 50 ppm 4-

chlorophenol when comparedRo putidaCP1 grown on nutrient broth.

Protein location Gene number

Induced Repressed Total
Cytoplasm 189 56 245
Cytoplasmic membrane 70 33 103
Periplasmic space 7 2 9
Outer membrane 5 3 8
Flagella 0 1 1
Extracellular 1 1 2
Unknown 70 45 115

Metabolic pathway analysis

A pathway analysis was conducted on the 484 oveeldmenes based on the
biological information database KEGG. A total of Idifferent metabolic
pathways were identified in this analysis (Figur&33. Nearly 10% of the genes
played a role in protein translation. About 6% b€ tgenes were involved in
nucleotide metabolism, followed by 4.43% of the egnnvolved in oxidative
phosphorylation and amino acid metabolism. Otheéhways involving fewer
genes included pathways for carbohydrate metabpligim-component system,
ABC transporters, bacterial secretion system, pragport, protein stabilization,

LPS biosynthesis, fatty acid metabolism, transwipand bacterial chemotaxis.
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Figure 3.13  Percentage of metabolic pathwagedaated with differentially regulated
genes irP. putidaCP1 grown on 100 ppm 2-chlorophenol, 100 ppm 8+dphenol, 200

and 50 ppm 4-chlorophenol when compared WitlputidaCP1 grown on nutrient broth.

Comparative study 50 ppm4CP vs 200 ppm4CP

Aggregation was observed whdn putida CP1 was grown on the higher
concentration of 4-chlorophenol but not on the Ilowsoncentration. A
transcriptomic profile analysis was conducted bynparing the array results
obtained for the two treatments. The analysis Hledea total of 626 genes
differentially regulated. 264 genes were up-regulap-value< 0.05, FC> 1.2).
The top 25 up-regulated genes are listed in Taldlé 8&d showed PP807 encoded
for sigma 54 was the most induced gene. Othemwaath induced included those
for valine, leucine and isoleucine biosynthesisbohydrate metabolism, flagellar

assembly, nucleotide metabolism, protein trangtegiod ABC transporters.

Table 3.10 Top 25 genes up-regulatedPinputida CP1 grown on 200 ppm 4-

chlorophenol when compared with putidagrown on 50 ppm 4-chlorophenol.

Locus | Gene Annotation Pathway FC p-value
ID Name

PP807 sigma 54 8.338 0.00001
PP4680| ilvB acetolactate synthase| 3 Valine, leucinend| 5.792 0.00016
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catalytic subunit

isoleucine biosynthesis

PP4679| ilvH acetolactate synthase| Baline, leucine and 4.782 0.00079
regulatory subunit isoleucine biosynthesis

PP4115 NolW domain protein 4.162 0.00018

PP1076| glpF MIP  family  channel 4.15 0.00002
protein

PP4487| acsA acetyl-CoA synthetase Glycolysis 3/63 0.00399

Gluconeogenesis

PP811 | cyoups2| cyoups2 protein 3.62 0.00027

PP5347| accC-2 pyruvate carboxylas€itrate cycle 3.576 0.01019
subunit A

PP4390| flgC flagellar basal body rod-lagellar assembly 3.514 0.0000pR
protein FIgC

PP1100| dcd deoxycytidine Nucleotida metabolism 3.476 0.0000f7
triphosphate deaminase

PP47 DNA-binding heavy 3.38 0.00343
metal response regulatar,
putative

PP1590| map methionine 3.264 0.00002
aminopeptidase

PP1692 Sell domain protejn 3.242 0.00125
repeat-containing protein

PP218 sensory box protein 3.202 0.013B3

PP2848| ureF urease accessory protein 3.142 0.00043
UreF

PP5281| rpmG 50S ribosomal proteifProtein translation 3.134 0
L33

PP1025| leuA 2-isopropylmalate Valine, leucine and 3.054 0.02647
synthase isoleucine biosynthesis

PP4385| flgG flagellar basal body rod-lagellar assembly 3.026 0
protein FIgG

PP5282| rpmB 50S ribosomal proteifProtein translation 2.96 0.00008
L28

PP4193| sdhC succinate dehydrogenageitrate cycle 2.958 0.00534
cytochrome b556 subunit

PP4204 Cro/ClI family 2.908 0.00055
transcriptional regulator

PP8 rnpA ribonuclease P 2.902 0.00006

PP4678| ilvC ketol-acid Valine, leucine and 2.896| 00331
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reductoisomerase

isoleucine biosynthesi

oY

PP4194

gltA

type Il citrate synthase

Citrate cycle

2.876

0.00157

PP1068

amino acid AB

transporter ATP-binding

protein

C ABC transporters

2.824

0.0001

362 genes were identified as significantly downdtated and following ranking

by fold change the top 25 genes are listed in Taldlé&. The top down-regulated

25 genes were involved in various pathways inclgdimo-component systems,

carbohydrate metabolism, ABC transporters and anaicid metabolism. The

most down-regulated gene, PP569, encoded for th& B@Multi-drug and toxic

compound extrusion) efflux family protein with ddahange -4.38.

Table 3.11

chlorophenol when compared with putidagrown on 50 ppm 4-chlorophenol.

Top 25 genes down-regulatedPirputidaCP1 grown on 200 ppm 4-

Locus Gene Annotation Pathway FC p-value

ID Name

PP569 MATE efflux family, -4.382 0.02925
protein

PP2780 3-oxoacyl-(acyl-carrier -3.484 0.00076
protein) synthase Il

PP397 putative serine protein -3.456 0.00003
kinase, PrkA

PP2665 | agmR LuxR family twp Two-component system|  -3.268 0.001b3
component
transcriptional regulator

PP4902 | orn oligoribonuclease -3.264 0.00003

PP589 Bcr/CflIA family -3.114 0.02183
multidrug resistance
transporter

PP334 ISPpull, transposase -3.11p 0.00018

PP1585 antidote protein, putative -3.088 0.6000

PP3249 aldo/keto reductase -3.046 0.00565

PP4176 amidohydrolase 2 -3.022 0.0013

PP663 AsnC family -2.932 0.02799
transcriptional regulator

PP491 formate dehydrogenagsearbohydrate -2.89 0.00237
gamma subunit metabolism
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PP3291 metallo-beta-lactamase -2.862 0.00727
family protein

PP4179 | htpG heat shock protein 90 -2.812 0.0022

PP3372 | cpxR winged helix family twoTwo-component system| -2.74 0.00682
component
transcriptional regulator

PP3986 ISPpul3, transposase -2.736 0.00076
Orfl

PP4728 | grpE heat shock protein GrpE -2.732 09050

PP3078 ABC transporter,ABC transporters -2.692 0.00396
periplasmic binding
protein, putative

PP967 hisC histidinol-phosphate | Amino acid metabolism| -2.672 0.03147
aminotransferase

PP1497 TetR family -2.67 0.00041
transcriptional regulator

PP3265 endonuclease/exonucleas -2.588 0.00182
e/
phosphatase

PP2402 integral membranelwo-component system| -2.578 0.0024
sensor signa
transduction  histidine
kinase

PP1227 cation efflux protein -2.494 0.00213

PP3301 RND efflux membrane -2.488 0.00455
fusion protein

PP3086 RNA polymerase sigma- -2.47 0.00905

70 factor, putative
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Protein localization

Analysis of the 626 differentially expressed genesng PSORTB v3 showed the
location in the cell of the encoded proteins (TaéhlE2). 148 of the genes encoded
proteins in an unknown location, 282 in the cytepia 138 in the cytoplasmic
membrane, 15 in the periplasmic space, 10 in thersnembrane, six for flagella

and six proteins localized in an extracellular caniment.

Table 3.12  Cell location of proteins encodedgeyes differentially regulated i.
putida CP1 grown on 200 ppm 4-chlorophenol when compswd?l putidaCP1 grown
on 50 ppm 4-chlorophenol.

Protein location Gene number

Induced Repressed Total
Cytoplasm 127 155 282
Cytoplasmic membrane 45 93 138
Periplasmic space 5 10 15
Outer membrane 5 5 10
Flagella 6 0 6
Extracellular 2 4 6
Unknown 68 80 148

Metabolic pathway analysis

Following pathway analysis using the biologicaloimhation database KEGG,
significant metabolic pathways were identified lwhea p-value (p< 0.05) and

the 14 most significant pathways are listed in FeguB.14. Carbohydrate
metabolism and amino acid metabolism pathways wbserved to be dominant
with 12.4% and 5.45% genes involved in each pathwespectively. Other
pathways included those found to play a role in-b@mponent systems, ABC
transporters, oxidative phosphorylation, metabolisincofactors and vitamins,
flagellar assembly, nucleotide metabolism, protdnanslation, xenobiotic
biodegradation and metabolism, bacterial chematagication and repair, fatty
acid metabolism and lipopolysaccharide (LPS) mtsgsis.
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Figure 3.14 Percentage of metabolic pathwayoded by differentially regulated
genes inP. putidaCP1 grown on 200 ppm 4-chlorophenol compare@.tputidaCP1
grown on 50 ppm 4-chlorophenol.

Comparative analysis of CP1 vs 200 ppm 4CP-100 2¢/-100 ppm 3CP

The degree of aggregation was inversely relatatiga@bility of P. putidaCP1 to
degrade the three mono-chlorophenols i.e. the ggtgesize was greatest for 3-
chlorophenol and smallest for 4-chlorophenol (Feg8rl5). To further investigate
the genes involved with aggregation, the array dateerated by Array 4. CP1 vs
200 ppm 4CP; Array 6: 200 ppm4CP vs 100 ppm 2CPAaraly 7: 100 ppm 2CP
vs 100 ppm 3CP were compared. In investigating da&, genelists were
generated from the data and the data were compasstl on consistent changes.
A total of 1975 differentially regulated genes frad®1 vs 200 ppm 4CP, 1286
genes from 200 ppm4CPvs 100 ppm 2CP and 973 frénhpgt 2CP vs 100 ppm
3CP were overlapped using Venny (Figure 3.16). 93ie overlapped genes were
then analyzed using Microsoft Access to verify gemath consistent changes.
The analysis revealed that only 51 genes were sgpdein a consistent order.
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100ppm 3-CP

100ppm 2-CP

200ppm4-CP

Figure 3.15  The autoaggregation phenomendh putidaCP1. Aggregates produced
following growth on 100 ppm 3-chlorophenol> 100 pRachlorophenol> 200 ppm 4-
chlorophenol.

CP1-4CP 4CP-2CP

2CP-3CP

Figure 3.16  Venn diagram showing the numbergeoies foP. putidaCP1 grown on
200 ppm 4-chlorophenol compared wkh putidaCP1 grown on nutrient brotha), P.
putida CP1 grown on 100 ppm 2-chlorophenol compared RitiputidaCP1 grown on
200 ppm 4-chlorophenol § and P. putida CP1 grown on 100 ppm 3-chlorophenol
compared withP. putidaCP1 grown on 100 ppm 2-chlorophenm).(

33 genes of these genes were significantly up-a¢gdl and 18 genes were
identified as significantly down-regulate@-¢alue < 0.05, FC>1.2/ < -1.2). To
eliminate the genes common Ro putidaCP1 when growing on non-aggregating
and aggregating concentrations of chlorophenol, gbeelists generated Y.
putida CP1 vs. 200 ppm 4CP-100 ppm 2CP-100 ppm 3CP wemdapped with
the results obtained witR. putidaCP1 vs. 50 ppm 4CP (Figure 3.11). Of the
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1423 genes identified in the. putidaCP1 vs. 50 ppm 4CP treatment, 44 were
common to the list obtained f&. putidaCP1 vs. 200 ppm 4CP-100 ppm 2CP-
100 ppm 3CP (Figure 3.17). All of the 44 genes wexpressed in the same
direction. A total of 1379 genes were uniquePtoputidaCP1 vs. 50 ppm and 7
genes were unique to CP1 vs. 200 ppm 4CP-100 pdPal®0 ppm 3CP.

CP1-4CP-2CP-3CP

CP1-50ppm4CP

Figure 3.17  Venn diagram showing the numbeigeaies common to two genelishs;
putida CP1 grown on nutrient broth comparedRoputidaCP1 grown on 200 ppm 4-
chlorophenol, 100 ppm 2-chlorophenol and 100 ppahldrophenol &) andP. putida
CP1 grown on 50 ppm 4-chlorophenol compared WitlputidaCP1 grown on nutrient
broth ().

The 44 common genes were identified (Table 3.13ptAl of 23 genes were up-
regulated. The majority were involved in metabgathways. Other pathways
included base excision repair which is a cellul@chanism that repairs damaged
DNA, lipopolysaccharide biosynthesis, transcripfitaity acid metabolism, signal
transduction and transport systems. Eight highéidlgenes were down-regulated
and included xcpZ involved in a secretion pathwi4888 involved in signal
transduction, oprD encoding for a membrane protei411 and PP145 involved
in ABC transporters and 3 genes involved in meialqmthways (PP180, gcl and
bioB). Thirteen genes had an unknown function aetuded 6 induced genes and

7 repressed genes.
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Table 3.13  Details of 44 genes and associattdbulic pathways common to two geneligtsputidaCP1 grown on nutrient broth comparedPtoputida
CP1 grown on 200 ppm 4-chlorophenol, 100 ppm 2rolpleenol and 100 ppm 3-chlorophenol d@dputida CP1 grown on 50 ppm 4-chlorophenol
compared td®. putidaCP1 grown on nutrient broth (Data from Figure 3.17

Locus Gene Annotation Pathway FC CP1|FC FC CP2 vs| FC CP1 vs
ID Name vs. 200CP4| 200CP4 vs| CP3 50CP4
CP2

PP5292 cre exodeoxyribonuclease Base excisionrrepail.482 0.112 0.196 1.91

PP63 lipid A biosynthesis lauroylLipopolysaccharide | 1.222 0.126 1.228 0.238
acyltransferase putative biosynthesis

PP1054 xcpZ type Il secretion pathway protein Secretion -1.694 -2.234 -0.556 -2.474
XcpZ

PP1637 transcriptional regulator LysR ranscription 1.222 0.196 0.626 1.496
family

PP2232 transcriptional regulator  Cro/Cl 1.946 0.498 0.89 2.418
family

NA transcriptional 1.86 0.64 0.312 1.544

NA transcriptional 1.58 0.058 0.1 1.68

PP5108 rpoH RNA polymerase sigma-32 facton 1.632 17 0. 1.444 1.482

PP124 engB GTP-binding protein putative 2.302 0.776 0.266 3.35

PP4948 acyl-CoA dehydrogenase fanjillfatty acid metabolism 1.826 0.608 0.15 3.27
protein
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PP3990 membrane protein putative Signal transduction 2.38 1.08 0.478 | 2.486

PP2645 mgtB magnesium-translocating P-type 2.622 0.25 0.566 5.038
ATPase

PP3437 CBS domain protein 6.216 0.42 0.94 6.792

PP4888 methyl-accepting chemotaxis -1.5 -0.226 -0.504 -2.582
transducer putative

PP1206 oprD porin D Membrane protein -1.65 -0.422 -0.346 -2.324

PP5355 sodium/proton antiporter putativg Transport system 2.42 366. 0.344 1.806

PP2035 benE-1| benzoate transport protein 1.544 0.16 | 0.984 2.412

PP959 ttg2B toluene tolerance ABC efflux 1.212 0.124 0.638 1.62
transporter permease

PP145 Na+/Pi  cotransporter  family -1.788 -0.498 -0.936 -2.046
protein

PP411 polyamine  ABC  transporter -2.966 -1.956 -0.226 -3.906
ATP-binding protein

PP127 thiol:disulfide interchange proteiMetabolic pathways | 1.542 1.236 0.444 3.292
DsbA family

PP4823 purD phosphoribosylamine--glycine 3.002 0.198 0.398 3.922

ligase
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PP626 ndh NADH dehydrogenase

PP3338 ubiquinol oxidase subunit ll-related
protein

PP4999 pyrC dihydroorotase multifunctional
complex type

PP4252 ccoQ-1| cytochrome c oxidase cbb3-type
CcoQ subunit

PP2160 queF 7-cyano-7-deazaguanine reductgse

PP5092 NLP/P60 family protein

PP4297 gcl glyoxylate carboligase

PP362 bioB biotin synthetase

PP180 cytochrome c family protein

3.068 0.564 0.346 4.56
1.418 0.768 0.852 3.042
1.34 0.88 0.45 3.402
2.318 0.182 0.196 1.998
1.428| 0.558 0.982 1.804
1.398 0.704 0.14 621.
-1.242 -0.024 -0.114 -1.478
-1.238 -1.094 -0.676 -4.632
-4.116 -0.034 -0.252 -4.09

* Data in bold refer to down-regulatechge
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Seven genes unique R putidaCP1 vs. 200 ppm 4CP-100 ppm 2CP-100 ppm
3CP are described in Table 3.14. Four of these gyeve¥e up-regulated and
included PP1961 encoding for TetR family transooimtl regulator, PP2934
encoding for dienelactone hydrolase which is thwalfienzyme involved in
chlorophenol degradation, PP132 encoding for hisi¢inase which is involved
in signal transduction of a two-component syste BR4936 encoding for O-
antigen polymerase. Three genes was repressechelnded tig encoding for a
folding, PP2078ncoding for

acetyltransferase and an unknown gene that enéodebiquinol.

trigger factor involved in protein an

Table 3.14

differentially expressed whep. putidaCP1 grown on nutrient broth was compare®® to

Details of seven genes with associatethbolic pathways that were

putida CP1 grown on 200 ppm 4-chlorophenol, 100 ppm 2+cphenol and 100 ppm 3-

chlorophenol.

Locus | Gene | Annotation Pathway/ FC FC 200| FC
ID Name function CP1 vs| 4CP vs| CP2 vs
200 2CP 3CP
ACP
PP1961 TetR family Transcription 1.596 0.226 0.392
transcriptional
regulator
PP2934 dienelactone Chlorophenol 1.434 0.084 0.09
hydrolase degradation
PP132 multi-sensor signalfwo-component | 1.402 0.022 0.312
transduction system
histidine kinase
PP4936 O-antigen LPS biosynthesis 1.28 0.082 0.114
polymerase
PP2299| tig trigger factor Protein translation ©B2 | -0.318 -0.062
PP2073 acetyltransferase NA -1.468 -0.144 3-0.3
NA ubiquinol NA -1.552 -0.588 -0.404
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gRT-PCR

The fold change values described reflected theitybdf the organism to
aggregate which was in the order 3CP> 2CP> 4CReeThenes PP132, PP1961
and PP4936 were selected for validation with gqRRPCThe results obtained
confirmed the array findings. In all three cases trends of expression were
3CP> 2CP> 4CP (Figure 3.18) suggesting a role forttaee genes in

autoaggregation.

Relative quantification (Fold change)
D

PP132 PP1961 PP4936
Genes

Figure 3.18 Relative quantification of gene egsion of genes PP132, PP1961 and
PP4936 in aggregated cellskfputidaCP1 grown on 100 ppm 2-chlorophens},(100
ppm 3-chlorophenol ) and 200 ppm 4-chlorophenah)(compared tdP. putida CP1

grown on nutrient brothmi).
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3.3 Phenotypic and genotypic responses Bf putida CP1 when grown on

0.5% (wl/v) fructose

Studies had shown th&t putidaCP1 displayed autoaggregation when grown on
0.5% (w/v) fructose and so phenotypic and genotygsponses dP. putidaCP1
when grown on 0.5% (w/v) fructose were monitorede Bbility of the organism
to grow on 0.5% (w/v) fructose and 0.5% (w/v) glseowas determined.
Autoaggregation was monitored and the aggregatese weharacterised.
Expression profiling analysis was carried out teniify genes associated with
autoaggregation and to compare the findings withséhobtained when the

organism was grown on mono-chlorophenols.

3.3.1 Phenotypic responses oP. putida CP1 when grown on 0.5% (w/v)

fructose

The phenotypic responses Bf putidaCP1 when grown on 0.5% (w/v) fructose
were determined by monitored growth and substetewal, aggregate formation

and cell viability and aggregate characterizatimriuding EPS composition.

Growth of P. putida CP1 and P. putida KT2440 orf0.6v/v) fructose and 0.5%

(w/v) glucose

P. putidaCP1 andP. putidaKT2440 were grown in liquid culture on 0.5% (w/v)
fructose and 0.5% (w/v) glucose. Growth was moaedountil all the substrate
was removed (Figure 3.19). Both sugars were dedragehe two bacteria. Sugar
removal was preceded by a lag period. The lag Wwasest forP. putidaKT2440
where the lag was 2 hours for both substrates.|l8deeriod forP. putidaCP1
was twice that for glucose and four times longer fimctose. Fructose was
completely removed by both organisms in 48h. Howegticose was utilised
more readily than fructose in less than 20 houlngs Was reflected in the rates of
substrate removal (Table 3.15). The rate of gluceseoval was double that of
fructose andP. putidaKT2440 removed both sugars more than twice asafsiRt
putida CP1. The pH in all cases was initially 7.0 and fel 6.2 — 6.4 in all

systems with substrate utilization. The initiall ial pH was followed by a rise in
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pH when maximum biomass values were achieved, &xnepase ofP. putida
CP1 grown on fructose. Biomass was monitored throug the experiment. A
significant increase in biomass was observed wheputidaCP1 andP. putida
KT2440 were grown on both sugars. The removal wétbise byP. putidaCP1
from the medium at 8 hours corresponded with aggieq of the bacterial cells.
Aggregation continued with substrate removal amdeiased sharply when all the
fructose was removed. The aggregation of the élidustrated in Figure 3.20.
There was an increase in aggregate size with tmdeaacolour change was also
observed. No cell aggregation was observed wherotthanism was grown on
glucose. Aggregation was absent whenputidaKT2440 was grown on either

sugar.

a) 6.0 7.2 b) 6.0 72
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>
o
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Figure 3.19  Growth of &). putidaCP1 on 0.5% (w/v) fructose B). putidaKT2440
on 0.5% (w/v) fructose d}. putidaCP1 on 0.5% (w/v) glucose andl) putidaKT2440
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on 0.5% (w/v) glucose. Sugai)( cell biomass &) and pH ¢). Arrow indicates time of

formation of aggregates.

Table 3.15 Lag periods and substrate removas rfor P. putidaCP1 andP. putida
KT2440 grown on 0.5% (w/v) fructose and 0.5% (wgijcose (Data from Figure 3.19).

Treatment Lag Removal rate Specific Presence of
period (mgmi™h™) substrate aggregates
(h) removal rate (h)

(h)

CP1-Fructose 8 0.1143 5.25 8
KT2440-Fructose 2 0.1709 13.906 -
CP1-Glucose 4 0.2733 11.571 -
KT2440-Glucose 2 0.3054 26.813 -

24 h 48 h 72 h

White aggregates with a clepivellow aggregates with aYellow aggregates with

medium clear medium cloudy medium

Figure 3.20  Appearance of aggregates wiheputidaCP1 was grown on 0.5% (w/v)
fructose after 24, 48 and 72 hours.

Analysis of the aggregates

The aggregation index, cell surface hydrophobiaityl size and viability of the
aggregates were determined over a three day péfiadle 3.16). When cell
aggregation was observed, the aggregation indexeased with time of
incubation. The aggregation index was 0.98 + O0fédr 24 h, 1.21 + 0.22 on 48 h
and 1.58 £ 0.08 on 72 h. Cell surface hydrophopititreased with time and
there was a significant difference between the dyydobicity from day 1 to day 3.
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The hydrophobicity as measured by adherenaetexadecane was 54% after 1
day, increasing to 66% on day 2 and 84 % on dayh8.aggregates increased in
size as substrate decreased. The average size afitinegates ranged from 25.79
unt (10°) after 24 hours, 214.51 [fn§10°) after 48 hours and 1567.37 fim
(10%) after 72 hours. Microscopic observations showed most of the cells in
the aggregate were viable after 24 hours. Howefter 48 hours and 72 hours the

core part of the aggregate was filled with deatscel

Table 3.16  Changes in aggregation index (Ad), surface hydrophobicity (BATH %),
aggregate size and viability (%) during growthPofputidaCP1 on 0.5% (w/v) fructose
following 24, 48 and 72 hours.

Time (h) 24 48

s

Al 0.98 £0.01 1.21 £0.22 1.58 £ 0.08
BATH 54 +£1.29 66 £2.11 84 £0.35

(%)

Size 25.79+£2.16 214.51 £ 13.92 1567.37 £ 10.9
UmM?(x10%)

Viability 86 +£ 3.6 68 + 6.68 38 +£6.25

(%)

The distribution of live and dead cells in the aggte grown on 0.5% (w/v)
fructose for 24 h was observed using confocal lasanning microscopy (CLSM)
at x60 magnification. The preliminary findings afiaterpretation of all sample
slices revealed that the distribution of biomassthe aggregates followed a
common pattern. The intensity of fluorescent signahder both channels was
randomly distributed. Figure 3.21 shows the distitn of live and dead cells
from the bottom, middle and top section of the aggte. The biomass residing at
the bottom was mostly stained by SYTO 9 in thepyeral zone, and the top and
middle sections were stained by both propidiumdedand SYTO 9 randomly.
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There were patches in the aggregates that werestaied by either dye
suggesting the presence of extracellular material.

Figure 3.21  CLSM image of aggregated cell® oputidaCP1 grown on 0.5% (w/v)
fructose following 24 hours stained with the Liveddl stain. a) bottom b) middle c) top

section and d) overall of the aggregate.
Extracellular polymeric substances (EPS)

The production of extracellular polymeric substan€EPS) byP. putida CP1
grown on 0.5% (w/v) fructose and 0.5% (w/v) glucasas investigated. The
levels of both bound and free EPS were quantifieghemically (Figure 3.22).
Low levels of EPS were detected following growthRof putida CP1 on 0.5%
(w/v) glucose for 24 hours. In contrast, high levelf EPS, twice the level
detected when the organism was grown on glucoss, detected when the
organism was grown on 0.5% (w/v) fructose for 24isoThis production of EPS
corresponded with the formation of aggregates leydiganism. The production
of EPS (ug/ml) was seen to increase as the sizéheofaggregates increased
(Figure 3.22). When the EPS concentration was agprein terms of the biomass
the levels of EPS/unit biomass decreased with (Figure 3.23).
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The levels of bound EPS than free EPS were sirfolathe total EPS. When the
biochemical composition of the EPS was investigatedtas seen to comprise
carbohydrate, protein and DNA as was the case wWienrganism was grown on
mono-chlorophenols. The largest fraction of the BR& protein which was
largely bound EPS. A lower level of carbohydrateswlatected and was found to
be mainly free EPS. The levels of DNA were lowest aid not increase

significantly with time.
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Figure 3.22  Composition of free and bound ER@r(l) extracted fron®. putidaCP1
following growth on 0.5% (w/v) fructose up to 72ums and 0.5% (w/v) glucose for 24

hours.

