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ABSTRACT
Conjugationof plasmids is widespread among bacteria and contributes to the spread of antibiotic
resistance.In the naturalenvironment,microorganisms predominantly exist in the form of
biofilms or other bioaggregates, where they may be exposed to contaminants antbiatics,
at subinhibitory concentrations. Bacterial cells in older biofilms have lower growth activity due
to oxygen and nutrient limitation in the deeper layers of the biofilms. In batch culture, population
growth eventually ceases during the stadiy phase. Thughe steady state of biofiims may
resemble stationary growth phase cultu@ar objectives were to study) the effect of cell
growth phaseand(ii) subinhibitory and minimum inhibitory concentrations (MIC) of antibistic
on transconjugnt formation in both batch cultures and biofilms. Additionally, (iii) the effect of
variable nutrient concentrations on MIC was investigated and (iv) an optimization-BCRT
method for the detection tfaA gene(which encodes pilus biosynthese}presionwas carried
out.
To study the effect of cell growth phases on transconjugant formation, plate matings were carried
out utilizing planktonic cultures grown to exponential or stationary phase of donor and recipient
strains. The results showed that trgugan abundance was the highest £20.08%) when
both plasmid donor and recipient cells were grown to the stationary ph@asever, the growth
phase of the donor did neeem to play a role in biofilm&Vhen donor cells were harvested from

either the exponentiabr stationary phasef growth and inoculated into 24 h old recipient



biofilms, there was no statistically significant difference between transconjugant abundance. A
higher percentage of transconjugants was detected in plate matings wliemdn was exposed

to 0.5x minimum inhibitory concentration of gentamicin and additionally challenged with
gentamicin at MICIn biofilms, transconjugant formation wa®t enhanced when thedor cells

were grown with0.5x MIC gentamicinand 0.5x MICgertamicin was addetb the biofilms.A
decrease in nutrient concentration was associated with a decrease in theaiI€xpression
detectedusing RFPCRIin plasmid donor cells grown to early exponendéiatl late exponential

phase did not coincide with amcrease in transconjugants.
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Chapter 1

1. Introduction
1.1.Motivation for the study

Horizontal transferof mobile genetic elements is an important mechanism of microbial
adapation to a changing environment (Top aBg@ringael,2003. Previous studies in our lab
investigated the transfer of catabolic plasmid pJP4 in bacterial biofilms-gcédé continuous
flow-through chambers. The results revealed that transconjugants were not detected
microscopically after the addition of a plasmid donor str&se(ldomonas putiddM1443) to
mature (7 daysld) soil derived biofilms which were more than 60 pum thick (Séean 2012).

When the same donor strain was added to 24 HPoldutida ATCC12633 biofilms (15 pm
thick), transconjugant cells were observed microscopically after 48 h of donor addition (Uddin,
2014). It is unclear whether more transconjugants were obsduegtb the potential increased
penetration of donor cells into thinner biofilms, or if inhibition of donor penetration in older
biofilms due toan increasedproductionof extracellular polymeric substanceSR§ or cell

growth stagérelated parameters weiinvolved. Limited information is available on how cell
growth phases, of either donor or recipient cells, affect plasmid transfer in planktonic cell batch
cultures and in biofilms (Muela et al., 1994).

Some studies revealed that antibiotics can astgamlling molecules. These studies showed that
the presence of subinhibitory concentration of antibiotics altered the expression profiles for a