=
o
o

o)
o

—
%)
%]
©
£
=
o B Free EPS
o> 60
S OBound EPS
g/ 40
%
o
w20
0 ===

Q c < = Q c < = [0) c < = )

g2 3|8 £18|3 8 §18|z 8 g

S| 8|0 |F S| 0|0 |F S| 0|0 |F k]

2| a 2| a 2| a 2

[<} o o [=}

Qo Qo Qo Qo

3 3 3 3

o ) ) o

0.5% Fructose (24h) 0.5% Fructose (48h) 0.5% Fructose (72h) 0.5% Glucose (24h)

Treatment
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putida CP1 following growth on 0.5% (w/v) fructose up %@ hours and glucose 0.5%
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A microscopic examination of the EPS was carried asing specific
fluorophores and epifluorescent microscopy. Theultes supported the
biochemical analysis showing the EPS was composedlyrof protein and lower
levels of carbohydrate and DNA. The levels of DNAwever were seen to
increase with time. Given that there was a decr@asell viability this result
suggests that cell lysis contributed to the lewd#I®NA (Figure 3.24). Confocal
laser scanning microscopy (CLSM) was used to sthdyaggregates when the
organism was grown on fructose after 24 hours. Hmribution of the

biochemical components of the EPS were seen tarmomly distributed (Figure
3.25).
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Figure 3.24  Percentage of protein, carbohydaate DNA in extracellular polymeric
substances (EPS) produced PyputidaCP1 following growth on 0.5% (w/v) fructose
for up to 72 hours based on microscopic observation

Figure 3.25 CLSM image &f. putidaCP1 aggregated cells following growth on 0.5%
(w/v) fructose for 24 hours. a) Calcofluor whitg), FITC and ¢) SYTO 63 and d)
combined multi-channel image.
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3.3.2 Expression profiling analysis

As was the case with the chlorophenols, expregsiofiling analysis was used to
identify genetic factors governing autoaggregatidren the organism was grown
on fructose using B. putidaGenome Oligonucleotide Array (Progenika, Spain).
Initially results obtained forP. putida CP1 grown on nutrient broth were
compared with those obtained when the organism gromwfructose. Finally the
result obtained following a study of CP1 vs. 200nppCP-100 ppm 2CP-100 ppm
3CP was compared witP. putidaCP1 vs fructose. In each study the differentially
regulated genes were identified, PSORTB v3 analysis used to identify the
cellular location of the proteins and pathway asiglywas used to identify the

main biological pathways.

Comparative study CP1vsFructose

When changes in gene expression were compareR.fputida CP1 grown on
nutrient broth with the organism grown on 0.5% (Whactose (array 9), a total of
838 genes were significantly differentially regeldt including 169 genes

encoding for hypothetical proteins.

Up-regulated gene transcripts

456 genes were identified as significantly up-rated P < 0.05, Fold Change
(FC) >1.2). Genes were ranked by fold change aeddp 25 genes are listed in
Table 3.17. The most up-regulated gene was PP1b&%hwencodes for the outer
membrane protein H1 with a fold change of 6.87. nber of the top up-
regulated genes, rplV, rpsL, rplQ, rpIR, rpsF, rpg, rplP and rpID play a role
in protein translation. Other up-regulated geneduohed cyoC, cyoE-2, cyoB,
atpG, cyoD and atpE involved in oxidative phosphairgn, fliE involved in

flagella assembly, phoQ in a two-component-systsetyY, yidC and secE in

protein export and bacterial secretion systems.
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Table 3.17

Top 25 genes up-regulatedPirputidaCP1 following growth on 0.5%

(w/v) fructose for 24 hours.

Locus Gene Annotation Pathway FC p-value

ID Name

PP1185 | oprH outer membrane protein 6.872 0
H1l

PP814 cyoC cytochrome o ubiquinpoDxidative 6.252 0
oxidase, subunit 11l phosphorylation

PP816 CyoE-2 protoheme IXOxidative 5.94 0.00001
farnesyltransferase phosphorylation

PP5000 heat shock protein Hsl\/ 5.884 0.00005

PP813 cyoB cytochrome o ubiquinplOxidative 5.488 0.00001
oxidase, subunit | phosphorylation

PP1187 phoQ integral membrane sens®mwo-component system 5.04 0
signal transduction
histidine kinase

PP1981 NifR3/Smm1 family 4.906 0.00049
protein

PP5001 ATP-dependent protease 4.546 0.00015
ATP-binding subunit
HslU

PP459 rplv 50S ribosomal protejnProtein translation 4.286 0
L22

PP449 rpsL 30S ribosomal proteirfProtein translation 3.792 0.00081
S12

PP5414 | atpG FOF1 ATP  synthas®xidative 3.764 0.00005
subunit gamma phosphorylation

PP480 rplQ 50S ribosomal protejrProtein translation 3.748 0.00002
L17

PP5337 LysR family 3.738 0.0005
transcriptional regulator

PP474 secY preprotein translocaserotein export; Bacterigl 3.718 0.00379
subunit SecY secretion system

PP470 rpIR 50S ribosomal protejirProtein translation 3.632 0.00002
L18

PP4895 | miaA tRNA delta(2)- Metabolic pathways 3.544 0.00012
isopentenylpyrophospha
e transferase

PP4877 rpsk 30S ribosomal protein $6  Protein @#iosl 3.464 0.00023
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PP4728 | grpE heat shock protein Grpk 3.446 0.00088

PP6 yidC putative inner membranérotein export; Bacterigl 3.432 0.00005
protein translocase secretion system
component

PP4876 rpskR 30S ribosomal proteiRrotein translation 3.382 0.00016
S18

PP4874 | rpll 50S ribosomal protein L9  Protein tratish 3.284 0.0001

PP815 cyoD cytochrome o ubiquinplOxidative 3.148 0.00583
oxidase phosphorylation

PP5418 | atpE FOF1 ATP  synthas®xidative 3.136 0.0001
subunit C phosphorylation

PP4179 htpG heat shock protein 90 3.126 0.00099

PP461 rplP 50S ribosomal proteirfProtein translation 3.04 0.00098
L16

PP4370 | fliE flagellar hook-basal bodyFlagellar assembly 3.028 0.00044
protein

Down-regulated gene transcripts

382 genes were identified as significantly downdtated and following ranking

by fold change the top 25 genes are listed in Tadl8&. The top down-regulated

25 genes were involved in carbohydrate metabolemino acid metabolism and

ABC transporters. The most down-regulated gene Ahapcoded for histone

family protein DNA-binding protein with a fold chga -9.31. Genes involved in

fructose metabolism, fruK, fruA and fruB were aldown-regulated in this

comparative study. Two genes, phaA and phaF, adsdciwith poly-3-

hydroxyalkanoate (PHA) were also listed.
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Table 3.18

fructose for 24 hours.

Top 25 genes down-regulatedPimputida CP1 grown on 0.5% (w/v)

Locus | Gene | Annotation Pathway FC p-value

ID Name

PP5313| hupA histone family protejn -9.31 0
DNA-binding protein

PP1010| edd phosphogluconate Pentose phosphate-8.47 0
dehydratase pathway

PP1296| estB carboxylesterase -7.81 0

PP3443 glyceraldehyde-3- Glycolysis /| -5.69 0.00003
phosphate dehydrogenaseGluconeogenesis
putative

PP1012| g¢ltR-2 | winged helix family twp -5.64 0.00001
component transcriptional
regulator

PP4922| thiC thiamine biosynthesig hiamine metabolism -5.23 0
protein ThiC

PP3745| glcD glycolate oxidase subuniGlyoxylate and| -5.17 0.00007
GlcD dicarboxylate metabolism

PP1071 amino acid ABC ABC transporters -5.14 0
transporter,  periplasmig
amino acid-binding protein

PP4659| ggt-2 gamma- Taurine and hypotauring-4.72 0
glutamyltransferase metabolism

PP2528| metY O-acetylhomoserine Cysteine and methioning-4.53 0.00001
aminocarboxypropyltransfi metabolism
erase

PP794 | fruK 1-phosphofructokinase Fructose and nsmhed.48 0.00032

metabolism

PP3189| codA N-isopropylammelide Pyrimidine metabolism -4.40 0
isopropylaminohydrolase

PP1024| eda keto-hydroxyglutarate- | Pentose phosphate-4.32 0.00012
aldolase/keto-deoxy- pathway
phosphogluconate aldolase

PP545 aldehyde dehydrogenagBlycolysis /| -4.17 0.00002
family protein Gluconeogenesis

PP3514| hyuB hydantoinase Arginine  and proling -4.12 0.00004
B/oxoprolinase metabolism

PP1009| gap-1 glyceraldehyde-3- Glycolysis / -4.09 00001
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phosphate dehydrogenaseGluconeogenesis
type |

PP5003| phaA poly(3-hydroxyalkanoatg) Butanoate metabolism -4.03 0.00017
polymerase 1

PP1986| leuD isopropylmalate isomerasealine, leucine and -3.90 0.00056
small subunit isoleucine biosynthesis

PP795 | fruA PTS system, fructosd-ructose and mannose3.78 0.00002
subfamily, 1IC subunit metabolism

PP362 | bioB biotin synthase Biotin metabolism -3.61] 0.00042

PP793 | fruB phosphoenolpyruvate- | Fructose and mannose3.59 0.00005
protein phosphotransferagemetabolism

PP1139| livM leucine/isoleucine/valine | ABC transporters -3.46 0.00014
transporter permeade
subunit

PP5007| phaF poly(hydroxyalkanoate) -3.39 0.00001
granule-associated protein

PP1019| oprB-1| porin B -3.12 0.00022

PP4256| ccoO-2 cbbh3-type cytochrome| ©xidative phosphorylation -3.08 0.00003
oxidase subunit Il

Protein localization

PSORTB v3 analysis of the 838 differentially expext genes showed the

location in the cell of the encoded proteins (T&hl9). The analysis showed 210

encoded proteins were localized in an unknown iooatthe majority of the

proteins were localized in the cytoplasm (388), ikBthe cytoplasmic membrane,

31 in the periplasmic space, 22 in the outer mendyr® extracellular and 4

associated with flagellae.

Table 3.19

putidaCP1 grown on 0.5% (w/v) fructose for 24 hours.

Cell location of proteins encodedgeyes differentially regulated iR.

Protein location

Number of genes

Induced Repressed Total
Cytoplasm 220 168 388
Cytoplasmic membrane 97 85 182
Periplasmic space 10 21 31
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Outer membrane 7 15 22

Extracellular 2 3 5
Flagellar 4 - 4
Unknown - - 210

Metabolic pathway analysis

A pathway analysis was conducted for the 838 oppdd genes based on the
biological information database KEGG. A total of 2fifferent metabolic
pathways were identified in this analysis (Tabl203. 5% of the genes were
involved in protein translation, 4% in ABC transgos, 3% in oxidative
phosphorylation and 2% in two-component systemsmaller number of genes
were involved in pathways associated with carbodtgdmetabolism including
pentose phosphate pathway, glycolysis, fructosenaamthose metabolism, amino
sugar and nucleotide sugar metabolism, pyruvatalmésm and the TCA cycle
and with amino acid metabolism pathways includimgirane and proline
metabolism, alanine, aspartate and glutamate mletalovaline, leucine and
isoleucine degradation, histidine metabolism, ghitme metabolism and
tryptophan metabolism. A total of 0.84% genes wiexdlved in cell motility

including chemotaxis and flagellar assembly.

Table 3.20 Metabolic pathways (%) associatedh wifferentially up-regulated and

down-regulated genes whéh putida CP1 was grown on 0.5% (w/v) fructose for 24

hours.
Pathway Percentage  Up-regulated Down-regulated
Protein translation 4.65 39 0
ABC transporters 4.30 8 28
Oxidative phosphorylation 2.74 17 6
Two-component system 2.03 6 11
Arginine and proling 1.67 6 8
metabolism
Purine metabolism 1.43 12 0
Butanoate metabolism 131 5 6
Propanoate metabolism 1.31 2 9
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Pyrimidine metabolism 1.19
Alanine, aspartate and 1.19
glutamate metabolism

Bacterial secretion system 1.07
Pyruvate metabolism 1.07
Valine, leucine and isoleucine 1.07
degradation

Glycolysis / Gluconeogenesis 1.07
Lipopolysaccharide 1.07
biosynthesis

Porphyrin and chlorophyll  0.95
metabolism

Pentose phosphate pathway 0.95
Fatty acid biosynthesis and 0.84
metabolism

Flagellar assembly 0.84
Bacterial chemotaxis 0.84
Histidine metabolism 0.72
Benzoate degradation vja 0.72
hydroxylation

Nitrogen metabolism 0.72
Tryptophan metabolism 0.72
Fructose and mannose 0.72
metabolism

Citrate cycle (TCA cycle) 0.72
Glutathione metabolism 0.72
Terpenoid backbone  0.60
biosynthesis

Protein export 0.60

Seven pathways involved with carbohydrate metatvokgere identified among
the significant pathways when the comparative stQi\lvsFructose was carried
out. These pathways are listed in Table 3.21. B#n metabolism and
propanoate metabolism had the highest number oéggassociated with the
pathway. The pathway involved in fructose and maenmetabolism had the
lowest number of associated genes (6) and only adniheses genes was up-
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regulated. The genes involved in each of the s@athways are listed in Table

3.22.

Table 3.21 Numbers of pathways of carbohydnag¢abolism associated with genes

up-regulated and down-regulated wherputidaCP1 was grown on 0.5% (w/v) fructose

for 24 hours.

Pathway

Total Up-regulated = Down-regulated

Butanoate metabolism

Pyruvate metabolism

Glycolysis / Gluconeogenesis

Pentose phosphate pathway

Propanoate metabolism

Citrate cycle (TCA cycle)

Fructose and mannose metabolism

11 5
9 3
9 2
8 2
11 2
6 1
6 1

6
6
7

Table 3.22 Details of genes involved in carlabhje metabolism pathways whEn
putidaCP1 was grown on 0.5% (w/v) fructose for 24 hqlrata from Table 3.21).

Pathway Locus Gene | Annotation FC p-value
ID name
Butanoate metabolisn PP4948 acyl-CoA dehydrogenas@.74 0.00224
family protein
PP213 gabD succinate-semialdehyde 2.138 0.00006
dehydrogenase
PP4192 sdhD | succinate dehydrogena{ 1.6 0.0428
hydrophobic membrane anchpr
PP214 gabT 4-aminobutyrate 1.518 0.00344
aminotransferase
PP3755 paaH 3-hydroxybutyryl-CoA 1.378 0.00829
dehydrogenase
PP4636 beta-ketothiolase -1.2 0.047135
PP2215 fadAx | 3-ketoacyl-CoA thiolase -1.474 0.03679
PP2679 quinoprotein ethanp}2.856 0.00357
dehydrogenase putative
PP2680 aldehyde dehydrogenas.902 0.00115
family protein
PP5003 phaA poly(3-hydroxyalkanoate) -4.03p 0.00017
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polymerase 1
PP545 aldehyde dehydrogenasé.168 0.00002
family protein
Pyruvate metabolism | PP2929 nspC carboxynorspermidine 2.26 0.03616
decarboxylase
PP4736 lldD L-lactate dehydrogenase 1.98 0.00P36
PP1996 acch acetyl-CoA carboxylaisé.346 0.03157
subunit beta
PP4636 acetyl-CoA acetyltransferase -1.2 0.04}735
PP1607 accA acetyl-CoA carboxylasel.456 0.02879
carboxyltransferase suburjit
alpha
PP2215 fadAx | acetyl-CoA acetyltransferasef -1.444 03®79
PP2680 aldehyde dehydrogen@s€.902 | 0.00115
family protein
PP5366 Ipd3 dihydrolipoamide -3.334 0.00034
dehydrogenase
PP545 aldehyde dehydrogenasé.168 0.00002
family protein
Glycolysis /| PP4715 tpiA triosephosphate isomerase 2.31p 0.00168
Gluconeogenesis PP1616 D-isomer specific 2-2.156 0.00954]
hydroxyacid  dehydrogenage
family protein
PP2679 quinoprotein ethanp}2.856 0.00357
dehydrogenase, putative
PP2680 aldehyde dehydrogen@s.902 0.00115
family protein
PP1011 glk glucokinase -2.904 0.000p3
PP5366 Ipd3 dihydrolipoamide -3.334 0.00034
dehydrogenase
PP1009 gap-1 glyceraldehyde-3-phosphat¢ -4.088 1.00E-
dehydrogenase, type | 05
PP545 aldehyde dehydrogenas4.168 2.00E-
family protein 05
PP3443 glyceraldehyde-3-phosphateg -5.694 3.00E-
dehydrogenase, putative 05
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Pentose phosphalePP722 prsA ribose-phosphate 2.866 0.00084
pathway pyrophosphokinase
PP3416 gnuK carbohydrate kinagel.94 0.01741
thermoresistant  glucokinage
family
PP4042 zwf-2 | glucose-6-phosphate 11.46 0.00652
dehydrogenase
PP415 rpe ribulose-phosphate 3-1.506 0.00666
epimerase
PP3378 kguK PfkB domain protein -1.744 0.03242
PP1022 zwf-1 | glucose-6-phosphate 12.06 0.00031
dehydrogenase
PP1024 eda keto-hydroxyglutarate- -4.316 0.00012
aldolase/keto-deoxy-
phosphogluconate aldolase
PP1010 edd phosphogluconate dehydratase -8.47 0
Propanoate PP214 gabT 4-aminobutyrate 1.518 0.00344
metabolism aminotransferase
PP1996 acch acetyl-CoA carboxylaisé.346 0.03157
subunit beta
PP4636 acetyl-CoA acetyltransferase -1.2 0.04}735
PP1607 accA acetyl-CoA carboxylasel.456 0.02879
carboxyltransferase suburjit
alpha
PP2215 fadAx | 3-ketoacyl-CoA thiolase -1.474 0.03679
PP2338 prpD 2-methylcitrate dehydratase -1.644 2787
PP4667 mmsA{ methylmalonate-semialdehydp-1.68 0.00014
2 dehydrogenase
PP4186 sucC succinyl-CoA synthetgsd.704 0.02231
subunit beta
PP2679 quinoprotein ethanp}2.856 0.00357
dehydrogenase, putative
PP2680 aldehyde dehydrogen@s.902 0.00965
family protein
PP545 aldehyde dehydrogenas4.168 0.00002
family protein
Citrate cycle (TCA| PP4192 sdhD succinate dehydrogenaskp 0.0428

cycle)

hydrophobic membrane anch

protein

pr
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PP944 fumC- | fumarate hydratase -1.43 0.044Y76
1

PP4186 sucC succinyl-CoA synthetgsd.704 0.02231
subunit beta

PP2336 aconitate hydratase -1.83p 0.03p89

PP4011 icd isocitrate dehydrogenalse?.284 1.00E-
NADP-dependent 05

PP5366 Ipd3 dihydrolipoamide -3.334 0.00034
dehydrogenase

Fructose and mannogePP4715 tpiA triosephosphate isomerase 2.31p 0.0016
metabolism PP2037 class Il aldolase/adduginl.5 0.01638

domain protein

PP1277 algA mannose-1-phosphate -2.276 0.00085
guanylyltransferase/mannoset
6-phosphate isomerase

PP793 fruB phosphoenolpyruvate-protein -3.582 0
phosphotransferase

PP795 fruA PTS system, fructo$e3.782 0
subfamily, 1IC subunit

PP794 fruK 1-phosphofructokinase 0.00032

-4.47%

Four pathways associated with autoaggregation degpto Sauer and Camper
(2001) was also identified with this study (Tabl23. The genes involved in

these 4 pathways are listed in Table 3.24. Mosthefgenes were linked with

ABC transporters, 17 genes were involved in two{oonent systems, 9 genes

were involved in LPS biosynthesis and 7 genes etgdlin flagellar assembly.

Table 3.23  Numbers of up-regulated and dowmHetgd genes involved in pathways
related to autoaggregation whenputidaCP1was grown on 0.5% (w/v) fructose for 24
hours.
Pathway Total Up-regulated Down-regulated
ABC transporters 36 8 28
Flagellar assembly 7 7 0
Two-component system 17 6 11
Lipopolysaccharide biosynthesis 9 6 3
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Table 3.24  Details of genes involved in pathsveslated to autoaggregation when
putidaCP1 was grown on 0.5% (w/v) fructose for 24 hours.
Pathway Locus Gene | Annotation FC p-value
ID name
ABC transporters | PP237 SSUA aliphatic sulfonate ABQ.814 0.02764
transporter periplasmic
ligand-binding protein
PP240 ssuB aliphatic sulfonate®.032 0.00707
transport ATP-binding
subunit
PP164 lapG Large adhesion protein 1.928 0.002
PP3077 binding-protein-dependent 1.642 0.00013
transport  systems inner
membrane component
PP983 permease YjgP/YjgQ familyl.522 0.00434
protein
PP2767 branched-chain amino acitl.444 0.00961
ABC transporter, ATP-
binding protein, putative
PP2155 | IlolD lipoprotein releasingl.372 0.04227
system, ATP-binding
protein
PP2240 ABC transporter 1.31 0.01107
PP4843 branched-chain amino acidl.224 0.0211
ABC transporter, permease
protein, putative
PP5178 | potH binding-protein-dependent -1.258 0.00599
transport  systems  inner
membrane component
PP619 branched-chain amino acidl.268 0.03529
ABC transporter,
periplasmic amino acid-
binding protein
PP3637 sulfonate ABC transporter1.282 0.01447
ATP-binding protein,
putative
PP884 dipeptide ABC transporter, -1.292 0.023819
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periplasmic peptide-bindin

protein

PP2592

ferric  siderophore AB
transporter,  ATP-binding

protein

C-1.326
)

0.02062

PP1141

braC

extracellular ligand-bindi

receptor

ngl.33

0.00184

PP5179

potG

spermidine/putrescine Al

transporter ATPase

BE1.356

0.0018

PP232

tauB

taurine transporter AT

binding subunit

P-1.372

0.04175

PP3222

ABC transporter, permed

protein

156.424

0.01362

PP5171

cysP

sulfate  ABC transport]
periplasmic sulfate-bindin

protein

erl.478
)

0.02814

PP5180

potF-1

putrescine ABC transport
periplasmic putrescine

binding protein

er].526

0.01685

PP295

glycine  betaine/L-prolin
ABC transporter, permeas

protein

e-1.616

e

0.02005

PP5177

potl

ornithine

carbamoyltransferase

-1.658

0.00463

PP1137

braG

branched chain amino g
ABC transporter ATP-
binding protein

cid.75

0.00099

PP4865

inner-membrane

translocator

-1.818

0.00362

PP3213

ABC transporte
periplasmic binding

component-related protein

r-2.024

0.01911

PP1298

aapQ

polar amino acid AEH
transporter inner membrar

subunit

G2.124

e

0.00018

PP1297

aapJ

general amino acid A

transporter, periplasmi

BE2.146

(9}

binding protein

0.00045
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PP1138 | livG leucine/isoleucine/valine | -2.202 0.0037
transporter ATP-binding
subunit

PP1299 | aapM polar amino acid ABG2.54 0.00018
transporter inner membrane
subunit

PP1070 polar amino acid ABC-2.7 0.00018
transporter inner membrane
subunit

PP226 polar amino acid AB(C-2.732 0
transporter inner membrane
subunit

PP227 cystine transporter subuni -2.78 0.00005

PP1140 | braD inner-membrane -2.968 0.00069
translocator

PP1139 | livM leucine/isoleucine/valine | -3.46 0.00014
transporter permease
subunit

PP1071 amino acid ABC-5.138 0
transporter, periplasmic
amino acid-binding protein

PP4867 extracellular ligand-binding6.666 0.00001
receptor

Two-component PP1187 | phoQ integral membrane sensbro4 0
system signal transduction histiding

kinase

PP5046 | glnA glutamine synthetase, type | 2.678 (e

PP4340 | cheY response regulator recejv&r802 0.00561
protein

PP109 cytochrome oxidasel.618 0.01937
assembly

PP5183 glutamine synthetasel.534 0.00676
putative

PP2100 two-component sensot.35 0.02904
protein

PP4636 acetyl-CoA -1.2 0.04735
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acetyltransferase

PP4521 aerotaxis receptor, putative  -1.466 0.9009
PP2215 | fadAx | acetyl-CoA -1.474 0.03679
acetyltransferase
PP4161 | kdpA potassium-transporting -1.702 0.03055
ATPase subunit A
PP1401 | dctD two component, sigmab54l.772 0.00507
specific, transcriptional
regulator, Fis family
PP3583 acriflavin resistance protein  -1.822 01410
PP802 chev-1| chemotaxis protein CheV -1.87 0.0068
PP5320 | phoB winged helix family twp-1.884 0.00027
component transcriptional
regulator
PP4647 | IuxR LuxR family transcriptional-1.898 0.03228
regulator
PP1181 winged helix family twp-1.942 0.02548
component transcriptional
regulator
PP4333 | CheW | CheW domain-containing3.554 0.00003
protein
Flagellar assembly| PP4370 | fliE flagellar hook-basal body3.028 0.00044
protein FliE
PP4385 | flgG flagellar basal body rod®.514 0.00004
protein FIgG
PP4344 | flhA flagellar biosynthes|s2.03 0.03343
protein FIhA
PP4384 | figH flagellar basal body L-rirgl.962 0.00337
protein
PP4383 | flgl flagellar basal body P-ringl.646 0.02366
protein
PP4357 | fliN flagellar  motor  switch 1.558 0.00338
protein
PP4369 | fliF flagellar MS-ring protein 1.272 0.01441
Lipopolysaccharidg PP59 D,D-heptose 1,7-2.628 0.00426
biosynthesis bisphosphate phosphatase
PP63 lipid A biosynthesis lauroyl2.348 0.00017
acyltransferase
PP1604 | IpxB lipid-A-disaccharide 1.674 0.00245
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synthase
PP1323 | gmhA | phosphoheptose isomerase 1.56p 0.04328

PP4936 O-antigen polymerase 1.516 0.00587
PP1611 kdsA-1| 2-dehydro-3- 1.274 0.00988
deoxyphosphooctonate
aldolase

PP1603 | IpxA UDP-N-acetylglucosaming -1.258 0.02614

acyltransferase
PP956 Yrbl family phosphatase -2.084 0.00931
PP1807 | kdsA-2| 2-dehydro-3- -2.094 0.02054
deoxyphosphooctonate
aldolase

Comparative study CP1 vs. 200 ppm 4CP-100 ppm AWPgdpm 3CP and
CP1lvsFructose

To distinguish the genes involved in aggregatibe,deven unique genes from the
comparison of CP1 vs. 200 ppm 4CP-100 ppm 2CP-100 RCP (Table 3.14)
were overlapped with 838 differentially regulateengs inP. putida CP1 vs.
fructose using Venny (Figure 3.26). Four genes wergue to responses to
mono-chlorophenols and 835 unique to responsesutboke. Three genes were
common and are listed in Table 3.25. Two were gpHeged, PP1961 encoding
for TetR family transcriptional regulator and PP@98ncoding for O-antigen
polymerase protein. PP2073 encodes for acetylessst and was down-
regulated. All three genes had also been associatdd aggregation of the

organism on chlorophenols (Section 3.2.2).
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7 unique CP1-Fructose

Figure 3.26  Venn diagram showing the numbeigeoles common to two geneligss.
putida CP1 grown on nutrient broth comparedRoputidaCP1 grown on 200 ppm 4-
chlorophenol, 100 ppm 2-chlorophenol and 100 ppahl8rophenol &) andP. putida
CP1 grown on 0.5% (w/v) fructos=)(

Table 3.25 Three common genes expressed putidaCP1 aggregated cells when the
organism was grown on 100 ppm 2-chlorophenol, 180 @-chlorophenol, 200 ppm 4-
chlorophenol and 0.5% (w/v) fructose.

Gene FC CP1(FC 200-|FC 2CP|FCCP1
name Annotations vs. 200-| 4CP vs| vs 3CP3 | vs.
4CP 2CP fructose

PP1961| TetR Family 1.596 0.226 0.392 1.716

Transcriptional

Regulator
PP4936| O-antigen polymerase 1.28 0.082 0.114 1.516
PP2073| Acetyltransferase -1.468 -0.144 -0.33 -1.44

gRT-PCR

gRT-PCR was performed to verify the expression.detaee genes were selected
for the validation and included PP1961, PP4936fladPP1961 and PP4936 had
also been associated with aggregation in chlorogheRliE is involved in

flagellar assembly. Seven genes are involved \kith gathway all of which were
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up-regulated when the organism was grown on fractédiE was examined
because it was the most up-regulated of these gdimesresults validated the
findings from the array study. There was an 1118 tip-regulation recorded in
PP1961, 4.56-fold change up-regulation for PP4936 &856-fold change up-
regulation for fliE (Figure 3.27). PP4936 encodes dn O-antigen polymerase.
O-antigen being part of bacterial lipopolysaccharidPS), the production of LPS
when the organism was grown on mono-chlorophenold &uctose was

investigated.

=
N

=
o
!

Relative quantification (Fold change)
o

PP1961 PP4936 fliE

Genes

Figure 3.27 Relative quantification of gene egsion of genes PP1961, PP4936 and
fliE in aggregated cells &®. putidaCP1 grown on 0.5% (w/v) fructosa)(compared to
P. putidaCP1 grown on nutrient brotim).

Lipopolysaccharide production by P. putida CP1 dgrautoaggregation

The LPS profiles oP. putidaCP1 andP. putidaKT2440 grown on nutrient broth
are illustrated in Figure 3.28. A commercial LP$np&e fromP. aeruginosal0
(Sigma) was used as a positive control. The O-antigcated at 70 kDa is similar
for all three organisms. The lipid A and core-palysharide components which
migrate furthest due to their size of 10-25 kD&, sgen as a dark spot at the base
of the gel. LPS was extracted frdm putidaCP1 following growth on all three
mono-chlorophenols on days 1 and 4 and followingwgin on fructose for 24
hours. Following growth on the mono-chlorophenals 1 day, the O-antigen

profile changed for all four treatments - 100 pprohfrophenol, 100 ppm 3-
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chlorophenol, 200- and 50 ppm 4-chlorophenol, wathband visible with a
molecular weight less than 70 kDa. Although cejgr@gation had not been
detected at this point, the result suggests a rsgpto the presence of a toxic
substrate. Following four days of growth on the mahlorophenols, aggregation
of P. putidaCP1 was observed when the organism was grown onppf0 2-
chlorophenol, 100 ppm 3-chlorophenol, 200 ppm &aphenol but not 50 ppm
4-chlorophenol. Further changes in the O-antigesfilprwere observed where
aggregation had occurred including when the orgamgs grown on 0.5% (w/v)
fructose (Figure 3.28). An additional band was olee on the gel between 55-35
kDa.

M CP1 KT2440 10 M  2CP 3CRByA4so M 2CP 3CPAy 459 Fruc

70 kDa
55 kDa

35 kDa

25 kDa

15 kDa

Figure 3.28 LPS profiles on SDS-PAGE gel. a) Mirker, CP1P. putidaCP1 grown
on nutrient broth, KT2440P. putida KT2440 grown on nutrient broth and 1B:
aeruginosal0 grown on nutrient broth; b) M: marker, 2G®:putidaCP1 grown on 100
ppm 2-chlorophenol, 3CP: 100 ppm 3-chlorophenoRA44£200 ppm 4-chlorophenol and
4CRy: 50 ppm 4-chlorophenol (day 1); ¢) M: marker, 2@PputidaCP1 grown on 100
ppm 2-chlorophenol, 3CP: 100 ppm 3-chlorophenoRA44£200 ppm 4-chlorophenol and
4CRy: 50 ppm 4-chlorophenol (day 4) and Fruc: 0.5% J\irfwctose (24 hours).
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4.0 DISCUSSION
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4 Discussion

4.1 Comparison ofP. putida CP1 andP. putida KT2440

Pseudomonas putids an environmentally ubiquitous bacterium. Halitased
by Pseudomonasnclude dominant habitat types and also less &rtijy used
habitats. These rarely used habitats can strongflueince ecological and
evolutionary processes. Competition amérsgudomonaspecies has resulted in
niche partitioning and is therefore a potentiallgpobrtant contributor to the
observed variability in habitat use (Remolkt al., 2011). Screening of
rhizobacteria with plant growth-promoting propestien potato fields in the
Central Andean Highlands using 16S rRNA gene sempsgeridentified the
presence oPseudomonassolates (Ghyselinclet al., 2013). Crayet al., (2013)
listed Pseudomonas putideamong the dominant microbial groups which
developed in open habitats and in high-nutrienteatrations. They reported that
Pseudomonaspecies were the dominant microbes in Kunmingn&hin rocks
polluted with crude oil. They also identified theepence oPseudomonaspecies
in hydrocarbon contaminated soil and in the rhibesp of apple trees (Crast
al., 2013).

Pseudomonas putid€P1 was the subject of this study. The organisns wa
isolated from soil and has been studied for margrs/én our laboratory. The
bacterium displays autoaggregation when grown otaicesubstrates and it was
of interest to study phenotypic and genotypic resps associated with this
phenomenon. Genotypic responses were studied udbad. putida KT2440
Oligonucleotide Array by Progenika and so the twatbria were first compared.
Based on cell characterisation, both organismsnaoéile Gram-negative rod
shaped bacteria, positive for oxidase and cataleitie no spore formation,
characteristic of the genud’seudomonas(Moore et al., 2006). The
characterization of species conducted by usingsidalsphenotypic tests such as
growth on specific media, enzymatic reactions anttrascopy are time-
consuming and unsuitable for large populations lolsaly related bacteria.

Bacterial identification kits aim to make identdioon and characterization easier.
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The most commonly used is the commercial API systehich is a rapid and
reliable confirmatory identification approach. Folling the use of the API 20NE
system, it was observed that the identificatiorugadfP. putidaCP1 was 99.8%
and P. putidaKT2440 was 99.7%. The bacteria differed only ieithability to

assimilate arabinose and mannose. Many studiesdmweved the usage of API
20NE in bacterial identification. The accuracy bé tAP1 20NE test was proven
by a positive assimilation of arabinose Byrkholderia pseudomallasolates in

the API 20NE system identical to the results olgdifrom growth of the isolates
on L-arabinose agar (Wuthiekanehal.,1996). Johnsest al.,(1996) suggested
that identification of members of the fluoresc@&steudomonagroup using API

20NE was reproducible and a better system tharBibleg GN. He found that
identification by APl 20NE was in good agreementiwdlassical test results for

P. putida

There are limitations in the application of comnmgig available identification
systems. While the databases have a significamedegf accuracy for common
species, there can be difficulties in identifyingcammon strains and infrequently
isolated species. The technique has also showmdiiall strains within a given
species may exhibit a particular characteristic #mel same strain may give
different results upon repeated testing (Bosslerdl., 2006). Adley and Saieb
(2005) demonstrated the insufficient accuracy o Pl 20NE system for
Ralstonia pickettiidentification. Two different commercial identifiton systems
were used to identify 48 isolates Rf pickettii Their findings showed that only
60% of the isolates were identified Bs pickettiiwith the APl 20NE system
compared to 90% with the RapID NF Plus system. RapID NF Plus system is
enzyme based with an ability to detect weakly @iidj R. pickettiistrains. All
strains identified with RapID NF Plus were positfee glutmyl-§-naphthylamide,
which is a key test for the identification Bf pickettiifor this system. Gur et al.,
(2012) suggested that phenotypic classificatiomrigpies are not sufficient for
identification of Pseudomonaspecies. He combined phenotypic and genotypic
characterization oPseudomonaspeciesisolated from the marine environment
using API 20NE and 16S rDNA sequencing. Among 2lates, 17 showed good

agreement between both methods. The data suggestethe procedures for the

identification of Pseudomonasp. based on phenotypic characteristics should be
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verified by molecular methods to obtain resultst thee meaningful as well as
accurate. Bosshardet al., (2006) compared phenotypic with molecular
identification for non-fermenting Gram-negative itlac(non-Pseudomonas
aeruginosa in the clinical laboratory using APl 20NE and 168\NA sequencing.
16S rRNA gene sequence analysis showed 92% ofttates were assigned to
species level and 8% to the genus level and usPIRBANE 54% was assigned to
species and 7% to genus level. Thus he suggesteththmolecular approach was
more effective for the identification of nonfermiexgt Gram-negative bacilli.

Comparative transcriptomics-based approaches Hayega fundamental role in
investigations of complex cellular responses Rof putida strains. P. putida
KT2440 is used worldwide as a workhorse for genatid physiological studies
and for the development of biotechnological appiices (Nelsoret al.,2002).P.
putida KT2440 is among th®. putidastrains that have been fully sequenced.
Thus, the genomic databaseRafputidaKT2440 serves as a standard reference
for transcriptomic and proteomic studies in othteaiss. The consequence of the
P. putida KT2440 full genome sequencing and annotation leastb a great
interest among researchers in this strain (Ba#édtgt al.,2007). Various studies
have relied on th®. putidaKT2440 genomic microarray in order to investigate
transcriptomic profiling of this strain itself onather strain during various case
studies includingP. putida DOT-TIE (Duque et al., 2007), P. putida S12
(Ballerstedtet al.,2007) andP. putidaKT2442 (Poblete-Castret al.,2012). As
transcriptome profiling is based on the highly-s&es detection of DNA—-cDNA
hybridization, DNA sequence similarity determinég tvalidity of the analyses.
The microarray platforms derived from strain KT24sf0vide a valid framework
for the study of nonsequenc&d putidastrains. The solvent-tolerar®, putida
S12 and othePseudomonastrains showed a value for biotechnology but the
strains had not been sequenced. Thus, the metgimkntial ofP. putidaS12
was investigated by comparative proteomics andstr@ptomics analyses based
on the database information fBr putida KT2440 (Ballerstedet al., 2007). A
similar approach has been conducted by Muetagl., (2001) who used genome
sequence information from the fully sequen&utwanella oneidensstrain MR-

1 to determine the connection between strains erStiewanellagenus of they-

proteobacteria and MR-1.
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Transcriptomics has informed our understandingti@fss. The technique can be
used to confirm changes in gene expression whde hlighlighting numerous
unexpected genes for future study. Analyses ofststudies have shown mRNA
abundance appears as a proxy for protein actiligy may underlie variation in
fithess (Feder and Walser, 2005). Fitness is inapbtfior an organism’s response
to abiotic stress and evolution and for their &pito survive and reproduce. At
the biochemical level, fitness is primarily a résof the ability of proteins to
function in their intra and extracellular surroumgli to integrate the diverse
functions of the individual cells and organellesl &am determine the levels of non-
proteinaceous components. A study by Glanenera., (2003) showed mRNA
concentrations of protein activity were closelykbd to fitness. However, their
study of the enzymes of amino acid biosynthesis tire bacterium
Corynebacteriumshowed that protein activity sometimes exceededNAR
abundance and vice versa. Thus, it is difficulyémerally predict protein activity
from quantitative transcriptome data. Feder ands@fa(2005) pointed out that
MRNA abundance provides little information on pnotactivity and fithess and
thus cannot be substituted for detailed functiomatl ecological analyses of

candidate genes.

DNA microarray studies were conducted by growinghbarganisms on nutrient
broth at 36C. A comparison betweeR. putida CP1 andP. putida KT2440
showed a close similarity between both strainstHef5539 genes studied only
316 genes involved in 28 biological pathways waftegntially regulated. The
top 25 up- and down-regulated genes listed weredban the analysed genelists
where genes were identified as significantly updtatgd P < 0.05, Fold Change
(FC)> 1.2) and down-regulated® & 0.05, Fold Change (F&L1.2). The level of
fold-changes in gene expression can be consideree statistically, technically
and biologically meaningful with the presence ofcantrol to observe the
background expression which should be much lowem that of the test samples.
Researchers have combined the fold change @mwmdlue to provide more
meaningful results by setting cutoffs for both tokel change ang-value as in the
volcano plot (Fenget al.,2012). It has recently been suggested that diftexiy-
expressed genes in a microarray experiment aradesgified using fold-change,

rather than a t-statistic because the former resuit lists of differentially-
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expressed genes that are more reproducible. Tiparigcularly true for shorter
gene lists due to the relatively unstable naturthefvariance (noise) estimated in
the t-statistic measurement. Furthermore, the impaaoomalization methods on
the reproducibility of gene lists becomes minimdiew the fold change, instead

of thep-value is used as the ranking criterion for genectin (Shiet al.,2006).

The genes that were differently expressed werelyniostolved in core metabolic
activity including pathways related to central ggyeand amino acid metabolism
and adaptive response pathways. The metabolisnramsbort of amino acids in
both strains were different at the expression lelzgpression studies revealed an
increase in the expression of genes involved in ABfisport systems iR.
putidaCP1. The genes of these systems governed theeuptgeriplasmic amino
acids (PP1071), leucine, isoleucine, and valinesjarters (livM and livG), polar
amino acids (PP4485, PP1070 and PP1069) monosateha(rbsC) and
dipeptides (PP885). This increased expression wamnganied by expression of
genes involved in the assimilation of valine, legciand isoleucine (PP4065,
PP4067, PP0596, bkdAl, bkdA2, bkdB, mmsA-1, mms#sd mmsB), alanine,
aspartate and glutamate (PP4547), lysine and igato (fadAx, fadB2x, fadB1x,
PP4066 nad PP4030), arginine and proline (PP3583F&%182), tyrosine (hpd,
hmgA, PP4620 and PP4619) and phenylalanine mesabdphhA and PP1791).
These changes reflect adaptationPofputidaCP1 to the environment, allowing
the bacterium to interconnect diverse pathwaystangse this central metabolite

as a universal substrate for various anabolic atabolic processes.

In the pathway related to central energy metabglesmene involved in fructose
and mannose metabolism, PP1776 was among the top-&&gulated genes 1
putida CP1 when compared . putidaKT2440. Based on the KEGG pathway
database, this gene shares a similar function dé.aBoth genes encode for
mannose-6-phosphate isomerise, which is involvedlginate polymerization.
AlgA catalyses the conversion of fructose-6-phogptia mannose-6-phosphate
and converts mannose-1-phosphate to guanosine sgipate (GDP)-mannose,
before algD catalyzes the conversion of GDP-mant@$eDP-mannuronic acid
(Ramsey and Wozniak, 2005). The induction of PPlifk®lved in alginate

biosynthesis has suggested an associatidh @utidaCP1 with cell attachment
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and stress tolerance (Chargal., 2007). Variations in amino acid and central
energy metabolism were also shown in the study wcted by Ballerstedet al.,
(2007). They carried out a transcriptomics analggisolvent-toleranP. putida
S12 and found 12.7% of the genes involved in anaicid transport and 12% of
the genes involved in carbohydrate transport anthlmaéism differed with that
found inP. putidaKT2440.

The adaptation mechanisms that differedPinputidaCP1 when compared ®.
putida KT2440 were related to the pathways involved intwe-component
system, flagellar assembly, lipid transport and abelism and expression of
mobile genetic elements. The most up-regulated gyereee PP270 encoding for
histidine kinase and fliC encoding for flagellindl Both were involved in a two-
component system (TCS) indicating a difference betwthe two strains in their
response to environmental change. Tens of difféameoicomponent systems have
been identified in members of the gemseudomonafutrinset al.,2010). TCS
are composed of a membrane-located sensor witidihsstkinase activity and a
cytoplasmic response protein with a signal-accegptieceiver domain. Two-
component pathways enable cells to sense and mégpostimuli by inducing
changes in transcription. Environmental signalsedrby membrane proteins are
transduced to a response regulator by phosphaglatPhoR-PhoP two-
component protein was also found to be up-regulateis study. IrEscherichia
coli and Bacillus subtilis the two-component pathways PhoB/PhoR and
PhoP/PhoR were shown to be involved in sensing pitads (Pi) limitation
(Pragai et al., 2004). The PhoR/PhoP TCS @&treptomyces lividansvas
previously shown to allow the growth of the baaeunder conditions of Pi
limitation. The system allowed bacteria to copehwitnited availability of Pi by
sensing Pi limitation in the growth medium. Stragsgwere then triggered aimed
at scavenging and transporting trace amounts ¢fhdiis usually present in the
growth medium as metal phosphates or by recyclihngsphate present in
phosphate-rich cellular constituents. They propdkatia Pi limitation correlated
with a low adenylate charge thus triggering thévatbn of the central metabolic
pathways and generating an internal oxidative str&s oxidative stress being

potentially deleterious for the cell, the bactehi@ave to precisely regulate the
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balance between the necessary stimulation of itgralemetabolism and the
production ATP (Ghorbedt al.,2006).

Flagella are complex organelles involved in matiiystems, regulated by many
genes which allow bacteria to be propelled throlighids and on surfaces
(Linda, 2006). Expression data showed that thestmdption of genes encoding
the flagellar proteins fliC, fliD, flgA, PP4396,dll, flgE and fliS were induced
suggesting a role for mobility in the bacterialagoition/interaction process &%
putidaCP1. Variation in gene expression associated watheflae among species
of P. putidahas been reported. ThHe putidaW619 genome contains a large
cluster of genes involved in flagellar biosynthgtputW619 3655-3737) which
are similarly organized if. putidaKT2440, P. putidaGB-1 andP. putidaFlI,
except thatP. putidaWe619 contains within the flagellar biosynthesiastér, a
gene cluster involved in LPS biosynthesis and dptam(Wuet al.,2011).

The primary reaction of cells to environmental stes takes place at the level of
the cell envelope including changes in lipid trasrs@nd metabolism. Six of the
genes induced if. putidaCP1 included fadAx (acetyl-CoA acetyltransferase),
fadB2x (short-chain dehydrogenase), fadD2 (longrchatty-acid-CoA ligase),
fadB1 and PP4030 (enoyl-CoA hydratase) and PP4§@ra-carboxygeranoyl-
CoA hydratase). These genes are involved in fatig anetabolism and the
alteration in gene expressionfn putidaCP1 highlighted differences between the
bacterium andP. putidaKT2440 in fatty acid metabolism. Pseudomonadsable

to metabolize a broad range of fatty acids (PokBastroet al.,2012).

Among the various putative genomic islands, mamysarggested to be acquired
via horizontal gene transfer due to the presencetefjrases or mobile genetic
elements (transposons, IS elements). Putative genstands have conferreél.
putida species with many capabilities, including heavyaheesistance, aromatic
compound degradation and stress responses whiclelarant for the specific
niche adaptation of this species (Wfual.,2011). Two genes that are involved in
genetic element transfer were identified amongttipeup-regulated genes
putida CP1. These included PP2297 which encodes forrtegrative genetic

element Ppu40 integrase and TnpA which encodesTfet652 transposase.
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Tn4652 transposase is a derivative of the toluaggadiation transposon Tn4651
that belongs to the Tn3 family of transposons. Eanal analysis of the tnpA
promoter revealed that it is activefn putidabut silent inE. coli, indicating that
someP. putidaspecific factor is required for transcription frotiis promoter.
The tnpA promoter activity was shown to be modwlaby an integration host
factor IHF. The presence of an IHF-binding sitetrgem of the tnpA promoter
enhanced the promoter activity (HOrak and KivisadB98). Among the
transposable elements available in plasmid@sgludomonaspecies only Th4652
has the ability for the insertion of plasmid geings theP. putidachromosome
(Mae and Heinaru, 1994). Differences in bactergdmation to the environment
were shown by Wit al., (2011). He carried out a comparative genomic stfdy
four P. putidastrains —-KT2440, W619, F1 and GB-1. Differencesengafluenced
by horizontal gene transfer and niche-specific fioms encoded on genomic
islands. The microevolution characteristics of agaaismic lineage is the result
of extrinsic (biotic and abiotic selection pressiyrand intrinsic forces (the genetic
prerequisites for horizontal gene transfer andetifiective population size). Both
forces determine the power of genetic drift (Setazt al.,2012).

4.2 Phenotypic responses d?. putida CP1 following growth on mono-
chlorophenol and fructose

The ability of microorganisms to degrade all thnreeno-chlorophenol isomers is
rarely reported. In this study the ability to us@no-chlorophenols as a sole
carbon source was only observed withputidaCP1 and not with the reference
organismP. putidaKT2440.P. putidaKT2440 is a plasmid-free derivative of a
toluene-degrading bacterium, derived from a wetikn toluene-degrading
organismP. putidamt-2 (Palleroni, 2010). Unlik®. putidaKT2440, P. putida
mt-2 harbours the conjugative plasmid pWWO0, whicbnfers oxidative
catabolism of toluene/xylenes. Nilssenhal.,(2011) identified that the presence
of the conjugative plasmid may also promote biofibrmation inP. putidamt-2.

P. putidaF1 isolated from a polluted creek is consideretlibst reference strain
for the degradation and growth Bf putidaon aromatic hydrocarbons including

benzene, toluene, ethylbenzene gmdymene. The bacterium has a broad
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substrate toluene dioxygenase that can oxidize lendamitrotoluenee,

chlorobenzenes and including chlorophenols @val.,2011).

The growth on higher concentrations of mono-chlompwls affected the yield of
biomass, where the only significant increase inmass was observed whén
putida CP1 was grown on lower concentrations of 4-chlberml. A similar
pattern was observed B putidaS12 where the growth on various solvents like
toluene, ethylbenzene, propylbenzene, xylene, heexamd cyclohexane reduced
the biomass yield. The effect was related to thecentration of solvent and not to
the chemical structure (Iskest al., 1999). The reduction in yield is due to the
high energy requirement by the organism. The enmsrggquired by the organism
to turn on an adaptation mechanism which requreactive efflux system. The
requirement of high energy was also observed irathige export of solvents and
enhanced phospholipid biosynthesis ratePinputida S12 andP. putidaldaho
(Pinkart and White, 1997).

Pseudomonas putidalays a major ecological role in environments tt@ttain an
array of chemically diverse aromatics and hydrooasb which induce
chaotropicity mediated stress. This bacterium i$ aoly renowned for its
metabolic versatility, but is also known for itdei@nce to specific solutes and
solvents (Hallsworthet al., 2003; Bhagannat al., 2010). Crayet al., (2013)
reported how the organism was able to toleratswdistances within each group
of stressor including hydrophobic compounds, stafats, aromatic solutes,
chaotropic salts and polysaccharide kosmotropits.s@dhey pointed out thd?.
putidais able to avoid contact with or prevent accumarabf stressors by using
solvent-efflux pumps and synthesizing EPS to forpnadective barrier. They also
showed that the bacterium utilizes highly efficiamacromolecule protective
systems that are upregulated in response to nuil@golvironmental stresses
including protein-stabilization proteins, oxidatisgess responses, upregulation of

energy generation and overall protein synthesis.

Toxic organic solvents are extremely harmful forcraorganism because they
partition in the cell membrane and disorganize dtracture by removing lipids

and protein and can cause cell death. The resprs&cteria to solvents varies.
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While some bacteria can grow and metabolise theesblas a carbon source,
others simply tolerate the solvent and are unablmétabolise it. Segurat al.,
(1999) described a number BSeudomonastrains tolerant to toluene which did
not use the compounds as a carbon source. Soblendt bacteria include.
putida DOT-T1E, a highly solvent-tolerant microbe isolatiedm a wastewater
treatment plant (Seguet al.,2005).

Growth of P. putidaCP1 on higher concentrations of the mono-chloraplse
including 200 ppm 4-chlorophenol, 100 ppm 2-chldr@mpol and 100 ppm 3-
chlorophenol resulted in autoaggregation. The foiona of aggregates were only
present in the higher concentrations of mono-clplbemol while no aggregated
cells were observed during growth on lower conegiains of 4-chlorophenol (50
ppm) and nutrient broth. Previously, Farrell andli9y2002) hypothesized the
phenomenon as a survival response of the cellsxioity of the added substrates.
Stress induced by chaotropic compounds is onerfactong the possible triggers
for active bacterial aggregation that allowed atgmbon mechanism and a
strategy to survive (Gilberet al., 2002). P. aeruginosaPAO1 exhibited cell
aggregation as an energy-dependent response toyelgtestress which might
serve as a survival strategy during growth withetsegnt SDS (Klebensberget
al., 2006). The cell aggregation behaviour $hingobium chlorophenolicum
(Flavobacterium sp., ATCC 39723) degrading pentaoiphenol (PCP) has been
reported (Chang and Su, 2003). The formation ofegajes during degradation
of 200 ppm pentachlorophenol was also observed RitbutidaCP1 but data is
not shown in this studyPseudomonassp. ZAl could degrade a synthetic
monoazo dye, Acid Violet-7. The bacterium was aggted with aluminium
sulfate (alum) for enforced immobilization. The eggation efficacy was
consistent (83—85%) in a pH range from 4 to 10.tl#es solution pH increased
from 4 to 6.5, more aluminum ions Al(OH)were available to form hydroxy-
bridged polymers for the benefit of aggregate fdaroma(Tse and Yu, 1997).

P. putida CP1 surface hydrophobicity increased with the degvé substrate
toxicity 3CP> 2CP> 4CP. This observation suggestet surface properties
function as an adaptive mechanism and responsadsssin the presence of a

chaotropic stressor. The solvent-tolerant organRnputidaDOT-T1E exhibited
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higher cell surface hydrophobicity when grown oe toxic solvent 1-decanol
(Neumanret al.,2006). Other, factors such as growth rate (Warntemn, 2007),
growth substrate (Farrell and Quilty, 2002), pHnperature (Mai and Conner,
2007; Horiet al., 2009) and starvation (Sanin, 2003) have also lsbenvn to

influence the hydrophobic properties of a cell acef

Cell surface hydrophobicity is associated with thbility of bacteria to
autoaggregate. The ability oP. putida CP1 to autoaggregate in mono-
chlorophenols increased with the aggregation inddk and cell surface
hydrophobicity from day 1 to day 4 whéh putidaCP1 achieved the maximum
level of aggregation. The Al represents the fractad cells associated in the
aggregates and the cell surface hydrophobicity imeasure of the surface
characteristics of the cell and its ability to adht other surfaces. Theoretically,
the physicochemical properties of cell surfaceseh@afundamental consequence
on the autoaggregation phenomenon. When bactecaniee more hydrophobic
cell-to-cell adhesion increases (letial.,2004). The hydrophobic effect attributed
to cell wall proteins and lipids might be among thetors that trigger the ability
to aggregate in most microbes (Gog@taal., 2010). Two specieBurkholderia
cepaciacapable of degrading n-alkanes @&wkholderia multivorangapable of
degrading naphthalene as sole substrate showelilay #0 form biofilms. The
ability to attach to a glass surface was evaluatedhe increase in cell surface
hydrophobicity (Chakrabortet al., 2010). A study conducted by Gogea al.,
(2010) showed a positive correlation between ceifage hydrophobicity and
autoaggregation ability in diethyl phthalate (DERegrading organisms
Escherichia coli Staphylococcus aureuand Aspergillus niger Exposure to
alcohols inP. putida has changed the cell surface hydrophobicity leadm
autoaggregation as an adaptation response to xie dobstrate (Tsubatet al.,
1997). Bossieret al., (2000) proved that the autoaggregating mufRalstonia
eutropha- like strain A3 was more hydrophobic than its +amgregating parent,
Ralstonia eutropha like strain AE815. Rahmaet al., (2008) proved that good
aggregation ability and surface hydrophobicity ueficed the aggregation
capability of Bifidobacterium longum An aggregate forming bacterium

Pseudomonasp. KEWA-1 was isolated from a water treatmentnplalrhe
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organism was hydrophobic and formed an extensigeuta when aggregated in a
dilute medium (Singh and Vincent, 1987).

Hydrophobic interactions define the strong attmctibetween hydrophobic
molecules and surfaces in water. In biological eyst hydrophobic interactions
are the strongest long-range non-covalent intemasti(Saninet al, 2003).
According to Del Reet al.,(2000) hydrophobicity results from one method $tiou
be required to be compared with another one beaaelssurface hydrophobicity
methods do not measure the intrinsic microbial salface hydrophobicity but
rather the bacterial adhesion to certain hydrophsbbstratesThe cell surface
hydrophobicity forP. putida CP1 was measured using the BATH assay. This
technigue was originally developed by Rosenbetrr@l., (1980) who found that
various bacterial strains possessing hydrophobiface characteristics adhered to
liquid hydrocarbons, whereas hydrophilic straingl diot. BATH has been
proposed as a simple and general technique foryismdcell surface
hydrophobicity. In recent years many studies haseduhis method to measure
the hydrophobicity of aggregated cells (Sanin, 2R&hmaret al.,2008; Del Re
et al.,, 2000; Jainet al., 2007). Since electrostatic interactions can onty b
minimized but cannot be eliminated entirely in #héssts, selection of the organic
phase used in tests becomes important. Companeddtane n-hexadecane was
proven to give representative results and usedydrophobicity evaluations of
bacteria (Sanin, 2003). This was also found tdieectse in this study.

WhenP. putidaCP1 was grown on mono-chlorophenols, the viabdityhe cells
decreased with time and correlated with the abdftyhe organism to degrade the
substrate and the degree of substrate toxicitybiWia studies of the aggregates
were conducted using the Live/Dead Baclight kit abhiuses Syto 9 and
propidium iodide. These dyes are widely used aosdmenended for microscopic
examination and have been shown to be very efigctwth minimal non-specific
binding in the staining of complex biofilm commue# (Neu and Lawrence,
1997) and bacterial aggregates (Klebensbegyat.,2006). The aggregated cells
of P. putida CP1 grown on mono-chlorophenol were observed toviable

suggesting that the aggregate was affording a greéemechanism to the cell.
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A study by Neumanet al.,(2005) revealed that cells of different bactesiadcies
enlarged the cell size and decreased the relatiface of a cell and consequently
reduced the attachable surface for toxic aromatmpounds. A study conducted
by Panickeret al., (2006) showed that aggregates Rdeudomonasp. 30-3
contained viable and metabolically active cells wiggown at low temperatures.
The planktonic aggregates and polyester attachadiinbs of P. aeruginosé?AO1
were shown to contain densely packed viable celixhvdecreased in viability
during starvation periods (Schleheekal.,2009). The viability inP. putidaCP1
aggregates grown on mono-chlorophenol is suggestethe related to the
production of EPS that provided protection to tekksc(Panickeet al.,2002). The
determinations of cell viability are important tag study. When RNA extraction
of P. putidaCP1 grown on mono-chlorophenols was conducted e of cell

viability showed all samples were in a viable state

Many researchers have reported the production & &ting growth of certain
Pseudomonasp. under stress conditions and at the same tawe moted the role
of EPS in aggregation. The production of EPSbyutidaCP1 during growth on
mono-chlorophenols correlated with the ability itaaggregate and the size of
the aggregates. A similar pattern was found in ehdbfferent strains of
Ethanoligenes harbinensghich showed the composition of EPS was related to
the capabilities of autoaggregation (Ratral.,2009). EPS production . putida
CP1 related to the degree of growth rate inhibitidrere total EPS was highest in
3-chlorophenol, thus suggesting that EPS producti@s a stress protection
mechanism induced by the toxic substrate. EPSiaitlee formation of a matrix
that keeps bacteria together and protects bacgaist harmful environmental
conditions (Chapman and Kao 1998). Shengal., (2005b) analysed the EPS
formed byR. acidophilawhen growing in the presence of 2, 4-dichloroph&@ol
4-DCP) at different concentrations. The EPS contjmpsiwas not significantly
influenced by the increase in 2, 4-DCP concentnafimm 0 to 80 mg T
However, at 100 mgt of 2, 4-DCP, the EPS content increased 2.4 tiffibs
study suggested that the production of EPS wagdlgn@@moted in the presence
of toxic substances, forming a protective shieldtfee cells against the adverse

influences from the external environment.
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The ability of bacteria to produce EPS in respdosearious environment stresses
is an opportunity for the cells to survive. Theguotion of EPS byseudomonas
sp. CM10 protected the cells in the presence akdator, as the cell aggregates
exceeded the size of the predator and became lagtMlatzet al.,2002). Crayet
al., (2013) pointed out that autoaggregation may erdastiess tolerance and
reduce losses through grazing. They showed thatrgyand predation influenced
growth dynamics and at the same time caused exterigsses in microbial
numbers.Pseudomonas aeruginosadMicrocystis aeruginosavere reported to
be capable of forming multicellular structures edlmicrocolonies which grazers
and predators find difficult to attack. Formatiori the microcolonies was
associated with the synthesis of EPSMbyaeruginosa(Yang and Kong, 2012)
and the use of flagella iy. aeruginosgMatz et al.,2004).

Sanin (2003) reported that the aggregation Rfeudomonassp. A and
Pseudomonassp. D during starvation was due to the productioh
exopolysaccharideg?seudomonasp. 30-3, a toluene degrading microorganism
isolated from oil-contaminated Antarctic soils fath aggregated cells when
exposed to low temperatures. This was speculatdz tdue to the secretion of
EPS thus protecting the organism from cold or frd@inage (Panickeet al.,
2006). The production of bound EPS was higher coetphto the free EPS iR.
putida CP1 grown on mono-chlorophenols. The primary afldound EPS may
not be in the initial cell-to-cell adhesion but holding cells together after
adhesion. These findings suggest that free EPSnciute cell aggregation and
their ability to induce aggregation may be duetsoprotein content (Eboigbodin
and Biggs, 2008).

Two different approaches were applied in the gdiaation of biochemical

components in the EPS. They were chemical analsté microscopy using
specific fluorescent dyes. During growth d?. putida CP1 on mono-

chlorophenols, carbohydrate and proteins constitthe dominant component of
the EPS and less than 10% DNA. This suggestedirihthie presence of mono-
chlorophenols, both components were highly induced response to the toxic
medium. In some other studies, carbohydrates wdeatified as the main

constituent of the EPS while some found proteinddminate (Zhang and Fang,
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2001; Liu and Fang, 2003). The EPS compositionggfr@gated cells differs in
quantity, structure and nature depending on theraoiganisms within the
aggregates and the extraction methods. EPS ofirb®is highly heterogeneous
even among the same bacterial species and thersf@mmounts, composition and
function within the biofilm will differ (O’'Toole et al.,, 2000). The EPS
biochemical composition d®. putidaCP1 during growth on mono-chlorophenol
showed a similar pattern with the autoaggregatiagtdrium Ethanoligenes
harbinenseYUAN-3. This organism is a hydrogen-producing lesicim with a
capability to autoaggregate during the exponemi@se. The study showed that
carbohydrate and protein played an important parthe autoaggregation of
YUAN-3. Analyses of EPS showed protein (21+0.8mdgdgpmass) and
carbohydrate (16.9+0.8 mg/g biomass) were dominahiie DNA was 3.5+£0.5
mg/biomass (Regt al.,2009).

Carbohydrate and protein are two dominant compenaiEPS of cells. Joraret
al., (1998) suggested that carbohydrate plays the majer in aggregation.
However, many publications reported that the lesfeEPS protein in activated
sludge systems was higher than carbohydrate ang @a important role in
aggregation as well (Higgins and Novak, 1997; Léal.,2001). Carbohydrate
fractions play a dominant role in sludge settlingl avere suggested to play a
major role in aggregation due to their capacityfdom bridges between their
negatively charged groups and divalent cations{Rleng and Wingender, 2001).
Carbohydrates are believed to protect bacterids debm desiccation, heavy
metals, organic compounds or other environmentesses, including host
immune responses and to produce biofilms, thusi¢cease the chances of the
cells to colonize special ecological niches (Onibastl Aslim, 2009). AP. putida
isolate produced an exopolymer consisting of glacgslactose and pyruvate in a
ratio of 1:1:1 andP. putida is also known to produce an alginate like
polysaccharidePseudomonas aeruginog2Al1l4 formed an extracellular matrix
that contained a carbohydrate-rich material witlhuicgsidic linkages for its
structural integrity (Friedman and Kolter 2004) eT¢themical constituents of EPS
of Pseudomonassp. 30-3 aggregated cells showed the presence of
exopolysaccharides (EPS) which were made up of étyeD-glucosamine and

N-acetylneuraminic acid (Panicket al., 2006). The EPS production suggested
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that it may form a microenvironment around theschilping them to avoid direct
contact with bulk liquid water conferring protectierom cold and frost damage.
The presence of hydrophilic polymers which are kosapic that have a
substantial hydration shell will help to remove aratrom the liquid phase. This

stabilizes membranes and other macromolecularragsf€rayet al, 2013).

The function of proteins in the formation of aggatyl cells is known to be
associated with the primary adhesion events duglgattachment and biofilm
development. In addition, protein has a role aseaxgmes in the exopolymer
matrix (Jahret al.,1999). The protein contribution to aggregate mgdstrength
is explained by hydrophobic interactions and pdgmta cations bridging to
increase the stability of the biopolymer networkr@hdet al., 1998). The EPS
molecules of most bacterial species are negatichlrged under neutral pH
conditions due to the presence of predominanthbaadic and phosphoryl
functional groups (Ueshimat al., 2008). High concentrations of protein
production were also reported from studied?oputidacell aggregation (Jahet
al., 1999; Kachlanyet al.,2002). Proteins were found to be the main compionen
for sludge aggregate formation (Liab al.,2001). The composition of EPS will
govern the surface characteristics and therefoee dbgregation ability of
aggregates. Proteins and amino acids are hydrapleomponents of EPS. As
hydrophobicity is increased, the attachment ofdr@increases (Sanin, 2003).

Less than 10% of EPS compositionHn putidaCP1 was DNA. A low level of
DNA present in the EPS has been suggested to tedica presence of few dead
or lysed cells (Shengt al.,2010). However, in this study, the levels of DN d
not increase while the numbers of dead cells in abgregates did increase.
Suzukiet al., (2009) pointed out that DNA is not only the resaflicell lysis but
can also result from the active production of ecetimlar nucleic acid. Delivery of
DNA outside the cell can occur via the formationneémbrane vesicles or can
originate from lysis or autolysis induced by stréskebensbergeet al.,2006). It
Is suggested that the source of DNA is not only lgsis, but an active excretion
mechanism through membrane vesicles that are esledsring growth of the
bacteria. This phenomenon has been previously wbdein two distinctP.

aeruginosastrains, and it was established that the vesictegtamed DNA
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(Kadurugamuwa and Beveridge, 1995). The accumulabio DNA within the
aggregate matrix is proposed to contribute to thectral stability of aggregates
(Liao et al.,2001). Sakka and Takashi (1982) observed thaehbakctggregation
involved the interaction of DNA on cell surfacesiahe accumulation of DNA in
the growth medium that acted as a natural floc¢dulaNA is a charged molecule
that may accumulate in the EPS and influence thadildos structure. The
accumulation of DNA in biofilms is important in hpontal gene transfer (Jale
al., 1999).

The EPS of the macroscopic aggregates formed byn$ aeruginosaPAO1
during growth with SDS contained acidic polysacadtes and DNA
(Klebensbergeet al., 2006). By treatment with DNase, these aggregate® w
disintegrated and viable cells were released. vAl&vel of DNA was detected in
the EPS produced by. putidaCP1 and lower concentration of DNase did not
disperse the aggregated cells (data not shown)avaheet al.,(1998) isolated a
marine bacterium belonging to the gerfeodovulum which could aggregate
under specific growth conditions and the EPS frbrs bacterium was found to be
mainly composed or RNA and protein. Whitchuethal., (2002) found that DNA
may also play a structural role h aeruginosaiofilm architecture. In addition,
Palmgren and Nielsen (1996) reported that the atnafuDNA present in the EPS
matrix was much higher than estimates of totalacgtular DNA based on cell
numbers, which seems to suggest that lysis ish@bhly process contributing to

DNA accumulation in the floc matrix of activatedidge.

An ideal EPS extraction method should minimise bells and not disrupt the
EPS structure (Frglunet al., 1996). According to Jahret al., (1999) the

efficiency of extraction is defined as the totaleamt of EPS extracted from the
total organic matter. Various approaches for EPt&aetion have been developed
however it is still difficult to compare resultsealto the lack of standard protocols.
The EPS components and proportion ratios may vapending on the sample
source and the extraction method chosen (Eboigbadoh Biggs, 2008). The
event of cell lysis may occur during EPS extractiddost studies show the
content of nucleic acid in EPS is usually low, whdl high level after extraction

indicates severe cell lysis. The extraction of EBBg the EDTA method is well-
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known as an established method which gives repibucesults, releasing low

levels of nucleic acids with low levels of cell igcompared with other methods
(Shenget al., 2005b; Shenget al., 2005a). However, the residual EDTA can
contaminate the EPS extraction, thus dialysiswsag$ needed for this method to

prevent contamination (Comés al.,2006).

The use of epifluorescent microscopy was suggéstedosyket al., (2008) to be
one of the most promising techniques which allow tlketermination of the
structure and composition of EREsitu by staining different components of the
cells with specific fluorescent markers. This agmto however has no consistent
sample preparation or staining method availableunopl now. Multi-staining
methods allow a complete staining of the aggregatell components and
maintain the original form and structure of aggtedecells. The epifluorescence
microscopic observation revealed the binding ofcafflior white to the
aggregated cells. This suggested the presence lflose-like polymers
containing B 1-4 linkages in the EPS. Calcofluor itself has extremely
conjugated and planar structure which allows bigdocellulose type polymdy
1-4 linked polymers via hydrogen bonding, dipolaeractions and van der Waals
forces. Calcofluor binding of bacterial colonies aften associated with the
production of cellulose (Spiers and Rainey, 200%)e commercially available
cellulose enzymes preparation used in this studyatmed a mixture of enzymatic
activities including glucosidic activities against 4- and 1, 6-linked glucose
polymers (data not showed). Therefore, the carba@tgecontaining matrix
component need not necessarily to be a 1, 4-lickddlose-like polymer but may
contain 1, 6-linkages. Spiers and Rainey (2005)vsgldothat theP. aeruginosa
WS-5 biofilm contained cellulose which stained wdalcofluor. However they
also showed thd®. aeruginosa®?Al14 which did not contain cellulose also stained
with calcofluor.

The distribution of EPS formed wheR. putida CP1 was grown on 3-
chlorophenol was scattered throughout the celledas a cross-section of the
aggregates. The advantage of using CLSM is to e w@bobserve the clear
distribution of the biochemical composition of aggates. Normally in

fluorescence microscopy the entire field of viewtbé sample is completely
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illuminated, making the whole region fluorescels same time. The CLSM has
an advantage to reduce the amount of light emapatid has a setup to minimize

how much of the specimen is illuminated (Semwogeeagrd Weeks, 2005).

The difference between glucose and fructose utiinaby P. putidaCP1 andP.
putida KT2440 may be related to the transport mechanisitugtose into the
cells which is different to glucose transport. lmsh Pseudomonads, fructose is
transported into the cell via a phosphoenolpyruvafeEP)-dependent
phosphotransferase system (PTS) producing intrdaellfructose-1-phosphate
(Allenzaet al.,1982). Extracellular glucose is brought directitoi the cell by an
active transport system (Whitingt al., 1976). The genusPseudomonas
metabolizes glucose exclusively by the Entner-Doofi¢ED) pathway, in which
6-phosphogluconate is the key intermediate (Temgileal., 1998). Similar
findings to this study were observed during thewghoof P. putidaMAD2 by
Chavarriaet al., (2012). During the exponential phase bacteria grawructose
60% more slowly than on glucose. The growth ratefrantose was consistent
with a slower uptake of the carbohydrate (~0.75 insoigar/g biomass/hour). In
contrast, cells grown on glucose consumed the sédald faster (~4.79 mmol
glucose/g biomass/hour). These differences sughjektd cells might not only
channel each of these sugars through differentzzgth but also adapt to different
overall metabolic function. The chaotropicity ofetlsubstrates may also have
played a role. Fructose has a chaotropic activity+4.56 kJ kg mol™*
considerably higher than the value for glucose tvlgc+1.19 kJ kg mol™* (Cray

et al.,2013).

P. putidaCP1 exhibits autoaggregation in the presencesd6qw/v) fructose but
not in 0.5% (w/v) glucose. There was slight chamgé¢he pH in both systems,
thus this was not considered to be linked with dggregation. The observation
suggested that the organism was under stress weoigli be attributed to the
more complex mode of transport of this particulagas into the cell (Templet
al., 1998). The ability to aggregate in fructose hasnbebserved as well in a
study conducted by Borreget al., (2000). Mycobacterium sp. MB-3683
aggregated most in fructose followed by glycerodl @;ucose. The cells were

found to have the highest hydrophobicity in thecfose medium and lowest in the
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glucose medium. Sadasivan and Neyra (1985) havtifiee the aggregation
phenomenon ikzospirillum brasilensandAzospirillum lipoferunduring growth
on minimal medium containing fructose and the pmeseof nitrate increased the
aggregate yieldAzospirillum brasilensgas unable to form aggregates in glucose
as a carbon source. The phenomenon was believeok toelated with the
production of exocellular polymers including cetlsé and B-linked
polysaccharides. The aggregates were resistaneswadtion and were viable
with the formation of cysts containing poly-(3-hgaybutyrate) granules
composed of basic units of polysaccharides compligix divalent cations. The
granules supplied a high degree of resistance ®icaiion. Azospirillum
brasilensewas reported to aggregate during the growth in gghN medium
containing fructose and ammonium chloride (Burdrneaml., 2000; Burdmaret
al., 1998). Tomaset al., (2005) demonstrated the ability dfactobacillus
johnsonii CRL to aggregate in growth media of low initial pHhe size ofP.
putida CP1 aggregates on fructose was reduced and shdweersal when the
substrate was fully utilised (data not shown). Tisisupported by Schleheek
al., (2009) who suggested that the dispersion of ag@esginP. aeruginosa

PAO1 was related to the nutrient carbon and nitncgiarvation.

The aggregation index was measuredRomputidaCP1 growing on 0.5% (w/v)
fructose and was found to increase steadily cooredipg with the increase in
aggregation. The increase of the aggregation ingeex coupled with an increase
of cell surface hydrophobicity and aggregate siremf day 1 to day 3
observations. This pattern was similar to that oles® with autoaggregation in
mono-chlorophenols. Microscopic observations shotied most of the cells in
the aggregate formed on fructose were viable &#ehours. However after 48
hours and 72 hours the core part of the aggregasefiled with dead cells. The
observation was similar as that observed in theokaer granules from a
sequencing batch reactor (Teh al., 2003). Accumulation of dead cells at core

regions may be related to the oxygen limitatiorida¢Chiuet al.,2007).

The production of total EPS of aggregates growriroctose correlated with the
aggregate size, which was a similar trend to thaeoved in mono-chlorophenols.

However, when the total EPS was expressed in mgfgdss, the total EPS value
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decreased in comparison to the value expressedyimluthus suggesting the
bigger aggregate contained less EPS. A charadienzaf different fractions of
microbial aggregates from an anaerobic membrameditor showed that smaller
aggregates contained a higher level of EPS. Thdyaldenser and less porous gel
layer which caused a high specific resistance. Sagregates have a strong
tendency to deposit on membrane surfaces due terldvansport velocity
compared to larger aggregates. The adhesion akslignhanced by polymeric
interactions when the EPS content is increaseddt al.,2011).

The proportion of biochemical components in EPF oputidaCP1 aggregates
grown on fructose was similar to those on mono+dpbenols. However, the
ratio of proteins and carbohydrates detected by ntineroscopic analysis was
different to ratios obtained by chemical analy3ise ratios can be expected to be
due to the different systems applied in each methasl observed by Neu and
Lawrence (1997).

4.3 Genotypic responses oP. putida CP1 following growth on mono-

chlorophenols

Transcriptomic analysis has been used successtollgain a comprehensive
insight into complex metabolic networks includingyanic solvent stress (Segura
et al., 2005; Wierckxet al., 2008; Reveet al., 2006). Expression profiling was
conducted orP. putida CP1 grown on 100 ppm 2-chlorophenol, 100 ppm 3-
chlorophenol and 50- and 200 ppm 4-chlorophenol @mdpared tdP. putida
CP1 grown on nutrient broth. A total of 484 commudifferentially regulated
genes were identified in the four comparative ssdirhe information presents an
overview of the response Bf putidaCP1 when grown on mono-chlorophenol as
the chaotropic stressor and the connection witlerg@l adaptation mechanisms.
Adaptation ofP. putidaCP1 to mono-chlorophenol showed alterations ofygree
expression at the outer membrane, cytoplasmic mambrefflux systems and

general stress proteins.

As described by Hallswortét al.,(2003) wherP. putidaresponded to stress there

was up-regulation of various genes including thadseolved in protein
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stabilization, lipid metabolism, membrane structymetein synthesis and energy
metabolism. Other responses to stress include@sesein the amounts of LPS in
the outer membrane of Gram-negative bacteria (Mbat., 2002), activation of a
two-component system (Kivistikt al., 20060) and increased synthesis of stress
proteins including the chaperonins and heat-shaokems and increases in the

synthesis and transport of amino acids (Bhaganah,&013).

The majority of isolated solvent-tolerant bactease Gram-negative. Their
possession of an outer membrane could explain dlegahce toward organic
solvents. Changes at the level of the outer menebitanincreased solvent
tolerance include the stabilization of the membrhgemagnesium and calcium
ions. Other changes in the outer membrane involemibnane-embedded porins
and lipopolysaccharide (Spieet al., 2002). Kasaiet al., (2001) showed that
aromatic compounds may enter the cell periplasrautitt porins in the outer
membrane. Our results indicate that mono-chloroplsemay enter the cells &*.
putida CP1 through the outer membrane porin due to inductibrthe outer
membrane proteins OprH ar@prG and the aromatic compound specific porin
PP3656. Transport of xylene across the outer membpaoceed through the
XyIN porin which is encoded in the operon requifedthe catabolism of toluene
and xylene (Kasaet al., 2001). A study of the solvent-toleraRt putidaS12
suggested that phenol enters the cell via pori(VBierckx et al.,2005).

Two mechanisms of movement of hydrocarbon acrossibrenes have been
identified: the transient channel and the soluptitffusion mechanism. Firstly,
the molecular motion of bilayer molecules can leéadhe formation of transient
channels across the membrane, through which hydrocanolecules can move.
Secondly, short-lived cavities that appear in tb&amp hydrophilic region(s) can
facilitate entry of hydrophobic molecules into tinembrane. Some hydrocarbon-
degrading microbes respond to hydrophobic compoumgsmodifying their
plasma membrane structure that facilitates the tgpeous entry of substrate
molecules into the cell (Gup&t al.,2008). Meanwhile, hydrophobic compounds
that enter the cell from the extracellular envir@min may have to navigate
organic matrices composed of kosmotropic materiathsas extracellular

polysaccharides (EPS), glycoprotein S-layers, erltRS and peptidoglycans of
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the microbial cell wall (Sikkema et al., 1995). Suextracellular material can
facilitate attachment to hydrophobic surfaces dnsl demonstrates an ability to
interact with hydrophobic substances. EPS and @blgmeric matrices may stop
the transit of hydrophobic molecules towards theratiial cell (McCammicket
al., 2010).

The lipopolysaccharide at the outer membrane isngisd for barrier function, as
it restricts movement of both hydrophilic and lipdfc compounds. It has been
shown by Santost al., (2004) that phenol induces expression of protesfeted

to cell envelope biosynthesis . putidainvolved in lipopolysaccharide and
peptidoglycane biosynthesis. A similar finding wiasind in this study during
growth of P. putidaCP1 on mono-chlorophenols which induced the esprasof
genes involve in lipopolysaccharide biosynthesis sAd (2-dehydro-3-
deoxyphosphooctonate aldolase), IpxB (lipid-A-dderide synthase), PP3316
(LPS core biosynthesis protein) and PPO0063 (lipidbi#synthesis lauroyl
acyltransferase). KdsA and IpxB are localized atditoplasm and PP0063 at the
cytoplasmic membrane. Gene PP1993 (peptidoglycadisig LysM) involved in
peptidoglycan biosynthesis was also induced. Igeaty that adaptation to mono-
chlorophenol involves higher requirement for systheof cell envelope
components. PP0063 encoding for lipid A biosynthdauroyl acyltransferase
was induced in response to all mono-chlorophertetqression of PP0063 was
found in P. putidaKT2440to cope with cold, benzoate and acid stresses. This
suggests that it is essential for adapting lipidfaty acid composition to
environmental stress conditions (Reataal.,2006). In the case ¢t. putidaCP1,
alteration in genes involved in LPS biosynthesisspmably caused the changes
in the LPS profile with appearance of O-antigendoaith a lower molecular
weight less than 70 kDa. The result suggests ansgpto the presence of a toxic
substrate. A similar phenomenon was observe®.iputidaldaho where LPS
composition changed when grown in the presencetokia substrate. A higher-
molecular-weight LPS band disappeared and wasaeglhy a lower-molecular-
weight band (Pinkartet al., 1996). Low temperatures promote non-covalent
interactions and, thereby, rigidify cellular macmectules and membranes (Chin

et al.,, 2010). In contrast, chaotropic solutes induce rangt cellular stress
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response known to disorder macromolecular systenus ta disrupt cellular
interactions (Hallswortlet al.,2003; Crayet al.,2013).

The changes in protein production at the cytoplasmémbrane counterbalance
the changes in membrane fluidity (Wierckk al., 2008). In an earlier study, it
was reported tha®. putidaCP1 contained a mixture tfans andcis isomers of
unsaturated fatty acids but increased in levelsaofsisomer during exposure to
mono-chlorophenol (Fakhruddin and Quilty, 2006).eTisomerisation of the
membrane lipidscis into transunsaturated fatty acid catalysed bis-trans
isomerase increases the membrane ordering andadesranembrane fluidity
(Sardessai and Bhosle, 2002). Transcriptomic arsatgsealed the expression of
ppiB and slyD both encoding for peptidyl-prolgis-trans isomerase probably
involved in this isomerisation. The isomerisatioh ais-unsaturated fatty acid
appears to be heme-catalyzed (Holtwétlkal.,1999). This mechanism involved a
protein of the cytochrome c type. It was sugge#tatl this protein was involved
in the transport of heme over the cytoplasmic mamér An observation in the
mutant P. putidalH-2000 with disruption in the cytochrome c¢ opersimowed
inability to isomerizecis-unsaturated fatty acids resulting in sensitivitysblvents
(Hirayamaet al., 2006). Expression of membrane-stabilization prstesuch as
cistrans isomerase for membrane stabilization enhancegatale to stress.
Proteins that were involved in maintaining bilayrgidity were expressed iR.
putida during exposure to toluene and other hydrophobiessors (Bernatt al.,
2007). The induction of ccoO-1, ccoN-1, ccoP-1 awbQ-1 encoded for
cytochrome c oxidase presumely are related to #wmmerisation ofcis
unsaturated fatty acid iR. putidaCP1. Thecis-transisomerase (Cti) activity is
constitutively present and is located in the paspi; it requires neither ATP nor

any other cofactor such as NADPH or glutathioneigldperet al.,2003).

Stress contributes to a competitive ability andigorous growth phenotype and
reinforces stress biology leading to increasedl$ewkenergy generation (Cray
al., 2013). The modification of expression genes ingdlvin oxidative
phosphorylation pathways was observedPinputida CP1 response to mono-
chlorophenols with the majority of these genes lised in the cytoplasmic

membrane. The genes were ndh (FAD-dependent pgridlircieotide-disulphide
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oxidoreductase), atpB/D/E/FIG/H (FOF1 ATP synthaseyoB/cyoC/cyoD
(cytochrome o ubiquinol oxidase), ccoO-1, ccoN-dQR:1, ccoQ-1 (cytochrome
c oxidase), nuoA/G/J/K/L (NADH dehydrogenase) anab@D (bifunctional
NADH: ubiquinone oxidoreductase subunit C/D). Tix@ression suggested that
P. putidaCP1 increased the production of energy as an ati@ptmechanism to
grow on mono-chlorophenol. A similar mechanism whewn byP. fluorescens
to overcome the deleterious effects by an adaptatiechanism to produce ATP
(Lemireet al.,2010). The changes in expression of oxidative pbggation were
observed irP. putidaS12 during exposure to a stress induced subgifarckx

et al., 2008). Crayet al., (2013) suggested that species that are able tondten
microbial communities are exceptionally well equedpto resist the effect of
multiple stress parameters and have high-efficiesiogrgy-generation systems.
Toxicants such as toluene cause cross-membranenpgoadients to break down
and induce the up-regulation of genes involvedloene degradation and/or the
synthesis of solvent extrusion pumps and geneshiagoin increasing energy
generation for these pumps to remove the comporard the cell (Bhagannat
al., 2010). Furthermore, microbes that can achieveeatgr net gain in energy

than competing species will have an ecological athge (Crayet al.,2013a).

On the other hand the effects of all three monerdmhenols on the core step in
aerobic metabolism (the Krebs cycle) showed thaymes involved in metabolic
feeding, glyceraldehyde-3-phosphate dehydrogenape2gand triosephosphate
isomerise, tpiA were induced. It is likely that teensing of stress induced by
mono-chlorophenols is translated into an increagde synthesis of tricarboxylic
acid cycle enzymes, which is compensated whenatkie tompound can be used
as a carbon source. Unlike whenputidaKT2440 was exposed to stress induced
by chaotropic substrates, the genes involved inabwmdic pathways were
repressed (Dominguez-Cuewtsal.,2006). Induction of genes involved in amino
acid arginine and praline metabolism observed dioly argl (ornithine
carbamoyltransferase), argJ (ornithine acetyltemaske) and arcA that encoded
for arginine deiminase. All proteins encoded bysthgenes are located in the
cytoplasm. The arginine deiminase pathwayimeruginosais one of the major
routes used by the cell to obtain energy under rabae conditions where it

generates 1 mol of ATP from 1 mol of L-arginine.eTinduction of this pathway
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in P. putidaCP1 could be related to the activation of anotloerree to generate
the necessary energy to extrude mono-chlorophehbésincrease in amino acids
in the response to mono-chlorophenols probablgctflthe need for these amino
acids in the synthesis of the new proteome founddis exposed to mono-
chlorophenols as suggested by Dominguez-Cuetas, (2006). This hypothesis
is supported by the induction of the elongatiortdex for protein (tsf, nusA and
greA) in this study. Compatible-solute synthesigemstress induced by specific
hydrocarbons is unique to the bacteribnputida. The amino acid compatible
solutes, betaine and other amino acids protectofigr enzymes against diverse
hydrophobic stressors (e.g.benzene and hexaney@Bhaet al.,2010). Evidence
for increases in synthesis and transport of prplglatamate and other amino
acids under stress iR. putidahas been published for toluene, xylene and di-
chlorophenol (Segurat al., 2005; Dominguez-Cuevast al., 2006). In addition,
stress tends to enhance global protein synthesestduthe increased energy
requirement. Growth of. putida on phenol showed an increase in protein
concentration involved in protein synthesis whish30S ribosomal protein S1

(rpsA) and translation elongation factor G (fusApl(lsworthet al.,2003).

Our finding showed an increased expression of faityd biosynthesis and
metabolism genes bF. putida CP1 grown on mono-chlorophenols including
fabD (malonyl CoA-acyl carrier protein transacylassd PP4948 (acyl-CoA
dehydrogenase domain-containing protein). Bactefaély acid biosynthesis
required a three-carbon precursor, malonyl-coenzgn€oA), which is derived
from acetyl-CoA by the action of acetyl-CoA carbtase. The malonyl-CoA is
transferred to the acyl carrier protein (ACP) bylongl-CoA:ACP acyltransferase
(FabD). Fab (fatty acid biosynthesis) pathway hesnbproposed to be the acyl
donor for synthesis of acylated homoserine lactoff$Ls). The AHLs (or
autoinducers) have received considerable attemiigrcent years since they are
required for a regulatory phenomenon termed quosensing (Kutchmaet al.,
1999). Leeet al., (2012) described the insertion of fabD gendPinaeruginosa

with increased lipid content.

Genes associated with two-component systems asgelbdn the cytoplasmic

membrane. PhoQ encoding for integral membrane sesigoal transduction
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histidine kinase was highly induced during growth raono-chlorophenols. The
involvements of two-component systems as a resptmgexic substrate are
rarely reported. Kivistiket al., (2006) has demonstrated that ColRS two-
component signal system regulates phenol tolerafde. putida by adjusting
permeability of the membrane to phenol. The impurtaof a two-component
system highlighted the importance of a signallingchmnism in order to initiate
the transcription of another gene response to nohiarophenols. It is an
adaptive response to environmental changes anck tiseralso evidence of
participation of two-component systems in regulattcd membrane permeability

of bacteria.

Solvent-toleranP. putidastrains evolved several mechanisms to deal witfc tox
compounds including an active extrusion of a br@adye of compounds through
membrane-associated efflux pumps (Wierghkxal., 2008). The efflux pump of
resistance-nodulation-division (RND) family allowse flow in both cytoplasmic
and outer membranes and is important for survitgh® bacterium (Segurt al.,
1999). We observed the induction of PP0907 encodin@ND efflux membrane
fusion proteins involved in the extrusion of toxahemicals as a defense
mechanism against the toxicity of mono-chlorophen®he protein localization
prediction showed the protein was located in theoggsmic membrane. An
active efflux system extrudes the organic solveotnfthe membrane which will
allow the survival of the bacterium. This mechanaliows the cell to slow down
the rapid influx of solvents into the cytoplasmieembrane by reducing the

accumulation rate of organic solvent in the meméran

In P. putidaCP1, seven genes were identified common to allavadiorophenols
suggesting their involvement in the stress respqhstJ, dnaK, htpG, grpE,
groES, clpB and hfg). Some of the genes encodedchéatshock protein and
functioned as chaperones which most probably isectathe refolding of
unfolded proteins. The analysis in this study réy@aluable information on the
cellular responses to the presence of mono-chlemgk and the presence of
chaperones contribute to the stabilization of pnsteaffected by this organic
solvent. Genes coding for production of chapergriestshock proteins and other

proteins involved in protein stabilization (e.g.d¥) GroEL, GroES, GrpE, HtpG,
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HtpX, IbpA and trigger protein) can be up-regulateg diverse hydrocarbons
including benzene, toluene, xylene and hexane ih pookaryotic and eukaryotic
species (Bhagannat al., 2010). Growth ofP. putida on phenol showed an
increase in protein concentration involve in protatabilization heat shock
protein htpG, dnakK, GroEL, IbpA and trigger protélhallsworthet al.,2003). A
similar finding was found wherP. putida KT2440 was grown on aromatic
compounds which induced a number of stress respgeses including hslU,
dnaK, htpG, grpE and groES (Dominguez-Cuews al., 2006). A study
conducted by Segut al.,(2005) revealed GroES was among the stress respons
genes induced during exposure Bf putida DOT-T1E to toluene. In many
microorganisms, groES prevents protein aggregatiehassists in protein folding
under different stress conditions. It has previpusleen reported that
overexpression of groESh Clostridium acetobutylicumesults in an increase in
butanol tolerance (Tomat al.,2003). InP. aeruginos@&RD1 proteins DnaK and
GrpE associated with cellular stress responsekjdimg chaperons and proteins
involved in post-translational folding and stakalibon showed increased
abundance in biofilm grown cells (Patrauchetnal., 2007). Overall in global
transcriptomic analysis during growth &f. putida CP1, it is reasonable to
conclude that the responses involved are mechanisamhsnay assist in regulation
of biosynthesis of membrane components to mairtalhmembrane intactness

and membrane homeostasis during growth and division

The exact role of flagellar genes in solvent-taieraacteria has not been widely
studied, but it was shown that the flagellar genethe mutant oP. putidaS12
resulted in the decrease of membrane stability sohdent-sensitive phenotype.
When P. putidacells are grown on toluene, xylene and 3-methylbeaz they
seem to use a strategy consisting of decreaseditynatid the inhibition of large
portions of the basic metabolic machinery (DomirmyGeievaset al., 2006). In
another finding, exposure &f. putidato chaotropic stressors like LiCl, ethanol,
urea, phenol, guanidine hydrochloride and benzgbladl showed repression of
flagellin (FliC) which suggests that growth inhibit may reduce motility.
Regulatory interactions between stress responskeflagellum biosynthesis have
been established in several microbial species gialith et al., 2003). We

observed that stress caused by mono-chlorophesml®Ithe increase of motility
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functions and the massive induction of pathways foe metabolism of
unavailable carbon sources. The flagella assenmdilyyays are important for the
cells motility. The assembly and functioning of emllar machines for motility
consume large amounts of ATP. This strategy of edimg energy in the pursuit
of a better environment may reflect an autoaggregaesponse that forms part of
mechanisms by which bacteria adapt to hostile enaients. Our data suggested
the relation of induction of energy metabolism tigb oxidative phosphorylation
and flagella assembly pathways as a response too-etdarophenols. Both
pathways are essential for survival and inductibengrgy metabolism could be a

way to generate energy for stress endurance pregram

The induction of genes involved in flagellar assBmiere only observed when
P. putidaCP1 autoaggregated on chlorophenols (100 ppm &agthenol, 100
ppm 3-chlorophenol and 200 ppm 4-chlorophenol). exmwv genes involved in
flagellar assembly in each treatment were randopluding the degree of
expression. The observation was probably due taliffierent motility responses

showed byP. putidaCP1 against various concentrations of the sulestrat

The genetic response Bf putidaCPL1 following formation of aggregates on 200
ppm 4-chlorophenol were compared to planktonicscgiiown on 50 ppm 4-
chlorophenol. The formation of aggregates in 200n pg-chlorophenol was
strongly induced by a regulation sigma factor,agdllar assembly pathway, two

component systems and the LPS biosynthesis pathway.

The most highly induced gene in this comparativelsivas PP0807 encoding for
sigma factor-54. Many of the sigma-54 dependentleggrs inP. putidaappear
to belong to two-component systems and posses aaidomhat can be
phosphorylated by a sensor-kinase protein in therhinal section. Sigma-54
has been described as a central regulator in mactetia and has been linked to a
multitude of cellular processes like nitrogen agisiiton and important functional
traits such as motility and biofilm formation. Ita$ highly-represented and
conserved genetic associations with genes that econthe transport and
biosynthesis of the metabolic intermediates of ekggaccharides, flagella, lipids,

lipopolysaccharides, lipoproteins and peptidoglycan
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Comparative analysis oR. putidashowed an association between sigma-54 to
carbon metabolism and flagellar biosynthesis (Htanet al., 2011). The
comparative study showed that differentially retpda genes were mainly
involved in carbohydrate and amino acid metaboliBominguez-Cuevast al.,
(2006) highlighted that activation of genes invalve metabolic processes is not
the only effect of exposing. putidacells to aromatic hydrocarbons, as these
compounds also trigger a solvent tolerance respdfsenation of aggregates
influenced the expression of genes involved in @aydrate metabolism mainly in
the Krebs cycle and glycolysis. AcsA encodes foetygecoA synthetase. The
acsA gene product expressed Escherichia colishowed acyl-CoA synthetase
activity toward butyric acid and CoA as substratesth butyryl-CoA being
synthesized (Hashimotet al.,2005). Proteins mainly involved in valine, leucine
and isoleucine biosynthesis included ilvB, ilvH aedA. The induction of this
pathway suggested an increase in the productigmagfionyl-Coa leading to the

production of succinate and pyruvate (Fonsstcal.,2011).

The regulation of flagellar assembly genes wasohserved in the growth d?.
putida CP1 in 50 ppm 4-chlorophenol. This was furthedence for the role of
flagellae in autoaggregation. Flagellar assemblghway was activated during
formation of aggregates in 200 ppm 4-chlorophenoluding the flagellar basal
body protein (flgA, figB, fIgC, flgG, flgH, flgl ad flhA), flagellar biosynthesis
protein fliQ, flagellar biosynthesis regulator flhfragellar MS-ring protein fliF
and anti sigma28 factor flgM. Dasgupé al., (2003) explained a model of
flagellar gene regulation iR. aeruginosa. P. aeruginosmdP. putidaare 85%
similar in their genomic sequences; it is likelyatthmechanisms are similar for
both species (Nelsoet al.,2002). Flagellar synthesis is energetically coatid if
the environmental conditions are not in favor agillar motility, suppression of
flagella synthesis occurs. The importance of flegelfor cell aggregation and
biofilm development has been well described (Paatt Kolter, 1998; Klauseet
al., 2003). Flagellar gene expression is related taliyoor flagella’s ability to
sense the environments or an attempt to migratavimrable environments as a
stress response. It is also possible that flagebgort apparatus is involved in
exporting other proteins unrelated to flagellareasisly under environment stress.

The mutations in the flagellar export machinery tedsolvent sensitivity irP.
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putida DOT-T1E (Segureet al.,2004). This finding showed that the presence of
intact flagellar machinery is critical for the seht-tolerant response in this strain
which was in agreement with the finding frdP putidaS12 (Kieboomet al.,
2001).

Two-component systems were involved in the fornmatiof 200 ppm 4-
chlorophenol aggregates when compared to planktalis grown on 50 ppm 4-
chlorophenol. Bacterial survival mechanisms for rwimg environmental
parameters have evolved surface-exposed signadduaton systems, typically
comprised of transmembrane proteins that channel itiput from sensory
modules to intracellular responses. These signalgygtems include the
chemotaxis receptors and histidine protein kinasgether with their cognate
response regulators (Mascledral.,2006). A gene, PP3663 encoded for GGDEF
domain-containing protein have the diguanylate aselactivity for the synthesis
of second messenger bis-(2',5")-cyclic diguanyleda(di-GMP). These domains
were found to be involved in the regulation of Brafformation (Ramos, 2004).
Amadoret al, (2010) has described the response regulatoB (RP4696) as part
of the CbrAB two-component system which affectsnobtaxis, stress tolerance
and biofilm development ifP. putidaKT2442. The transcriptomic profile of a
cbrB mutant, lacking GGDEF domain has affected biofilmorniation,
exopolysaccharide biosynthesis or transport ancegemplicated in flagellae.
Another sigma54 specific, transcriptional reguldietongs to the Fis family and
was expressed in the formation of aggregates. Egulates the flagellar
movement of bacteria and investigations by Jaka\al.,(2012) indicated that
this transcriptional regulator modulates putidabiofilm formation and motility.
In this study cheW associated with chemotaxis wasegulated. It is part of
signaling clusters which contain a receptor togethith a histidine kinase CheA.
The bacterial chemotaxis signal-transduction sysfanctions to regulate the
changes in the direction of rotation of the flageknotors, which in turn affects

the cellular swimming motility pattern (Vladimirand Sourjik, 2009).

A gene encoding for lipopolysaccharide (LPS) bidkgseis IpxK
tetraacyldisaccharide 4'-kinase was induceB.iputidaCP1 during formation of

aggregates on 200 ppm 4-chlorophenol. It has besaritbed by Emptaget al.,
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(2012) that the tetraacyldisaccharidekdhase (IpxK) catalyzes the sixth step in
the biosynthetic pathway of lipid A which play dgdan 3-deoxy-D-manno-oct-2-

ulosonic acid Kdo2-lipid A biosynthesis. IB. coli LpxK has catalyzed the

transfer of a phosphate group from ATP to thegakition of disaccharide-1-

phosphate to form lipid IVA. LpxK is the only kiraof the pathway that acts
upon a lipid substrate at the membrane. A stud$éypathkumaet al., (2006)

of Campylobacter jejunbiofilms indicated the upregulation of enzymesoiwved

in modifications of the lipid, carbohydrate and tero components of the

membrane including the upregulation of membraneifitation enzymes

tetraacyldisaccharide 4’-kinase (IpxK).

In general, the aggregative response followed tderdCP > 2CP> 4Gk which
may reflect the degree of toxicity of each of thebemicals. The comparative
study showed seven genes unique to autoaggregaésed on consistant
expression changes. The genes included 4 up-reduiggnes, PP1961 encoding
for TetR Family transcriptional regulator, PP13Z@ifing for histidine kinase
which is involved in signal transduction of a twoatgponent system, PP4936
encoding for O-antigen polymerase and PP2934 engodtor dienelactone

hydrolase which is the final enzyme involved inabphenol degradation.

An important link between the environment and thggmological state of bacteria
is the regulation of the transcription of a largener of genes by global
transcription factors (Martinez-Antonio and Colladaes 2003). TetR family
members trigger a cell response to react to anrredtestimulus in the
environment. In most cases, the adaptive respormes mediated by
transcriptional regulators (Rames$ al., 2005). The TetR family transcriptional
regulators represent the third most frequently oaog transcriptional regulator
family found in bacteria. TetR family proteins akso involved in various other
important biological processes, such as biofiimmfation, biosynthesis of
antibiotics, catabolic pathways, multidrug resisgnnitrogen fixation, stress
responses, and the pathogenicity of Gram-negatingde Gram-positive bacteria.
All the proteins belonging to the TetR family sharéhigh degree of sequence
similarity at the DNA-binding domain located at theterminal region (Yet al.,

2010; Chattoragt al.,2011). Among the transcriptional regulators, ttiess was
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also sensed predominantly by members of the LysRlyalLow temperature,
urea, and benzoate had similar effects on the sgyne of LysR regulators that
corresponded to positive correlations with the globranscriptional profile.
Growth of P. putidaat low pH, however, did not affect expression leé LysR
regulators (Matillaet al., 2011). One of the global regulators, Fis (factor f
inversion stimulation), regulates positively theagiéllar movement of
Pseudomonas putidduring colonization of plant roots (Jakovlegtal.,2012).
AlgR controls transcription oflgC, encoding a dual-function enzyme necessary
for both lipopolysaccharide (LPS) (Coyneeldral.,1994) and alginate production
(Yu et al.,1997).

PP132 encoding for multi-sensor signal transdudtistidine kinase was found to
be up-regulated in the consistent changes of mbiwaphenol to induce the
formation of aggregates . putidaCP1. Two-component pathways enable cells
to sense and respond to stimuli by inducing chamyé&snscription. A previous
study showed that a two-component regulatory systednthe synthesis of the O-
antigen lipopolysaccharides are important Rar fluorescensWCS365 for cell
attachments (Hinsa&t al., 2003). Adaptive responses are controlled by two-
component signal transduction systems enablingebiacto respond to a large
number of environmental signals (Kivistt al.,2006).

The third gene PP4936 encodes for O-antigen polyseerThis highlighted the
importance of this gene to express the productibripmpolysaccharide for
aggregate formation. Lipopolysaccharide (LPS) hasnbimplicated inP.
aeruginosaand P. fluorescensbiofilm formation (Spiers and Rainey, 2005).
However, Reveet al.,(2006) found that during the exposureFofputidato urea,
downregulation of genes for PP4936 suggests thateths an adaptive
modification of the cell envelope fatty acids angpopolysaccharides.
Adhesiveness dPseudomonaspecies has also been associated with the presence
and composition of LPS (Williams and Fletcher, 1996

The enzyme dienelactone-hydrolase is involved ie final steps in the
degradation of chlorophenols following cycloisorsation process. The

conversion of cis- and trans-dienelactone by damtehe hydrolase producing
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maleylacetate which is readily converted to intaetiages of the TCA cycle and
therefore may be utilised for the production ofrbass, energy, carbon dioxide

and water, resulting in complete degradation (Suohlinet al.,1993).

Tig encoding for trigger factor protein was repesksn this study. This gene
involved in protein export and acts as a chapelmnanaintaining the newly
synthesized protein. Previous studies showed thatynof the chaperons and
post-translational modification proteins are indlickiring biofilm growth ofP.
aeruginosaThe biofilm growth inP. aeruginosaPAO1 andP. aeruginosé&RD1
have affected the abundance of chaperons and msotevolved in post-

translational modification including tig gene (Ratcharet al.,2007).

4.4 Genotypic responses d®. putida CP1 following growth on fructose

Transcriptomic analysis showed tpiA encoding trpysesphate isomerise was
detected to be up-regulated in fructose and manmetabolism. TpiA played a
role in the conversion of glyceraldehyde-3-phosphahd dihydroxyacetone.
Unexpectedly, three genes encoding for phosphdewse cluster, fruA, fruB
and fruK were down-regulated. The genomePofputidaKT2440 encodes only
five recognizable proteins belong to the phosphipgmovate (PEP)-carbohydrate
phosphotransferase system (PTS) including the Famél FruB to form a
complete system for fructose intakK€elazquezet al., 2007; Pfluger and De
Lorenzo, 2008)The fruA- andfruB-encoded proteins appeared to form the only
system in P. putida for the intake of sugars (fructose) through the
phosphorylation-linked transport. A study showed Eh putida KT2440 with
fruB mutant was unable to metabolise fructose. Phaved that mechanisms of
entry of fructose inP. putidacan only be mediated by the multiphosphoryl
transfer protein FruB along with FruA (Velazquetzal.,2007). This suggests that
P. putida CP1 uses a different transport system for fructwbe&eh need to be
investigated in the future. Modifications in theaton transport chain were also
observed during growth on fructose. The expressiothe nuoA genes, which
encode the NADH dehydrogenase, increased. Thisnemzyas a key role in
feeding electrons into the electron transport ch@flliams et al, 2007). In

addition, the expression of succinate dehydroge(s®), which besides its role
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in the TCA cycle also feeds electrons into the tetec transport chain, also

increased.

Genes involved in translation were identified ahigh level inP .putidaCP1
grown on fructose in contrast to other functionsisTwas a similar observation to
that found in a study conducted by Ballerstedt al., (2007) where the
transcriptomics studies of different Pseudomona@sewidentified at a high
frequency (>80%) related to the translation. Theuation of these genes
presumably to trigger the growth in the active egst The induction of genes
RPL1, RPL2:ndRPS33related to ribosomal proteins was observed in tesly
Saccharomyces cerevisidaring growth on a nonfermentable carbon sourtk wi
the addition of carbon sources glucose and fructégpression of all ribosomal
protein genes occurs upon addition of a rapidlynfartable sugar to cells growing
on a nonfermentable carbon source or upon additioa nitrogen source to
nitrogen-starved cells related to the stimulatibrywth under these conditions
(Pernambucet al.,1996).

Fructose-induced aggregation was associated witteased expression of genes
involved in ABC transporters, two-component systdatty acid biosynthesis,
lipopolysaccharide biosynthesis and flagellar asdgrmpathway. The localization
of proteins encoded by the differentially regulageses was mainly located in the

cytoplasm and the cytoplasmic membrane.

OprH encoding the outer membrane protein H1 apgdetreébe highly induced
during aggregation oP. putida CP1 on 0.5% (w/v) fructose after 24 hours.
Edringtonet al., (2011) has suggested that the function of Oprkbiprovide
increased stability to the outer membranes by acterg with lipopolysaccharide
molecules. OprH is genetically linked to the Phdf®® two-component
regulatory system that is up-regulated and overesged in response to Kig
limited growth conditions. It is a major componaritthe P. aeruginosaPAO1
and P. fluorescens2P24 outer membrane (Yaet al., 2009). To support this
argument, it was found among up-regulated geneshvad in the two-component
system was phoQ (integral membrane sensor sigmaduction histidine kinase)

together with cheY (response regulator receivertgmd and PP2100 (two
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component sensor protein). CheY is responsibletli@ transduction of the
chemical signal to the flagellar switch. The inwatvent of two-component
systems in formation of autoaggregation was a amigsponse observed in the
case of mono-chlorophenols. The influence of ootembrane proteins has been
identified as adhesins for bacteria cells which banutilized in a variety of

environments (Hinsat al.,2003).

ABC transport system consisted of lapG encodedldage adhesion protein.
Gjermansenet al., (2005) found lapG and PP0165, encoding a putative
periplasmigrotein and a putative transmembrane protein comgiGGDEFand
EAL domains inP. putida They identified the importance of these genes for
formation and starvation-induced dispersion Rof putida biofilms. These two
proteins were also found to regulate adhesion, gigtvia the adhesiveness of
bacterial cells through c-di-GMP signaling in a pploorelay-mediated signaling

event.

All genes involved in flagellar assembly were ugtiated, suggesting the role of
flagellae to induce the production of aggregatesndugrowth on fructose. FliE
encoding for flagellar hook-basal body protein veasong the top up-regulated
genes in the study and has been validated withREBR- Seven genes involved in
flagellar assembly were found to be up-regulatethexmicroarray analysis &f.
putida CP1 vs fructose including the flagellar basal bguigtein (FIiE, flgG,
flgH, flgl), flagellar motor switch protein fliN,l&gellar MS-ring protein fliF and
flagellar biosynthesis protein flhA. Our microarrssgudy also showed up-
regulation of many flagellar genes with the forroatiof aggregates in the
comparative study in 50ppm4CP vs 200ppm4CP. Alihef flagellar genes that
we detected in both comparative studies as diffednexpressed in aggregated
cells belonged to genes in the 6 of the 17 flagetlperons known inP.
aeruginosa flgA (class-2), fiEFGHIJ (class-2) fiLMNOPQRfIhB (class-2)
flgBCDE (class-3) flgFGHIJKL (class-3) andigMN (class-2 & 4) as decribed by
(Dasgupteet al, 2003). Many expressed genes encode proteirieedidsal body:
FIiE, FIgB and FlgC form the proximal rod, FIgF aRldG form the distal rod and
FIiM is a motor/switch componenflgM, on the other hand, is the negative

regulator of flagellin synthesidliC). flgM is expressed as a class-2 gene and as an
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anti-sigma factor, prevents expression of the Bigkna factor- dependent class-4
genes such aC. No class-4 gene, other thigM, which is considered both a
class-2 and class-4 gene, was differentially exya@sat any of the sampling
times. With observation of only class 2- and claggnes but not class-4 strongly
suggests that neither flagellation nor hyperflagah of cells took place during
the stress, indicating a different role for the reggion of some flagella synthesis
operons. The investigation of flagellae regulaiioformation aggregates was not
yet been highlighted but the primary function afgiéllae in biofilm formation is
assumed to be in transport and in initial celluoface interactions. The absence
of flagellae impaired®. fluorescensandP. putidain colonization of potato and
wheat roots and reduced cellular adhesionPofaeruginosato a polystyrene
surface (Sauer and Camper, 2001).

The microarray results showed that gene expressibRS biosynthesis including
gmhA, gmhB, IpxB, PP4936 and kdsA was altered wRemputida CP1 was
grown on fructose. The relation between bacterigdss, LPS production and
aggregate formation has been poorly explored. Heweseveral reports have
identified that LPS ofE. coli K12, Salmonella entericaVibrio cholera and
Pseudomonas aeruginosare known to play an important role in biofilm
formation (Yeomet al.,2012). Previously, transcriptome analysis of L&ton
mutants revealed a significant degree of redudtidniofilm formation ofE. coli
K12 (Nibaet al.,2007). The production of LPS in cell aggregatgseaped to be a
protection mechanism fdt. putidaCP1. LPS is a major component of the Gram-
negative bacterial outer membrane and is impodard permeability barrier and
for the resistance against complement-mediatedys#d (Sperandeet al.,2009).
They also form a protective extracellular barriggaiast the penetration of
potentially noxious molecules by divalent cationeia¢ed LPS-LPS interactions
(Edrington et al., 2011). LPS layer of the outer membrane affectdasar

properties such as charge and hydrophobicity (Nearagal.,2006).
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4.5 Common genes expressed iR. putida CP1 following growth on

mono-chlorophenol and fructose

A common response was found during formation ofragates on mono-
chlorophenol and fructose. TetR family transcripti@gulator was found to be
induced in both responses Bf putidaCP1 grown on mono-chlorophenols and
fructose as was PP4936 encoding for O-antigen paigse. This similarity in
regulation might propose that the TetR family tamion regulator controls the
expression of PP4936 for the production of lipopalicharide for aggregate
formation. The finding was supported with changethe O-antigen profile from
aggregated cells grown on 100 ppm 2-chloropher@dl,dom 3-chlorophenol, 200
ppm 4-chlorophenol and 0.5% (w/v) fructose. An #&ddal band was observed
on the gel between 55-35 kDa.

A role for the intact O-antigen of LPS in cell attanent inP. putidaCP1 can be
supported by another study. Dekketsal., (1998) have observed. fluorescens
WCS365 mutants lacking the O-antigen of LPS werfedlize for colonization
and growth whereas one mutant (PCL1205) with atsh@-antigen chain was
defective in colonization ability. The O-specifiegion located on the very outer
cell surface especially has an effect on surfacpgrties. Wzy, an O-antigen
polymerase located in the O-antigen biosynthetas$d-rancisella tularensidhas
been characterised@he function is to catalyze the addition of newly syedlzed
O-antigen repeating units to a glycolipid constiof lipid A, inner core
polysaccharide, and one repeating unit of the @gaalcharide (Kinet al.,2010).
Adhesiveness dPseudomonaspecies is related to the presence and composition
of LPS. Substantially reduced attachment to bi@ie abiotic surfaces was
observed in O-polysaccharide deficidtdeudomonaspp. and irE. coli strains
with mutations in the LPS core biosynthesis getfi@S, rfaP, andgalU (Sauer
and Camper, 2001).
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The genes PP1961 (TetR family transcriptional rafgu) and PP4936 (O-antigen
polymerase) were validated by qRT-PCR. The trapgson of therpoD gene

encoding the house keeping sigma70 factor was asdtie housekeeping gene
for qRT-PCR in this study. It has been identifiedaa ideal housekeeping gene
for this task due to its stable expression leveB.iputida(Dominguez-Cuevast

al., 2006) andP. aeruginosa(Savli et al., 2003). The results confirmed those
obtained with the microarrays, although differengapression values were in
several cases higher than those delivered by thearrays. The results obtained
with the microarrays corresponded to the degreexpfession change, mainly in
the case of mono-chlorophenols; although the fblalhge values were probably

underestimated in some cases.
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5.0 CONCLUSIONS
AND FUTURE WORK
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5 Conclusions and future work

Conclusions

WhenPseudomonas putidaP1 was grown on 100 ppm 2-chlorophenol, 100 ppm
3-chlorophenol, 200 ppm 4-chlorophenol and 0.5%v)\fuctose the organism
formed clumps of cells or aggregates. The aggregaif cells of one species is
also referred to as autoaggregation. Phenotypic geribtypic changes in the
organism suggested that the aggregative responseawasponse to substrate
stress. Phenotypic changes monitored during grontthese substrates showed
changes in the cell surface together with the prtdo of extracellular polymeric
substances (EPS). EPS cements cells together famdsaprotection from adverse
environmental conditions. When genotypic studiesewaarried out, aggregated
cells showed the up-regulation of two genes inipaldr - PP1961 (TetR family
transcriptional regulator) and PP4936 (O-antigetyrmerase). Both of these
genes are associated with stress responses arglidalte changes. These genes
associated with autoaggregation in this environaleisolate may function as
biomarkers for, or functional targets in, the mamn@nce of the phenotype. Given
that the aggregated form of the bacterium has shpotential for use in
bioaugmentation, an in-depth understanding of thenpmenon could enhance

the use of this organism in biological wastewateatiment systems.

Future work

In this project, the growth dP. putidaCP1 was investigated on chlorophenols
and fructose when supplied as the sole sourcerbboaThe experiments were
also carried out under a limited number of envirental conditions of
temperature, pH and nutrients. Further work woualkkstigate the growth of the
bacterium under a wider range of environmental targ and further analyses
including the measurement of the chaotropicity bé tsubstrate would be

included.
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P. putidaCP1 was found to aggregate when grown on cer@icentrations of
fructose. The aggregative response was thoughe tdule to a deficiency in the
metabolic capability of the organism. Future worll imvestigate the metabolic
capability of the bacterium more closely using aahelomics and/or proteomic

approach.

The production of extracellular polymeric substan¢EPS) is pivotal to cell
aggregation. This study used biochemical methodm#dyse the composition of
the EPS. Such methods are lacking in accuracy andefwork would investigate
the composition of the EPS using more sophisticafgatoaches such as GC-MS
analysis. It would also be useful to extend therasicopic analysis used in this
study to quantify the EPS using confocal microscopy

Surface changes in the cell are important in tbdysbf aggregation. Changes in
lipopolysaccharide (LPS) production were studiedthis project using SDS-
PAGE. A more in-depth analysis of the changes enlfRS using Western blotting

would be useful.

The genes PP1961 and PP4936 were found to play elein aggregation. This
would require further validation. Future work wilivestigate using knock-out
gene expression at the mRNA level and a proteotadysusing two-dimensional

(2D) electrophoresis gel.
Genotypic studies in this project highlighted tloderof flagellae in aggregation.

Future work would further investigate this findibg focusing on the phenotype

of the cell using scanning electron microscopy.

200



6.0 BIBLIOGRAPHY

201



6 Bibliography

Adley, C. and Saieb, F. 2005. Comparison of biokleti APl 20NE and Remel
RapID NF Plus, identification systems of type stsaiof Ralstonia pickettii
Letters in Applied Microbiology1(2), pp.136-140.

Allenza, P., Lee, Y.N. and Lessie, T.G. 1982. Emneymelated to fructose
utilization in Pseudomonas cepacidournal of Bacteriology150(3), pp.1348-
1356.

Alm, E., Huang, K. and Arkin, A. 2006. The evolutiof two-component systems
in bacteria reveals different strategies for nieldaptationPLoS Computational
Biology,2(11), pp. p1329-1342.

Al-Thani, R.F., Abd-El-Haleem, D.A.M. and Al-ShammaM. 2007. Isolation,
biochemical and molecular characterization of abphenol-degradingacillus

isolates African Journal of Biotechnolog®, pp.2675-2681.

Annachhatre, A.P. and Gheewala, S.H. 1996. Biodgian of chlorinated
phenolic compound®iotechnology Advance$4(1), pp.35-56.

Aranda-Olmedo, I., Tobes, R., Manzanera, M., Ramds,and Marqués, S. 2002.
Species-specific repetitive extragenic palindrom{@EP) sequences in
Pseudomonas putid&lucleic Acids ResearcBQ(8), pp.1826-1833.

Armenante, P.M., Kafkwitz, D., Lewandowski, A. ahou, C.J. 1999. Anaerobic-
aerobic treatment of halogenated phenolic compaukidster Research33,
pp.681-692.

Bae, H.S., Lee, J.M. and Lee, S. 1996. Biodegradati 4-chlorophenol via a
hydroquinone pathway by Arthrobacter ureafaciens CPR706. FEMS
Microbiology Letters]145, pp.125-129.

Ballerstedt, H., Volkers, R.J.M., Mars, A.E., Hallsth, J.E., Santos, V.A.M.,
Puchalka, J., van Duuren, J., Eggink, G., Timmi#J.kand de Bont, J.A.M. 2007.
Genomotyping ofPseudomonas putidatrains usingP. putida KT2440-based

202



high-density DNA microarrays: implications for tsmmiptomics studiesApplied
Microbiology and Biotechnology5(5), pp.1133-1142.

Bar-Joseph, Z., Gitter, A. and Simon, I. 2012. $iugl and modelling dynamic
biological processes using time-series gene expressata. Nature Reviews
Genetics13(8), pp.552-564.

Benjamini, Y. and Hochberg, Y. 1995. Controllingetfalse discovery rate: a
practical and powerful approach to multiple testidgurnal of the Royal
Statistical Society.Series B (Methodologicpf),289-300.

Berg, H.C. 2003. The rotary motor of bacterial @d@ Biochemistry,72(1),
pp.19.

Bernal, P., Segura, A. and Ramos, J. 2007. Comfmgsaole of the
cis - trans- isomerase and cardiolipin synthase in the membirandity of
Pseudomonas putid®OT - T1E. Environmental Microbiology9(7), pp.1658-
1664.

Bhaganna, P., Volkers, R.J., Bell, A.N., Kluge, Kimnson, D.J., McGrath, J.W.,
Ruijssenaars, H.J. and Hallsworth, J.E. 2010. Hyldobic substances induce
water stress in microbial cellslicrobial Biotechnology3(6), pp.701-716.

Boor, K.J. 2006. Bacterial stress responses: Wbest kill them can make them
strongerPLoS Biology4(1), pp. 18-20.

Borrego, S., Niubo, E., Ancheta, O. and Espinosa;:.M2000. Study of the
microbial aggregation inMycobacteriumusing image analysis and electron

microscopy.Tissue and CelB2(6), pp.494-500.

Bosshard, P., Zbinden, R., Abels, S., BéddinghBusAltwegg, M. and Béttger,
E. 2006. 16S rRNA gene sequencing versus the APNEOsystem and the
VITEK 2 ID-GNB card for identification of nonferméng Gram-negative
bacteria in the clinical laboratorylournal of Clinical Microbiology,44(4),
pp.1359-1366.

203



Bossier, P. and Verstraete, W. 1996. Triggers facrabial aggregation in
activated sludgeAppl Microbiol Biotechnol45, pp.1-6.

Bossier, P., Top, E.M., Huys, G., Kersters, K., Baert, C.J.P., Rouxhet, P.G.
and Verstraete, W. 2000. Modification of the aggtesmn behaviour of the
environmentaRalstonia eutropha like strain AE815 is reflected by both surface
hydrophobicity and amplified fragment length polympluism (AFLP) patterns.
Environmental Microbiology2(1), pp.51-58.

Bundy, J.G., Davey, M.P. and Viant, M.R. 2009. Eorimental metabolomics: a
critical review and future perspectivédetabolomics5(1), pp.3-21.

Burdman, S., Jurkevitch, E., Schwartsburd, B., Hamil. and Okon, Y. 1998.
Aggregation inAzospirillum brasilenseeffects of chemical and physical factors
and involvement of extracellular componemtiscrobiology, 144(7), pp.1989.

Burdman, S., Okon, Y. and Jurkevitch, E. 2000. &sef characteristics of
Azospirillum brasilensan relation to cell aggregation and attachmenplant

roots.Critical Reviews in Microbiology26(2), pp.91-110.

Burton, K. 1968. Determination of DNA concentratiovith diphenylamine.
Methods in Enzymologg2(part B), pp.163-166.

Cabiscol, E., Tamarit, J. and Ros, J. 2010. Oxidatiress in bacteria and protein

damage by reactive oxygen speclagernational Microbiology3(1), pp.3-8.

Caroff, M. and Karibian, D. 2003. Structure of lmal lipopolysaccharides.
Carbohydrate ResearcB38(23), pp.2431-2447.

Chaignon, V., Lartiges, B.S., El Samrani, A. andstity C. 2002. Evolution of
size distribution and transfer of mineral particlestween flocs in activated
sludges: an insight into floc exchange dynamWater Researct86(3), pp.676-
684.

204



Chakraborty, S., Mukherji, S. and Mukherji, S. 2080rface hydrophobicity of
petroleum hydrocarbon degradiBgrkholderiastrains and their interactions with
NAPLs and surface€olloids and Surfaces B: Biointerfac&8(1), pp.101-108.

Chang, W.S., Van De Mortel, M., Nielsen, L., Nine Guzman, G., Li, X. and
Halverson, L.J. 2007. Alginate production I®3seudomonas putidareates a
hydrated microenvironment and contributes to hmofiarchitecture and stress
tolerance under water-limiting conditiondournal of Bacteriology,189(22),
pp.8290-8299.

Chang, Y.I. and Su, C.Y. 2003. Flocculation behavif Sphingobium
chlorophenolicum in degrading pentachlorophenol at different lifeages.
Biotechnology and Bioengineerir®g(7), pp.843-850.

Chapman, M.R. and Kao, C.C. 1998. EpsR modulatedugtion of extracellular
polysaccharides in the bacterial wilt pathogétalstonia (Pseudomongs

solanacearumJournal of Bacteriologyl80(1), pp.27-34.

Chattoraj, P., Mohapatra, S.S., Rao, J.L.U.M. amivBs, |. 2011. Regulation of
transcription by SMU. 1349, a TetR family regulator Streptococcus mutans
Journal of Bacteriologyl193(23), pp.6605-6613.

Chavarria, M., Kleijn, R.J., Sauer, U., Pfliger-GrK. and de Lorenzo, V. 2012.
Regulatory tasks of the phosphoenolpyruvate-phdspheferase system of
Pseudomonas putida central carbon metabolisiiBio, 3(2), pp.1-9.

Chen, M.Y., Lee, D., J., Tay, J.H. and Show, K.W0?2. Staining of extracellular
polymeric substances and cells in bioaggregatgmlied Microbiology and
Biotechnology75, pp.467-474.

Chih-Jen, L., Chi-Mei, L. and Chiou-Zong, H. 1998iodegradation of
chlorophenols by immobilized pure-culture microarigans. Water Science and
Technology34(10), pp.67-72.

Chin, J.P., Megaw, J., Magill, C.L., Nowotarski, KVilliams, J.P., Bhaganna, P.,
Linton, M., Patterson, M.F., Underwood, G.J.C. Mmlvaka, A.Y. 2010. Solutes

205



determine the temperature windows for microbial vt and growth.
Proceedings of the National Academy of Scierfb@8(17), pp.7835-7840.

Chiu, Z., Chen, M., Lee, D., Wang, C. and Lai, 002 Oxygen diffusion in
active layer of aerobic granule with step changeurrounding oxygen levels.
Water Researchil1(4), pp.884-892.

Choi, J., Liu, H., Song, H., Park, J.H.Y. and YurW. 2012. Plasma marker
proteins associated with the progression of lungceain obese mice fed a high-
fat diet.Proteomics12(12), pp.1999-2013.

Clesceri, L.S., Greenberg, A.E. and Eaton, A.D.8l®andard Methods for the
Examination of Water and Wastewat2@" ed. Washington DC:.American Public
Health Association, American Water Works Assocmatiand Water Environment
Federation.

Comte, S., Guibaud, G. and Baudu, M. 2006. Relatibetween extraction
protocols for activated sludge extracellular polyimsubstances (EPS) and EPS
complexation properties: Part 1. Comparison of #f@ciency of eight EPS
extraction method€nzyme and Microbial Technolod8(1-2), pp.237-245.

Costerton, J.W. 1999. Introduction to biofilminternational Journal of
Antimicrobial Agentsll, pp.217-221.

Coyne Jr, M.J., Russell, K.S., Coyle, C.L. and ®elg, J.B. 1994. The
Pseudomonas aeruginosdgC gene encodes phosphoglucomutase, required for
the synthesis of a complete lipopolysaccharide .cdoeirnal of Bacteriology,
176(12), pp.3500-3507.

Cray, J.A., Bell, AN., Bhaganna, P., Mswaka, A.Y[jmson, D.J. and
Hallsworth, J.E. 2013a. The biology of habitat doamice; can microbes behave

as weeds®licrobial Biotechnology

Cray, J.A., Russell, J.T., Timson, D.J., Singhat.Rand Hallsworth, J.E. 2013b.
A universal measure of chaotropicity and kosmotibpi Environmental
Microbiology,15(1), pp.287-296.

206



Cucarella, C., Solano, C., Valle, J., Amorena, B &asa, |I. and Penades, J. R.
2001. Bap, aStaphylococcus aureusurface protein involved in biofilm
formation.Journal of Bacteriologyl83(9), pp.2888-2896.

Dasgupta, N., Lykken, G.L., Wolfgang, M.C. and Y,ahi.. 2004. A novel anti-
anti-activator mechanism regulates expression efRfeudomonas aeruginosa

type Il secretion systenMolecular Microbiology 53(1), pp.297-308.

Dasgupta, N., Wolfgang, M.C., Goodman, A.L., Ard8., Jyot, J., Lory, S. and
Ramphal, R. 2003. A four-tiered transcriptional ulagory circuit controls
flagellar biogenesis iPseudomonas aeruginaddolecular Microbiology,50(3),
pp.809-824.

Daviss, B. 2005. Growing pains for metabolomilise Scientist19(8), pp.25-28.

Dekkers, L.C., van der Bij, A.J., Mulders, I.H.Mhoelich, C.C., Wentwoord,
R.A.R., Glandorf, D.C.M., Wijffelman, C.A. and Lwagtberg, B.J.J. 1998. Role of
the O-antigen of lipopolysaccharide, and possiblesr of growth rate and of
NADH: ubiquinone oxidoreductase (nuo) in compeétitomato root-tip
colonization byPseudomonas fluoresceW8CS365. Molecular Plant-Microbe
Interactions,11(8), pp.763-771.

Del Re, B., Sgorbati, B., Miglioli, M. and PalenzgnD. 2000. Adhesion,
autoaggregation and hydrophobicity of 13 strainsBdfdobacterium longum
Letters in Applied Microbiology31(6), pp.438-442.

Dominguez-Cuevas, P., Gonzalez-Pastor, J.E., Mardbie Ramos, J.L. and de
Lorenzo, V. 2006. Transcriptional tradeoff betweeetabolic and stress-response
programs inPseudomonas putid€T2440 cells exposed to toluengournal of
Biological Chemistry281(17), pp.11981.

Dorn, E. and Knackmuss, H.J. 1978. Chemical stractnd biodegradability of
halogenated aromatic compounds. Two catechol lipX@/genases from a 3-
chlorobenzoate-grown pseudomonBahchemical Journall74(1), pp.73-84.

207



dos Santos, V.A.P.M., Heim, S., Moore, E.R.B., &irdl. and Timmis, K.N.
2004. Insights into the genomic basis of niche #iody of Pseudomonas putida
KT2440.Environmental Microbiology6(12), pp.1264-1286.

Doyle, T.B., Hawkins, A.C. and McCarter, L.L. 200&the complex flagellar
torque generator dPseudomonas aeruginasdournal of Bacteriology186(19),
pp.6341-6350.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers,AP and Smith, F. 1956.
Colorimetric method for determination of sugars arslated substances.
Analytical Chemistry28(3), pp.350-356.

Duque, E., Rodriguez-Herva, J.J., de la TorreDdminguez-Cuevas, P., Munoz-
Rojas, J. and Ramos, J.L. 2007. The RpoT reguldPsetidomonas putidaOT-
T1E and its role in stress endurance against savéournal of Bacteriology,
189(1), pp.207-219.

Eboigbodin, K.E. and Biggs, C.A. 2008. Charactditra of the extracellular
polymeric substances produced Bgcherichia coliusing infrared spectroscopic,

proteomic, and aggregation studiBgomacromolecule€(2), pp.686-695.

Eboigbodin, K.E., Ojeda, J.J. and Biggs, C.A. 20D¥estigating the surface
properties ofEscherichia coliunder glucose controlled conditions and its effect
on aggregatior.angmuir,23(12), pp.6691-6697.

Eboigbodin, K., Newton, J., Routh, A. and Biggs,2005. Role of nonadsorbing
polymers in bacterial aggregatidrangmuir,21(26), pp.12315-12319.

Edrington, T.C., Kintz, E., Goldberg, J.B. and TamnkK. 2011. Structural basis
for the interaction of lipopolysaccharide with auteembrane protein H (OprH)
from Pseudomonas aeruginasaournal of Biological Chemistry,286(45),
pp.39211-39223.

Ehrenreich, A. 2006. DNA microarray technology fttre microbiologist:an
overview.Applied Microbiology and Biotechnology¥3, pp.255-273.

208



Elkarmi, A., Abu-Elteen, K. and Khader, M. 2008. d&ding the biodegradation
efficiency and growth foPseudomonas alcaligeneslizing 2,4-diclorophenol as
a carbon pre- and post-exposure to UV radiatdmmdan Journal of Biological
Sciencel, pp.7-11.

Emptage, R.P., Daughtry, K.D., Pemble, C.W. andiR&e.R.H. 2012. Crystal
structure of LpxK, the '4kinase of lipid A biosynthesis and atypical P-ldopase
functioning at the membrane interfaé&oceedings of the National Academy of
Sciencesl109(32), pp.12956-12961.

Espinosa-Urgel, M., Salido, A. and Ramos, J.L. 20@&netic analysis of
functions involved in adhesion d?seudomonas putidéo seeds.Journal of
Bacteriology,182(9), pp.2363-2369.

Eulberg, D., Kourbatova, E.M., Golovleva, L.A. ar&hlomann, M. 1998.
Evolutionary relationship between chlorocatecholtabalic enzymes from
Rhodococcus opacusCP and their counterparts in proteobacteria: gempie
divergence and functional convergendaurnal of Bacteriology180(5), pp.1082-
1094.

Fakhruddin, A.N.M. and Quilty, B. 2006. The respsmg Pseudomonas putida
CP1 cells to nutritional, chemical and environmesteessesWorld Journal of
Microbiology and Biotechnolog@?2, pp.507-514.

Fakhruddin, A.N.M. and Quilty, B. 2005. The inflienof glucose and fructose
on the degradation of 2-chlorophenol IBRseudomonas putid&€P1. World
Journal of Microbiology and Biotechnolog®l, pp.1541-1548.

Fakhruddin, A.N.M. and Quilty, B. 2007. Measuremehtthe growth of a floc
forming bacteriunPseudomonas putidaP1.Biodegradation18, pp.189-197.

Farrell, A. and Quilty, B. 2002a. Substrate-dep@&mndautoaggregation of
Pseudomonas putid€P1 during the degradation of mono-chlorophenaold a
phenol.Journal of Industrial Microbiology and Biotechnop@8(6), pp.316-324.

209



Farrell, A. and Quilty, B. 2002b. The enhancemdr-ohlorophenol degradation
by a mixed microbial community when augmented wRteudomonas putida
CP1.Water Researcl86(10), pp.2443-2450.

Fava, F., Armenante, P. and Kafkewitz, D. 1995. obh&r degradation and
dechlorination of 2-chlorophenol, 3-chlorophenoldad-chlorophenol by a
Pseudomonas picketstrain.Letters in Applied Microbiology21(5), pp.307-312.

Feder, M. and Walser, J. 2005. The biological ktiins of transcriptomics in
elucidating stress and stress respondesrnal of Evolutionary Biologyl8(4),
pp.901-910.

Feng, J., Meyer, C.A., Wang, Q., Liu, J.S., LiuSX.and Zhang, Y. 2012.
GFOLD: a generalized fold change for ranking déferally expressed genes
from RNA-seq dataBioinformatics,28(21), pp.2782-2788.

Filion, M. 2012. Quantitative Real-Time PCR In Applied MicrobiologyK:

Caister Academic Press.

Finkel'shtein, Z.1., Baskunov, B.P., Golovlev, E.Moiseeva, O.V., Vervoort, J.,
Rietjens, I. and Golovleva, L.A. 2000. Dependendetlte conversion of
chlorophenols byRhodococcon the number and position of chlorine atoms & th

aromatic ringMicrobiology,69(1), pp.40-47.

Flemming, H.C. and Wingender, J. 2002. What bidilmontain-Proteins,
polysaccharides, et€hemie in Unserer Zei86(1), pp.30-42.

Flemming, H.C. and Wingender, J. 2001. Relevanceniafobial extracellular
polymeric substances (EPSs)-Part I: Structural acdlogical aspectsWater
Science and Technology3(6), pp.1-8.

Fonseca, P., Moreno, R. and Rojo, F. 2011. GrowWtRseudomonas putidat
low temperature: global transcriptomic and protenmmnalysesEnvironmental
Microbiology Reports3(3), pp.329-339.

210



Francke, C., Kormelink, T.G., Hagemeijer, Y., Ovars) L., Sluijter, V.,
Moezelaar, R. and Siezen, R.J. 2011. Comparatiadyses imply that the
enigmatic sigma factor 54 is a central controllethee bacterial exterioBMC

Genomics12(1), pp.385-406.

Friedman, L. and Kolter, R. 2004. Genes involved niatrix formation in
Pseudomonas aerugino®i14 biofilms.Molecular Microbiology51(3), pp.675-
690.

Frglund, B., Palmgren, R., Keiding, K. and Niels&iH. 1996. Extraction of
extracellular polymers from activated sludge usantation exchange resiater
Research30(8), pp.1749-1758.

Galperin, M.Y. 2005. The molecular biology databaséection: 2005 update.
Nucleic Acids ResearcB3, pp.5-24.

Gao, H., Yang, Z.K., Gentry, T.J., Wu, L., Scha@tWw. and Zhou, J. 2007.
Microarray-based analysis of microbial community &\by whole-community
RNA amplification.Applied and Environmental Microbiology3(2), pp.563-571.

Ghorbel, S., Kormanec, J., Artus, A. and Virolle,JM2006. Transcriptional
studies and regulatory interactions between thdrpgblwoP operon and the phoU,
mtpA, and ppk genes of Streptomyces lividans TKRurnal of Bacteriology,
188(2), pp.677-686.

Ghyselinck, J., Velivelli, S.L., Heylen, K., O’'Hény, E., Franco, J., Rojas, M.,
De Vos, P. and Prestwich, B.D. 2013. Bioprospeciimgotato fields in the
Central Andean Highlands: Screening of rhizobaatin plant growth-promoting

propertiesSystematic and Applied Microbiolod6(2), pp.116-127.

Gilbert, P., Maira-Litran, T., McBain, A.J., RicldirA.H. and Whyte, F.W. 2002.
The physiology and collective recalcitrance of mimal biofilm communities.
Advances in Microbial Physiologg6, pp.203-256.

211



Gjermansen, M., Ragas, P., Sternberg, C., Molian8. Tolker-Nielsen, T. 2005.
Characterization of starvation-induced dispersian Rseudomonas putida

biofilms. Environmental Microbiology7(6), pp.894-904.

Gogra, A.B., Yao, J., Sandy, E.H., Zheng, S.X.,a¥arG., Koroma, B.M. and
Hui, Z. 2010. Cell surface hydrophobicity (CSH) dscherichia coli
Staphylococcus aurewsnd Aspergillus nigerand the biodegradation of Diethyl
Phthalate (DEP) via Microcalorimetryournal of American Sciencé(7), pp. 78-
88.

Gonzalez-Rodriguez, 1., Sanchez, B., Ruiz, L., diitrrF., Ventura, M., Ruas-
Madiedo, P., Gueimonde, M. and Margolles, A. 20Rdle of extracellular
transaldolase fronBifidobacterium bifidumin mucin adhesion and aggregation.
Applied and Environmental Microbiology8(11), pp.3992-3998.

Goswami, M., Shivaraman, N. and Singh, R.P. 200i&rdial metabolism of 2-
chlorophenol, phenol anglcresol byRhodococcus erythropoligl in co-culture
with Pseudomonas fluoresceii&l. Microbiological Research160(2), pp.101-
109.

Goulding, C., Gillen, C.J. and Bolton, E. 1988. dgradation of substituted
benzeneslournal of Applied Bacteriolog$b, pp.1-5.

Gupta, A., Chauhan, A. and Kopelevich, D.l. 2008olédular modeling of
surfactant covered oil-water interfaces: Dynamiogrostructure, and barrier for
mass transporfhe Journal of Chemical Physid28(23), pp.234709-234709-18.

Haas, D. and Défago, G. 2005. Biological controlsofl-borne pathogens by
fluorescent pseudomonadiature Reviews Microbiolog$(4), pp.307-319.

Haggblom, M. and Young, L. 1990. Chlorophenol ddgten coupled to sulfate
reduction Applied and Environmental Microbiology6(11), pp.3255-3260.

Hallsworth, J.E., Heim, S. and Timmis, K.N. 2003haGtropic solutes cause
water stress inPseudomonas putidaEnvironmental Microbiology,5(12),
pp.1270-1280.

212



Harley, J. P. and Prescott, L.M. 199icrobiology. Wm. C. Brown Publishers.
United states of America.

Harshey, R.M. 2003. Bacterial motility on a surfaogany ways to a common
goal.Annual Reviews in Microbiolog$,/7(1), pp.249-273.

Harwood, C.S., Fosnaugh, K. and Dispensa, M. 19BRgellation of
Pseudomonas putidand analysis of its motile behavidournal of Bacteriology,
171(7), pp.4063-4066.

Hashimoto, Y., Hosaka, H., Oinuma, K.l., Goda, Mligashibata, H. and
Kobayashi, M. 2005. Nitrile pathway involving ad@bA synthetaseJournal of
Biological Chemistry280(10), pp.8660-8667.

Heine, F., Stahl, F., Strauber, H., Wiacek, C., igenmf, D., Repenning, C.,
Schmidt, F., Scheper, T., von Bergen, M. and Hairrsand Muller, S. 2009.
Prediction of flocculation ability of brewing yeaisioculates by flow cytometry,

proteome analysis, and mRNA profilingytometry Part A75, pp.140-147.

Heipieper, H.J., Meinhardt, F. and Segura, A. 20l0% cis—trans isomerase of
unsaturated fatty acids in Pseudomonas and Vilisiochemistry, molecular
biology and physiological function of a unique st@daptive mechanisfREMS
Microbiology Letters229(1), pp.1-7.

Hendrickx, L., Hausner, M. and Wuertz, S. 2003.uxatgenetic transformation
in  monoculture Acinetobacter sp. strain BD413 biofilms. Applied and
Environmental Microbiology69(3), pp.1721-1727.

Higgins, M.J. and Novak, J.T. 1997. Characterizatid exocellular protein and
its role in bioflocculationJournal of Environmental Engineering23(5), pp.479-
485.

Hinsa, S.M., Espinosa-Urgel, M., Ramos, J.L. antb@e, G.A. 2003. Transition
from reversible to irreversible attachment duringofibon formation by
Pseudomonas fluoresceMyCS365 requires an ABC transporter and a large
secreted proteirMolecular Microbiology49(4), pp.905-918.

213



Hirayama, H., Takami, H., Inoue, A. and HorikosKi, 2006. Isolation and

characterization of toluenesensitive mutants fromPseudomonas putida

IH - 2000.FEMS Microbiology Lettersl69(2), pp.219-225.

Hollender, J., Hopp, J. and Dott, W. 2000. Cooxatatof chloro-and
methylphenols byAlcaligenes xylosoxidan¥H1. World Journal of Microbiology
and Biotechnologyl6(5), pp.445-450.

Hollender, J., Hopp, J. and Dott, W. 1997. Degriatadf 4-chlorophenol via the
meta cleavage pathway byComamonas testosterondH5. Applied and
Environmental Microbiology63, pp.4567-4572.

Holtwick, R., Keweloh, H. and Meinhardt, F. 1999s/tans isomerase of
unsaturated fatty acids &seudomonas putida8: evidence for a heme protein of
the cytochrome c typépplied and Environmental Microbiolog§5(6), pp.2644-
2649.

Horak, C.E. and Snyder, M. 2002. Global analysig@ie expression in yeast.
Functional and Integrative Genomi&4-5), pp.171-180.

Horak, R. and Kivisaar, M. 1998. Expression of thensposase gene tnpA of
Tn4652 is positively affected by integration hasttbr.Journal of Bacteriology,
180(11), pp.2822-2829.

Hori, K., Hiramatsu, N., Nannbu, M., Kanie, K., Qio, M., Honda, H. and
Watanabe, H. 2009. Drastic change in cell surfagérdphobicity of a new
bacterial strainPseudomonasp. TIS1-127, induced by growth temperature and
its effects on the toluene-conversion ratéournal of Bioscience and
Bioengineering107(3), pp.250-255.

Huan, P., Wang, H. and Liu, B. 2011. Comparativetgomic analysis of
challenged Zhikong scallo@hlamys farreri A new insight into the anti-Vibrio
immune response of marine bivalvdash and Shellfish Immunology1(6),
pp.1186-1192.

214



Isken, S., Derks, A., Wolffs, P.F.G. and de BonA.NI. 1999. Effect of organic
solvents on the yield of solvent-tolerddseudomonas putid&12. Applied and
Environmental Microbiology65(6), pp.2631-2635.

Jackson, K.D., Starkey, M., Kremer, S., Parsek, MaRd Wozniak, D.J. 2004.
Identification of psl, a locus encoding a potentedopolysaccharide that is
essential forPseudomonas aeruginosBAO1 biofilm formation. Journal of
Bacteriology,186(14), pp.4466-4475.

Jahn, A., Griebe, T. and Nielsen, P.H. 1999. Comtiposof Pseudomonas putida
biofilms: accumulation of protein in the biofilm mnix. Biofouling, 14(1), pp.49-
57.

Jahn, C.E., Charkowski, A.O. and Willis, D.K. 200Bvaluation of isolation
methods and RNA integrity for bacterial RNA quaatitn. Journal of
Microbiological Methods75(2), pp.318-324.

Jain, A., Nishad, K.K. and Bhosle, N.B. 2007. Effecf DNP on the cell surface
properties of marine bacteria and its implicaticor fadhesion to surfaces.
Biofouling,23(3), pp.171-177.

Jakovleva, J., Teppo, A., Velts, A., Saumaa, S.oibl., Kivisaar, M. and Teras,
R. 2012. Fis regulates the competitivenesBsd#udomonas putidan barley roots
by inducing biofilm formationMicrobiology,158(Pt 3), pp.708-720.

Jame, S.A., Alam, A., Alam, M.K. and Fakhruddin, 2010. Isolation and
identification of phenol and monochlorophenols-@elgng bacteria:
Pseudomonasand Aeromonasspecies.Bangladesh Journal of Microbiology,
25(1), pp.41-44.

Jiang, Y., Wen, J., Bai, J., Jia, X. and Hu, Z. 20Biodegradation of phenol at
high initial concentration byAlcaligenes faecalis Journal of Hazardous
Materials,147(1-2), pp.672-676.

215



Johnsen, K., Andersen, S. and Jacobsen, C.S. Fdfhotypic and genotypic
characterization of phenanthrene-degrading fluemis®seudomonasiovars.
Applied and Environmental Microbiolog§2(10), pp.3818-3825.

Jorand, F., Boue-Bigne, F., Block, J.C. and Urbaiv,. 1998.
Hydrophobic/hydrophilic properties of activateddije exopolymeric substances.
Water Science and Technolo8y(4-5), pp.307-315.

Kachlany, S.C., Levery, S.B., Kim, J.S., Reuhs,.Blion, L.W. and Ghiorse,
W.C. 2002. Structure and carbohydrate analysib®fetkopolysaccharide capsule
of Pseudomonas putida7.Environmental Microbiology3(12), pp.774-784.

Kadurugamuwa, J.L. and Beveridge, T.J. 1995. Vircde factors are released
from Pseudomonas aeruginosa association with membrane vesicles during
normal growth and exposure to gentamicin: a novekhanism of enzyme
secretionJournal of Bacteriologyl77(14), pp.3998-4008.

Kasali, Y., Inoue, J. and Harayama, S. 2001. The P@smid pWWO xyIN gene
product from Pseudomonas putidé involved in-xylene uptakeJournal of
Bacteriology,183(22), pp.6662-6666.

Kelly, B.C., Ikonomou, M.G., Blair, J.D., Morin, B. and Gobas, F.A. 2007.
Food web-specific biomagnification of persistengamic pollutants.Science,
317(5835), pp.236-239.

Kieboom, J., Bruinenberg, R., KeizeGunnink, I. and Bont, J.A.M. 2001.

Transposon mutations in the flagella biosynthetithay of the solvent-tolerant
Pseudomonas putidal?2 result in a decreased expression of solvéiokejenes.
FEMS Microbiology Lettersl98(2), pp.117-122.

Kim, T.H., Sebastian, S., Pinkham, J.T., Ross, RBfalock, L.A.T. and Kasper,
D.L. 2010. Characterization of the O-antigen polymse (Wzy) ofFrancisella
tularensis Journal of Biological Chemistr285(36), pp.27839-27849.

Kivistik, P.A., Putrins, M., Puvi, K., llves, H., iisaar, M. and Horak, R. 2006.

The ColRS two-component system regulates membranetions and protects

216



Pseudomonas putidagainst phenolJournal of Bacteriology188(23), pp.8109-
8117.

Klausen, M., Heydorn, A., Ragas, P., Lambertsen, Aaes- Jgrgensen, A.,
Molin, S. and Tolker Nielsen, T. 2003. Biofilm formation byseudomonas

aeruginosawild type, flagella and type IV pili mutant8lolecular Microbiology,
48(6), pp.1511-1524.

Klebensberger, J., Birkenmaier, A., Geffers, R.eliéperg, S. and Philipp, B.
2009. SiaA and SiaD are essential for inducing aggoegation as a specific
response to detergent stress Hseudomonas aeruginasénvironmental
Microbiology,11(12), pp.3073-3086.

Klebensberger, J., Lautenschlager, K., Bressler\Almgender, J. and Philipp, B.
2007. Detergent-induced cell aggregation in subladioms of Pseudomonas
aeruginosaas a preadaptive survival strate§yvironmental Microbiology9(9),
pp.2247-2259.

Klebensberger, J., Rui, O., Fritz, E., Schink, Bd ahilipp, B. 2006. Cell
aggregation ofPseudomonas aeruginosdrain PAO1 as an energy-dependent
stress response during growth with sodium dodeayfate. Archives of
Microbiology,185(6), pp.417-427.

Klecka, G.M. and Gibson, D.T. 1981. Inhibition cdtechol 2, 3-dioxygenase
from Pseudomonas putiddy 3-chlorocatecholApplied and Environmental
Microbiology,41(5), pp.1159-1165.

Knackmuss, H.J. and Hellwig, M. 1978. Utilizatiomda cooxidation of
chlorinated phenols blyseudomonasp. B 13 Archives of Microbiology117(1),

pp.1-7.

Kutchma, A.J., Hoang, T.T. and Schweizer, H.P. 199Baracterization of a
Pseudomonas aeruginosatty acid biosynthetic gene cluster: purificatioinacyl
carrier protein (ACP) and malonyl-coenzyme A: ACRnsacylase (FabD).
Journal of Bacteriologyl81(17), pp.5498-5504.

217



Laemmli, U.K. 1970. Cleavage of structural protethsing the assembly of the
head of bacteriophage TMature,227(5259), pp.680-685.

Laspidou, C.S. and Rittmann, B.E. 2002. A unifidebdry for extracellular
polymeric substances, soluble microbial produats] active and inert biomass.
Water Researcl86(11), pp.2711-2720.

Lee, S., Jeon, E., Jung, Y. and Lee, J. 2012. bletgwus co-expression of accA,
fabD, and thioesterase genes for improving longrclf@ty acid production in

Pseudomonas aeruginosand Escherichia coli. Applied Biochemistry and
Biotechnologypp.1-15.

Lemire, J., Auger, C., Bignucolo, A., Appanna, Vdhd Appanna, V.D. 2010.
Metabolic strategies deployed Bseudomonas fluorescens combat metal
pollutants: Biotechnological prospectCurrent Research.Technology and
Education Topics in Applied Microbiology and Micirab Biotechnology,
Formatex Research Centre, Badajoz, Spamnl77-187.

Lemos, M.F., Soares, A.M., Correia, A.C. and EsseveC. 2010. Proteins in
ecotoxicology—how, why and why noP?oteomics,10(4), pp.873-887.

Lessie, T.G. and Phibbs Jr, P.V. 1984. Alternapathways of carbohydrate
utilization in Pseudomonad&nnual Reviews in Microbiolog®8(1), pp.359-388.

Liao, B.Q., Allen, D.G., Droppo, |.G., Leppard, G.&hd Liss, S.N. 2001. Surface
properties of sludge and their role in biofloccuat and settleability.Water
Research35(2), pp.339-350.

Lin, H., Gao, W., Leung, K. and Liao, B. 2011. Cdteristics of different
fractions of microbial flocs and their role in merabe fouling.Water Science
and Technology63(2), pp.262-269.

Linda L, M. 2006. Regulation of flagell&urrent Opinion in Microbiology9(2),
pp.180-186.

218



Lindon, J.C., Nicholson, J.K. and Everett, J.R. 498IMR spectroscopy of
biofluids. Annual Reports on NMR Spectrosco}y, pp.1-88.

Liu, H., Choi, J. and Yun, J.W. 2012. Gender ddfeges in rat plasma proteome
in response to high-fat digeroteomics12(2), pp.269-283.

Liu, Y. and Fang, H. H. P. 2003. Influence of egéltular polymeric substances
(EPS) on flocculation, settling, and dewatering aaftivated sludgeCritical

Reviews in Environmental Science and Techno®gfa), pp.237-273.

Liu, Y., Liu, Y. and Tay, J. 2004a. The effects extracellular polymeric
substances on the formation and stability of biogtas. Applied Microbiology
and Biotechnology65(2), pp.143-148.

Liu, Y., Yang, S., Tay, J., Liu, Q., Qin, L. and, M. 2004b. Cell hydrophobicity
is a triggering force of biogranulatioBnzyme and Microbial Technolog34(5),
pp.371-379.

Madigan, M.T., Martinko, J.M. and Parker, J. 200Brock biology of

microorganismsPrentice Hall Upper Saddle River, NJ.

Mai, T.L. and Conner, D.E. 2007. Effect of temperatand growth media on the
attachment of Listeria monocytogenes to stainléssl.gnternational Journal of
Food Microbiology,120(3), pp.282-286.

Martinez-Antonio, A. and Collado-Vides, J. 2003ntifying global regulators in
transcriptional regulatory networks in bactefairrent Opinion in Microbiology,
6(5), pp.482-489.

Martinez- Bueno, M.A., Tobes, R., Rey, M. and Ramos, J.L.2@ketection of

multiple extracytoplasmic function (ECF) sigma fast in the genome of
Pseudomonas pudKT2440 and their counterparts Bseudomonas aeruginosa
PAO1.Environmental Microbiology4(12), pp.842-855.

219



Martinkova, L., Uhnakova, B., Patek, M., NeSvera,add Ken, V. 20009.
Biodegradation potential of the genBshodococcusEnvironment International,
35(1), pp.162-177.

Mascher, T., Helmann, J.D. and Unden, G. 2006. Btimperception in bacterial
signal-transducing histidine kinaseddicrobiology and Molecular Biology
Reviews70(4), pp.910.

Matilla, M.A., Travieso, M.L., Ramos, J.L. and Rar@onzalez, M.l. 2011.
Cyclic diguanylate turnover mediated by the sole DEB/EAL response
regulator inPseudomonas putid#s role in the rhizosphere and an analysis f it

target processeknvironmental Microbiology,3(7),pp.1745-1766.

Matz, C., Deines, P. and Jurgens, K. 2002. Pherotgriation inPseudomonas
sp. CM10 determines microcolony formation and stalviunder protozoan
grazing.FEMS Microbiology Ecology39(1), pp.57-65.

Matz, C., Bergfeld, T., Rice, S.A. and Kjellebe®y,2004. Microcolonies, quorum
sensing and cytotoxicity determine the survival Réeudomonas aeruginosa
biofilms exposed to protozoan grazingnvironmental Microbiology,6(3),
pp.218-226.

McCammick, E., Gomase, V., McGenity, T., Timson,add Hallsworth, J. 2010.
Water-hydrophobic compound interactions with the crobial cell IN:

Anonymous Handbook of Hydrocarbon and Lipid Microbiologyspringer,
pp.1451-1466.

McLaughlin, H., Farrell, A. and Quilty, B. 2006. @iugmentation of Activated
Sludge with Two Pseudomonas putid&trains for the Degradation of 4-
Chlorophenol. Journal of Environmental Science and Health, Part A

Toxic/Hazardous Substances and Environmental Eegimg 41(5), pp.763-777.

Menke, B. and Rehm, H.J. 1992. Degradation of medwf monochlorophenols
and phenol as substrates for free and immobilizdd of Alcaligenessp. A7-2.
Applied Microbiology and Biotechnolod¥7(5), pp.655-661.

220



Miller, G.L. 1959. Use of dinitrosalicylic acid rgaent for determination of
reducing sugarAnalytical Chemistry31(3), pp.426-428.

Moat, A.G., Foster, JW. and Spector, M.P. 20020320Microbial Stress
ResponsedMicrobial PhysiologyJohn Wiley & Sons, Inc., pp.582-611.

Moiseeva, O., Solyanikova, I., Kaschabek, S., Grgnd., Thiel, M., Golovleva,

L. and Schiémann, M. 2002. A new modifiedtho cleavage pathway of 3-
chlorocatechol degradation BBhodococcus opacdsCP: genetic and biochemical
evidenceJournal of Bacteriologyl84(19), pp.5282-5292.

Monsalvo, V., Mohedano, A., Casas, J. and Rodrigde2009. Cometabolic
biodegradation of 4-chlorophenol by sequencing tbateactors at different

temperaturesBioresource Technolog$00(20), pp.4572-4578.

Moore, E.R.B., Tindall, B.J., Martins dos Santos, Rieper, D.H., Ramos, J.L.
and Palleroni, N.J. 2006. Nonmediceseudomonad he Prokaryotes, pp.646-
703.

Moulton, R.C. and Montie, T.C. 1979. ChemotaxisHseudomonas aeruginasa
Journal of Bacteriologyl37(1), pp.274-280.

Murray, A., Lies, D., Li, G., Nealson, K., Zhou,ahd Tiedje, J. 2001. DNA/DNA
hybridization to microarrays reveals gene-spedadtfitferences between closely
related microbial genome®roceedings of the National Academy of Sciences,
98(17), pp.9853-9858.

Nataro, J.P., Yikang, D. and Yingkang, D. and Walk€. 1994. AggR, a
transcriptional activator of aggregative adhererfoebria | expression in
enteroaggregativeéscherichia coliJournal of Bacteriologyl 76, pp.4691-4699.

Nelson, K.E., Weinel, C., Paulsen, I.T., Dodson].RHilbert, H., dos Santos,
V.A.P.M., Fouts, D.E., Gill, S.R., Pop, M., Holmé4,, Brinkac, L., Beanan, M.,
DeBoy, R.T., Daugherty, S., Kolonay, J., Madupu, Relson, W., White, O.,
Peterson, J., Khouri, H., Hance, I., Lee, P.C. td4qple, E., Scanlan, D., Tran,
K., Moazzez, A., Utterback, T., Rizzo, M., Lee, Kpsack, D., Moestl, D.,

221



Wedler, H., Lauber, J., Stjepandic, D., Hoheise], Skraetz, M., Heim, S.,
Kiewitz, C., Eisen, J., Timmis, K.N., Dusterhoft,, Alummler, B. and Fraser,
C.M. 2002. Complete genome sequence and comparatnadysis of the
metabolically versatile Pseudomonas putida KT2440. Environmental
Microbiology,4(12), pp.799-808.

Neu, T.R. and Lawrence, J.R. 1997. Development stnacture of microbial
biofilms in river water studied by confocal laserasning microscopyFEMS

Microbiology Ecology24(1), pp.11-25.

Neumann, G., Cornelissen, S., Van Breukelen, F.ngdy S., Lippold, H.,
Loffhagen, N., Wick, L.Y. and Heipieper, H.J. 200Bnergetics and surface
properties ofPseudomonas putid@OT-T1E in a two-phase fermentation system
with 1-decanol as second phaseplied and Environmental Microbiology2(6),
pp.4232-4238.

Neumann, G., Veeranagouda, Y., Karegoudar, T.,nSabi, Mausezahl, I.,
Kabelitz, N., Kappelmeyer, U. and Heipieper, H.002 Cells ofPseudomonas
putida and Enterobactersp. adapt to toxic organic compounds by increateg
size.Extremophiles9(2), pp.163-168.

Nguyen, T.P., Hankins, N.P. and Hilal, N. 2007. émparative study of the
flocculation behaviour and final properties of dytic and activated sludge in

wastewater treatmeridesalination,204(1-3), pp.277-295.

Niba, E.T.E., Naka, Y., Nagase, M., Mori, H. andakawa, M. 2007. A genome-
wide approach to identify the genes involved infiioformation inE. coli. DNA
Researchl14(6), pp.237-246.

Nielsen, L., Li, X. and Halverson, L.J. 2011. Ce## and cell-surface
interactions mediated by cellulose and a novel ekm@accharide contribute to
Pseudomonas putidabiofiim formation and fithess under water-limiting
conditions.Environmental Microbiologyl3(5), pp. 1342-1356.

Nilsson, M., Chiang, W.C., Fazli, M., Gjermansen, Kivskov, M. and Tolker-

Nielsen, T. 2011. Influence of putative exopolyserwe genes oRseudomonas

222



putida KT2440 biofilm stability. Environmental Microbiology13(5), pp. 1357-
1369.

Nogales, J., Palsson, B.O. and Thiele, I. 2008. ehoge-scale metabolic
reconstruction ofPseudomonas putidkT2440: iIJN746 as a cell factorgmc

Systems Biology, pp.79.

Nordin, K., Unell, M. and Jansson, J.K. 2005. No&alhlorophenol degradation
gene cluster and degradation route via hydroxyduiimo Arthrobacter
chlorophenolicuA6. Applied and Environmental Microbiology1(11), pp.6538-
6544.

Nosyk, O., ter Haseborg, E., Metzger, U. and Frimnie2008. A standardized
pre-treatment method of biofilm flocs for fluoresce microscopic
characterizationJournal of Microbiological Methods,5(3), pp.449-456.

O'Toole, G., Kaplan, H.B. and Kolter, R. 2000. Biof formation as microbial
developmentAnnual Review of Microbiolog$4, pp.49-79.

Oberhardt, M.A., Puchalka, J., Fryer, K.E., Martilts Santos, V.A.P. and Papin,
J.A. 2008. Genome-scale metabolic network analydisthe opportunistic
pathogen Pseudomonas aeruginosBAO1. Journal of Bacteriology,190(8),
pp.2790-2803.

Oh, J.HK.K.K. and Lee, S.T. 2002. Biodegradatidémpleenol and chlorophenols
with defined mixed culture in shake-flasks and akped bed reactorProcess
Biochemistry37(12), pp.1367-1373.

Onbasli, D. and Aslim, B. 2009. Effects of some amig pollutants on the
exopolysaccharides (EPSs) produced by sBseudomonaspp. strainsJournal
of Hazardous Materialsl68(1), pp.64-67.

Pal, A. and Paul, A.K. 2008. Microbial extracelluflymeric substances:central
elements in heavy metal bioremediatidndian Journal of Microbiology.48,
pp.49-64.

223



Palleroni, N.J. 2010. Thd>seudomonasstory. Environmental Microbiology,
12(6), pp.1377-1383.

Panicker, G., Aislabie, J. and Bej, A.K. 2006. Arséd of aggregative behaviour
of Pseudomonassp. 30-3 isolated from Antarctic soilSoil Biology and
Biochemistry 338, pp.3152-3157.

Panicker, G., Aislabie, J., Saul, D. and Bej, AZ002. Cold tolerance of
Pseudomonasp. 30-3 isolated from oil-contaminated soil, Anot&a. Polar
Biology,25(1), pp.5-11.

Patrauchan, M.A., Sarkisova, S.A. and Franklin, .M2007. Strain-specific
proteome responses Bseudomonas aeruginosabiofilm-associated growth and
to calcium.Microbiology,153(11), pp.3838-3851.

Pedras, M.S.C. and Zheng, Q. 2010. Metabolic resgmrof Thellungiella
halophila/salsugineato biotic and abiotic stresses: Metabolite prafiland

quantitative analyse®hytochemistry71(5), pp.581-589.

Pernambuco, M.B., Winderickx, J., Crauwels, M. flérén, G., Mager, W.H. and
Thevelein, J.M. 1996. Glucose-triggered signallimgaccharomyces cerevisiae
different requirements for sugar phosphorylatioomeen cells grown on glucose
and those grown on non-fermentable carbon sourgksrobiology, 142(7),
pp.1775-1782.

Pfluger, K. and De Lorenzo, V. 2008. Evidence o¥ivo cross talk between the
nitrogen-related and fructose-related branches dfe tcarbohydrate
phosphotransferase system B$eudomonas putidaJournal of Bacteriology,

190(9), pp.3374-3380.

Phadtare, S. 2004. Recent developments in bactei@dshock respons€urrent
Issues in Molecular Biolog(2), pp.125-136.

Pinkart, H.C. and White, D.C. 1997. Phospholipidbsynthesis and solvent
tolerance inPseudomonas putidatrains. Journal of Bacteriology,179(13),
pp.4219-4226.

224



Pinkart, H.C., Wolfram, J.W., Rogers, R. and WhieC. 1996. Cell envelope
changes in solvent-tolerant and solvent-sensifdg@udomonas putidatrains
following exposure to o-xylenépplied and Environmental Microbiologg2(3),
pp.1129-1132.

Poblete-Castro, I., Escapa, I.F., Jager, C., Pkahal, Lam, C.M.C., Schomburg,
D., Prieto, M.A. and dos Santos, V.A.P.M. 2012. Thetabolic response ¢f.
putida KT2442 producing high levels of polyhydroxyalkateander single-and
multiple-nutrient-limited growth: Highlights from multi-level omics approach.
Microbial Cell Factories11(1), pp.34.

Potvin, E., Sanschagrin, F. and Levesque, R.C. .2(0igma factors in

Pseudomonas aeruginageEMS Microbiology Review82(1), pp.38-55.

Pragai, Z., Allenby, N.E.E., O'Connor, N., Dubr&c, Rapoport, G., Msadek, T.
and Harwood, C.R. 2004. Transcriptional regulatainthe phoPR operon in
Bacillus subtilis Journal of Bacteriologyl86(4), pp.1182-1190.

Pratt, L.A. and Kolter, R. 1998. Genetic analysfsE&scherichia colibiofilm
formation: roles of flagella, motility, chemotaxend type | pili. Molecular
Microbiology,30(2), pp.285-293.

Putri, S.P., Nakayama, Y., Matsuda, F., Uchikata,Kbbayashi, S., Matsubara,
A. and Fukusaki, E. 2013. Current metabolomicscitral applicationsJournal

of Bioscience and Bioengineerimp.579-589.

Putring, M., llves, H., Lilje, L., Kivisaar, M. anddrak, R. 2010. The impact of
ColRS two-component system and TtgABC efflux punmppbienol tolerance of
Pseudomonas putidabecomes evident only in growing bacterid@MC
Microbiology,10(1), pp.110.

Quaranta, D., McEvoy, M.M. and Rensing, C. 2009e-8irected mutagenesis
identifies a molecular switch involved in coppenseag by the histidine kinase
CinS inPseudomonas putidaT2440.Journal of Bacteriologyl91(16), pp.5304-
5311.

225



Rahman, M.M., Kim, W.S. and Kumura, H. and Shimazak. 2008.
Autoaggregation and surface hydrophobicityBifidobacteria World Journal of
Microbiology and Biotechnolog@4(8), pp.1593-1598.

Ramos, J.L. 2004.Pseudomonas: Genomics, Life Style And Molecular

Architecture.Springer.

Ramos, J.L., Martinez-Bueno, M., Molina-Henares]. ATeran, W., Watanabe,
K., Zhang, X., Gallegos, M.T., Brennan, R. and Tgk®. 2005. The TetR family
of transcriptional repressordvicrobiology and Molecular Biology Reviews,
69(2), pp.326-356.

Ramsey, D.M. and Wozniak, D.J. 2005. Understandihg control of
Pseudomonas aeruginosdginate synthesis and the prospects for managenhen
chronic infections in cystic fibrosi#lolecular Microbiology 56(2), pp.309-322.

Rehm, B. 2008Pseudomonas: Model Organism, Pathogen, Cell Facttfyed.
Wiley VCH.

Remold, S.K., Brown, C.K., Farris, J.E., HundleyCT Perpich, J.A. and Purdy,
M.E. 2011. Differential habitat use and niche panming by Pseudomonas
species in human homedicrobial Ecology,62(3), pp.505-517.

Ren, N., Xie, T. and Xing, D. 2009. Composition @ftracellular polymeric
substances influences the autoaggregation capalwfit hydrogen-producing
bacterium Ethanoligenens harbinenseBioresource Technology,100(21),
pp.5109-5113.

Renzone, G., D'’Ambrosio, C., Arena, S., Rullo, Redda, L., Ferrara, L. and
Scaloni, A. 2004. Differential proteomic analysrs the study of prokaryotes
stress resistancAnnali Dell'Istituto Superiore Di Sanit&1(4), pp.459-468.

Reva, O.N., Weinel, C., Weinel, M., Bohm, K., Sgegic, D., Hoheisel, J.D. and
Tummler, B. 2006. Functional genomics of stresgaase inPseudomonas
putidaKT2440.Journal of Bacteriologyl88(11), pp.4079-4092.

226



Rocchetta, H., Burrows, L. and Lam, J. 1999. Gesaif O-antigen biosynthesis
in Pseudomonas aeruginasdicrobiology and Molecular Biology Reviews,
63(3), pp.523-553.

Romling, U., Gomelsky, M. and Galperin, M.Y. 20@di-GMP: the dawning of
a novel bacterial signalling systeMolecular Microbiology 57(3), pp.629-639.

Rosenberg, M., Gutnick, D. and Rosenberg, E. 19&@herence of bacteria to
hydrocarbons: a simple method for measuring cefase hydrophobicityFEMS
Microbiology Letters9(1), pp.29-33.

Ryoo, D., Shim, H., Canada, K., Barbieri, P. andod/oT.K. 2000. Aerobic
degradation of tetrachloroethylene by toluene-ergl monooxygenase of
Pseudomonas stutzédiX1. Nature Biotechnology.8(7), pp.775-778.

Sabra, W., Lunsdorf, H. and Zeng, A.P. 2003. Atieres in the formation of
lipopolysaccharide and membrane vesicles on théasarof Pseudomonas
aeruginosa PAO1 under oxygen stress conditionglicrobiology, 149(10),
pp.2789-2795.

Sadasivan, L. and Neyra, C.A. 1985. Flocculatiodaospirillum brasilensand
Azospirillum lipoferum exopolysaccharides and cyst formatiatournal of
Bacteriology,163(2), pp.716-723.

Saito, H. and Kobayashi, H. 2003. Bacterial respsrie alkaline stres&cience
Progress86(4), pp.271-282.

Sakka, K. and Takashi, H. 1982. DNA binding activiof cells of
deoxyribonuclease-susceptible floc formiRgeudomonasp. Agricultural and
Biological Chemistry46(7), pp.1775-1781.

Sampathkumar, B., Napper, S., Carrillo, C.D., V@itis P., Taboada, E., Nash,
J.H.E., Potter, A.A., Babiuk, L.A. and Allan, B.2006. Transcriptional and
translational expression patterns associated witimabilized growth of

Campylobacter jejuniMicrobiology,152(2), pp.567-577.

227



Sanin, S.L. 2003. Effect of starvation on resu$sicia and the surface
characteristics of bacteridournal of Environmental Science and Health, Part A
38(8), pp.1517-1528.

Sanin, S.L., Sanin, F.D. and Bryers, J.D. 2003ed¢iffof starvation on the
adhesive properties of xenobiotic degrading bemtedProcess Biochemistry,
38(6), pp.909-914.

Santos, P.M., Benndorf, D. and Sa-Correia, |. 200dights intoPseudomonas
putida KT2440 response to phenol-induced stress by ga#iaé proteomics.
Proteomics4(9), pp.2640-2652.

Sardessai, Y. and Bhosle, S. 2002. Tolerance ofebacto organic solvents.
Research in Microbiology,53(5), pp.263-268.

Sauer, K. and Camper, A.K. 2001. Characterizatibmplenotypic changes in
Pseudomonas putidan response to surface-associated growiburnal of
Bacteriology,183(22), pp.6579-6589.

Savli, H., Karadenizli, A., Kolayli, F., Gundes,, ®zbek, U. and Vahaboglu, H.
2003. Expression stability of six housekeeping gereproposal for resistance
gene quantification studies &seudomonas aeruginosy real-time quantitative

RT-PCR.Journal of Medical Microbiology52(5), pp.403-408.

Scheffers, D.J. and Pinho, M.G. 2005. Bacteridl wall synthesis: new insights
from localization studiesMicrobiology and Molecular Biology Review89(4),
pp.585-607.

Schembri, M.A., Christiansen, G. and Klemm, P. 20FimH-mediated
autoaggregation oEscherichia coli Molecular Microbiology,41(6), pp.1419-
1430.

Schembri, M.A., Hjerrild, L., Gjermansen, M. andekim, P. 2003. Differential
Expression of th&scherichia coliautoaggregation factor antigen 4@urnal of
Bacteriology,185(7), pp.2236-2242.

228



Schleheck, D., Barraud, N., Klebensberger, J., Wélsh, McDougald, D., Rice,
S.A. and Kjelleberg, S. 200Pseudomonas aeruginoBAO1 preferentially
grows as aggregates in liquid batch cultures asgetises upon starvatidaublic
Library of Science ONEL(5), pp.5513.

Schlémann, M., Ngai, K., Ornston, L. and Knackmuds,1993. Dienelactone
hydrolase fronrPseudomonas cepacidournal of Bacteriologyl 75(10), pp.2994-
3001.

Schulze, A. and Downward, J. 2001. Navigating gexression using
microarrays-a technology revieNature Cell Biology3(8), pp.190-195.

Schwien, U. and Schmidt, E. 1982. Improved degradaif monochlorophenols
by a constructed strail\pplied and Environmental Microbiology4(1), pp.33-
39.

Segura, A., Duque, E., Mosqueda, G., Ramos, Jd.Janker, F. 1999. Multiple
responses of Gram-negative bacteria to organic estdv Environmental
Microbiology,1(3), pp.191-198.

Segura, A., Godoy, P., Van Dillewijn, P., Hurtado, Arroyo, N., Santacruz, S.
and Ramos, J.L. 2005. Proteomic analysis revealpanticipation of energy-and
stress-related proteins in the responsePstudomonas putid®OT-T1E to
tolueneJournal of Bacteriologyl87(17), pp.5937-5945.

Segura, A., Hurtado, A., Duque, E. and Ramos, 2004. Transcriptional phase
variation at the flnB gene oPseudomonas putid®OT-T1E is involved in

response to environmental changes and suggespattieipation of the flagellar
export system in solvent tolerancdournal of Bacteriology186(6), pp.1905-

19009.

Selezska, K., Kazmierczak, M., Misken, M., Garbe S&hobert, M., Haussler,
S., Wiehimann, L., Rohde, C. and Sikorski, J. 20R2eudomonas aeruginosa
population structure revisited under environmefdals: impact of water quality

and phage pressufenvironmental Microbiologyl4(8), pp.1952-1967.

229



Semwogerere, D. and Weeks, E.R. 2005. Confocalosgopy.Encyclopedia of
Biomaterials and Biomedical Engineering.G.Wnek, énBowlin, Editors.Taylor

and Francis, New York.

Sheng, G. and Yu, H. 2007. Formation of extracatlplolymeric substances from
acidogenic sludge in H2-producing proces8pplied Microbiology and
Biotechnology74(1), pp.208-214.

Sheng, G., Yu, H. and Li, X. 2010. Extracelluladymoeric substances (EPS) of
microbial aggregates in biological wastewater treatt systems: A review.
Biotechnology Advance23(6), pp.882-894.

Sheng, G., Yu, H. and Yu, Z. 2005a. Extraction a&fracellular polymeric
substances from the photosynthetic bacteri@hodopseudomonas acidophila.
Applied Microbiology and Biotechnolog§7(1), pp.125-130.

Sheng, G., Yu, H. and Yue, Z. 2005b. Productionextfracellular polymeric
substances fromRhodopseudomonas acidophilem the presence of toxic
substancesApplied Microbiology and Biotechnolog§9(2), pp.216-222.

Shi, L., Reid, L.H., Jones, W.D., Shippy, R., Wagton, J.A., Baker, S.C.,
Collins, P.J., de Longueville, F., Kawasaki, E.®&dalLee, K.Y. 2006. The
MicroArray Quality Control (MAQC) project shows &tand intraplatform
reproducibility of gene expression measuremeN&ture Biotechnology24(9),

pp.1151-1161.

Sikkema, J., De Bont, J. and Poolman, B. 1995. Mesms of membrane
toxicity of hydrocarbonsMicrobiological Reviews59(2), pp.201-222.

Smyth, G.K. and Speed, T. 2003. Normalization ofNéDmicroarray data.
Methods31(4), pp.265-273.

Smyth, G.K. 2004. Linear models and empirical bagesthods for assessing
differential expression in microarray experimen&atistical Applications in

Genetic and Molecular Biologg(1), pp.3.

230



Solyanikova, |.P. and Golovleva, L.A. 2004. Badkridegradation of
chlorophenols: pathways, biochemica, and genetipeds. Journal of
Environmental Science and Health.Part.B, Pesticidesod Contaminants, and
Agricultural Wastes39(3), pp.333-351.

Sorroche, F.G., Spesia, M.B., Zorreguieta, A. aimrdano, W. 2012. A positive
correlation between bacterial autoaggregation awdiim formation in native
Sinorhizobium melilotiisolates from ArgentinaApplied and Environmental
Microbiology,78(12), pp.4092-4101.

Spéth, R., Flemming, H.C. and Wuertz, S. 1998. Sorproperties of biofilms.
Water Science and Technolo@y(4-5), pp.207-210.

Sperandeo, P., Deho, G. and Polissi, A. 2009. igwpblysaccharide transport
system of Gram-negative bacteriBiochimica Et Biophysica Acta (BBA) -
Molecular and Cell Biology of Lipid4,791(7), pp.594-602.

Spiers, A.J., Kahn, S.G., Bohannon, J., Travisaioand Rainey, P.B. 2002.
Adaptive divergence in experimental populations?séudomonas fluoresceris
Genetic and phenotypic bases of wrinkly spreadereds. Genetics,161(1),
pp.33-46.

Spiers, A.J. and Rainey, P.B. 2005. TReseudomonas fluorescer&BW25

wrinkly spreader biofilm requires attachment factoellulose fibre and LPS
interactions to maintain strength and integritficrobiology, 151(9), pp.2829-
2839.

Steinle, P., Stucki, G., Stettler, R. and Hanselmal.W. 1998. Aerobic
mineralization of 2,6-dichlorophenol kyalstoniasp. strain RK1Applied and
Environmental Microbiology64(7), pp.2566-2571.

Sutherland, 1.W. 2001. Biofilm exopolysaccharides: strong and sticky
framework.Microbiology,147(1), pp.3-9.

Suzuki, H., Daimon, M., Awano, T., Umekage, S., dky T. and Kikuchi, Y.

2009. Characterization of extracellular DNA prodoictand flocculation of the

231



marine  photosynthetic  bacteriumRhodovulum  sulfidophilum Applied
Microbiology and Biotechnologg4(2), pp.349-356.

Tao, Y., Fishman, A., Bentley, W.E. and Wood, T2R04. Oxidation of benzene
to phenol, catechol, and 1,2,3-trihydroxybenzen¢ohyene 4-monooxygenase of
Pseudomonas mendocingR1 and toluene 3-monooxygenase R&lstonia
pickettii PKO1.Applied and Environmental Microbiology0(7), pp.3814-3820.

Temple, L.M., Sage, A.E., Schweizer, H.P. and P&ildP.V. 1998. Carbohydrate

catabolism irPseudomonas aeruginagaseudomonad,0, pp.35.

Toh, S., Tay, J., Moy, B., Ivanov, V. and Tay, 803. Size-effect on the physical
characteristics of the aerobic granule in a SBfplied Microbiology and
Biotechnology60(6), pp.687-695.

Tomas, C.A., Welker, N.E. and Papoutsakis, E.T.3200verexpression of
groESL inClostridium acetobutylicumesults in increased solvent production and
tolerance, prolonged metabolism, and changes in ddks transcriptional
program.Applied and Environmental Microbiolog§9(8), pp.4951-4965.

Tomés, M.S.J., Wiese, B. and Nader-Macias, M.E.52@ffects of culture
conditions on the growth and auto-aggregation tgbdf vaginal Lactobacillus
johnsoniiCRL 1294 .Journal of Applied Microbiology99(6), pp.1383-1391.

Tse, S.-. and Yu, J. 1997. FlocculationRfeudomonasvith aluminium sulfate
for enhanced biodegradation of synthetic dy8sotechnology Techniques,
11pp.479-482.

Tsubata, T., Tezuka, T. and Kurane, R. 1997. Chaoigeell membrane
hydrophobicity in a bacterium tolerant to toxic @iols. Canadian Journal of
Microbiology,43(3), pp.295-299.

Ueshima, M., Ginn, B.R., Haack, E.A., Szymanow3l.S. and Fein, J.B. 2008.
Cd adsorption ontoPseudomonas putidan the presence and absence of
extracellular polymeric substanc&seochimica Et Cosmochimica Acté2(24),
pp.5885-5895.

232



Ugur, A., Ceylan, O. and Aslim, B. 2012. Charactditwaof Pseudomonaspp.
from seawater of the southwest coast of Turkdgurnal of Biology and

Environmental Sciencé(16), pp.15-23.

Vasseur, P., Vallet-Gely, 1., Soscia, C., Geninaid Filloux, A. 2005. The pel
genes of th>seudomonas aerugino$®AK strain are involved at early and late
stages of biofilm formatiorMicrobiology,151(3), pp.985-997.

Velazquez, F., Di Bartolo, I. and De Lorenzo, V.020 Genetic evidence that
catabolites of the Entner-Doudoroff pathway sigdaource repression of th&4
Pu promoter oPseudomonas putiddournal of Bacteriology186(24), pp.8267-
8275.

Velazquez, F., Pfluger, K., Cases, |., De Eugehib,and De Lorenzo, V. 2007.
The phosphotransferase system (PTS) formed by Pts®, and PtsN proteins
controls production of polyhydroxyalkanoatesPiseudomonas putiddournal of
Bacteriology,189(12), pp.4529-4533.

Vladimirov, N. and Sourjik, V. 2009. Chemotaxis:vhdacteria use memory.
Biological Chemistry390(11), pp.1097-1104.

Vollmer, M.D., Hoier, H., Hecht, H.J., Schell, Wr6ning, J., Goldman, A. and
Schlémann, M. 1998. Substrate specificity of anadpct formation by muconate
cycloisomerases: an analysis of wild-type enzymed angineered variants.
Applied and Environmental Microbiolog§4(9), pp.3290-3299.

Walton, N.J. and Narbad, A. 2000. Novel approacteeshe biosynthesis of
vanillin. Current Opinion in Biotechnology,1(5), pp.490-496.

Wang, Y.B. and Han, J.Z. 2007. The role of probkiatll wall hydrophobicity in
bioremediation of aquaculturAquaculture 269(1-4), pp.349-354.

Watanabe, M., Sasaki, K., Nakashimada, Y., Kakizanp Noparatnaraporn, N.
and Nishio, N. 1998. Growth and flocculation of aarme photosynthetic
bacterium Rhodovulumsp. Applied Microbiology and Biotechnologyg0(6),
pp.682-691.

233



Wei, X., Guo, Y., Shao, C., Sun, Z., Zhurina, Dy,LD., Liu, W., Zou, D., Jiang,
Z. and Wang, X. 2012. Fructose uptakeBifidobacterium longunNCC2705 is
mediated by an ATP-binding cassette transportisurnal of Biological
Chemistry287(1), pp.357-367.

Weinel, C., Nelson, K.E. and Tummler, B. 2002. Gloldeatures of the
Pseudomonas putid&T2440 genome sequencEnvironmental Microbiology,
4(12), pp.809-818.

West, A.H. and Stock, A.M. 2001. Histidine kinasasd response regulator
proteins in two-component signaling systenisends in Biochemical Sciences,
26, pp.369-376.

Westphal, O. and Jann, K. 1965. Bacterial lipopmtgharides extraction with
phenol-water and further applications of the pracedvViethods in Carbohydrate
Chemistry 5, pp.83-91.

Whitchurch, C.B., Tolker-Nielsen, T., Ragas, P.@d aMattick, J.S. 2002.
Extracellular DNA required for bacterial biofilm dmation. Science 295(5559),
pp.1487.

Whiting, P., Midgley, M. and Dawes, E. 1976. Théerof glucose limitation in
the regulation of the transport of glucose, gluterend 2-oxogluconate, and of
glucose metabolism inPseudomonas aeruginasaJournal of General
Microbiology,92(2), pp.304-310.

Widada, J., Nojiri, H., Yoshida, T., Habe, H. andn@i, T. 2002. Enhanced
degradation of carbazole and 2,3-dichlorodibenziepin in soils by

Pseudomonas resinovorassain CA10Chemospherel9(5), pp.485-491.

Wierckx, N.J.P., Ballerstedt, H., de Bont, J. A, e Winde, J.H., Ruijssenaars,
H.J. and Wery, J. 2008. Transcriptome Analysis ofplaenol-producing
Pseudomonas putidal2 construct: Genetic and physiological basisrmgroved
production.Journal of Bacteriology190(8), pp.2822-2830.

234



Wierckx, N.J.P., Ballerstedt, H., de Bont, J.A.MdaNery, J. 2005. Engineering
of solvent-tolerantPseudomonas putid&12 for bioproduction of phenol from

glucose Applied and Environmental Microbiology1(12), pp.8221-8227.

Wieser, M., Eberspéacher, J., Vogler, B. and Ling€nsl994. Metabolism of 4-
chlorophenol byAzotobacteisp. GP1: Structure of theeta-cleavage product of
4-chlorocatecholFEMS Microbiology Lettersl16(1), pp.73-78.

Wilen, B.-., Jin, B. and Lant, P. 2003. The inflaerof key chemical constituents
in activated sludge on surface and flocculatingpproes.Water Research37,
pp.2127-21309.

Wilén, B., Lumley, D., Mattsson, A. and Mino, T.@ Relationship between
floc composition and flocculation and settling pedges studied at a full scale
activated sludge plantVater Researcl42(16), pp.4404-4418.

Williams, V. and Fletcher, M. 199@&seudomonas fluorescerlhesion and
transport through porous media are affected bypbsaccharide composition.
Applied and Environmental Microbiolog§2(1), pp.100-104.

Windt, W.D., Gao, H., Kromer, W., Damme, P.V., Dick, Mast, J., Boon, N.,
Zhou, J. and Verstraete, W. 2006. AggA is requfoecaggregation and increased
biofilm formation of a hyper-aggregating mutantSifewanella oneidensiR-1.
Microbiology,152, pp.721-729.

Wingender, J. and Flemming, H.C. 1999. Autoaggiegabf microorganisms:
flocs and biofilms IN: Rehm, H.-J. and Reed, G s(¢Biotechnology Se2™ ed.
Germany: Wiley, pp.65-83.

Wingender, J., Neu, T.R. and Flemming, H.C. 199%#hat are bacterial
extracellular polymeric substancesMicrobial Extracellular Polymeric

Substancegp.1-19.

Wingender, J., Neu, T.R. and Flemming, H. 1999bcrbhial Extracellular
Polymeric Substances: Characterizat®tmucture and Functior79.

235



Wu, H., Zhang, X., Li, X., Li, Z., Wu, Y. and Pek. 2005. Comparison of
metabolic profiles from serum from hepatotoxin-teghrats by nuclear-magnetic-
resonance-spectroscopy-based metabonomic analmsaytical Biochemistry,

340(1), pp.99-105.

Wu, X., Monchy, S., Taghavi, S., Zhu, W., Ramosgnt Van Der Lelie, D. 2011.
Comparative genomics and functional analysis oheicspecific adaptation in

Pseudomonas putid@EMS Microbiology Review85(2), pp.299-323.

Wuthiekanun, V., Smith, M., Dance, D., Walsh, ARitt, T. and White, N. 1996.
Biochemical characteristics of clinical and envimental isolates aBurkholderia
pseudomalleiJournal of Medical Microbiology45(6), pp.408-412.

Yan, Q., Gao, W., Wu, X.G. and Zhang, L.Q. 2009Ration of the Pcol/PcoR
guorum-sensing system iRseudomonas fluoresce°24 by the PhoP/PhoQ

two-component systenMicrobiology,155(1), pp.124-133.

Yang, Z. and Kong, F. 2012. Formation of large n@e: a defense mechanism of
Microcystis aeruginosaunder continuous grazing pressure by flagellate

Ochromonasp.Journal of Limnology71(1), pp.61-66.

Ye, F. and Shen, D. 2004. Acclimation of anaerokiodge degrading
chlorophenols and the biodegradation kinetics duriacclimation period.
Chemosphereéy4(10), pp.1573-1580.

Ye, R.W., Wang, T., Bedzyk, L. and Croker, K.M. 20@pplications of DNA
microarrays in microbial systemdournal of Microbiological Methods47(3),
pp.257-272.

Yeom, J., Lee, Y. and Park, W. 2012. Effects of-fmmc solute stresses on
biofilm formation and lipopolysaccharide productionEscherichia coliO157:
H7.Research in Microbiology,63(4), pp.258-267.

Yu, H., Mudd, M., Boucher, J., Schurr, M. and DireV¥. 1997. ldentification of

the algZ gene upstream of the response regulaght ahd its participation in

236



control of alginate production inPseudomonas aeruginasalournal of
Bacteriology,179(1), pp.187-193.

Yu, Z., Reichheld, S.E., Savchenko, A., Parkinsorand Davidson, A.R. 2010. A
comprehensive analysis of structural and sequewncsecvation in the TetR
family transcriptional regulatorslournal of Molecular Biology400(4), pp.847-

864.

Yuste, L., Hervas, A.B., Canosa, |., Tobes, R.,éhez, J.l.,, Nogales, J., Pérez-
Pérez, M.M., Santero, E., Diaz, E. and Ramos, 2005. Growth phase-
dependent expression of theseudomonas putid&KT2440 transcriptional
machinery analysed with a genome-wide DNA microarr&nvironmental
Microbiology,8(1), pp.165-177.

Zaitsev, G.M., Uotila, J.S., Tsitko, I.V., Lobanok,G. and Salkinoja-Salonen,
M.S. 1995. Utilization of halogenated benzenes,npls& and benzoates by
Rhodococcus opacusM-14. Applied and Environmental Microbiologg1(12),
pp.4191-4201.

Zhang, T. and Fang, H.H.P. 2001. Quantificationeafracellular polymeric
substances in biofilms by confocal laser scannirgraacopy. Biotechnology
Letters,23(5), pp.405-4009.

Zhang, W., Li, F. and Nie, L. 2010. Integrating tiple ‘omics’ analysis for
microbial biology: application and methodologid4icrobiology, 156(2), pp.287-
301.

Zhang, X. and Bishop, P.L. 2003. Biodegradability ofilm extracellular
polymeric substance€hemosphereéy0(1), pp.63-69.

237



7.0 APPENDIX

238



7 Appendix

Research Products

Conference Proceedings:

Agma, W. S and Quilty, B, 2012, Fructose-Induced &ggregation In
Pseudomonas putideCP1. In Proceedings of the5international
Conference on Sustainable Energy and Environmémtaection & to 8"
June 2012 — Part Il: Environment & Clean Technaegipp.223-228.
Edited by Abdul Ghani Olabi and Khaled Benyounisybin City

University, Ireland.

Oral presentations:

Agma, W. S and Quilty, B., 2010, “A study of theyplological response
of Pseudomonas putid@P1 to toxic stress”, International Conference on
Environment (ICENV’10), Pulau Pinang, Malaysia.

Agma, W. S and Quilty, B, 2012, “Fructose-Inducesll @ggregation In
Pseudomonas putidaCP1”, International Conference on Sustainable
Energy and Environmental Protection (SEEP2012) Jo+& 2012, Dublin
City University, Dublin, Ireland.

Poster presentations:

Agma, W.S and Quilty, B., 2009, “Analysis of thggregative behaviour
of Pseudomonas putid&€P1” School of Biotechnology Research Day,
Dublin, Ireland, Dublin City University (DCU).

Agma, W.S and Quilty, B., 2010, “Isolation of higfuality RNA from
aggregated cells d?Pseudomonas putid@P1”, School of Biotechnology
Research Day, Dublin, Ireland, Dublin City UnivéygIDCU).

Agma, W.S and Quilty, B., 2010, “Isolation of higjuality RNA from
aggregated cells ofPseudomonas putidaCP1”, ENVIRON 2010
Conference, Limerick, Ireland, Limerick InstituteTechnology.

Agma, W.S and Quilty, B., 2010, “Effect of mono-asfdphenols on
surface hydrophobicity d?’seudomonas putidaP1”, Irish Division of the

239



Society for General Microbiology Autumn: Insect-nadd microbial
diseases of humans and animals; Current problerdsfignre threats,
Maynooth, Ireland, National University of IrelandI).

« Agma, W.S and Quilty, B., 2011, “The production ektracellular
polymeric substances (EPS) E3seudomonas putid&€P1l”, School of
Biotechnology Research Day, Dublin, Ireland, Dubfdity University
(DCU).

* Agma, W.S and Quilty, B., 2012, “Growth ¢fseudomonas putidan
sugars”, School of Biotechnology Research Day, Dubteland, Dublin
City University (DCU).

e Agma, W. S, Doolan, P. and Quilty, B., 2012, “S¢reesponse of
Pseudomonas putid€P1 to substrate stress”, Microbial Stress: from
Molecules to Systems, Belgirate (VB), Maggiore Lakaly.

240



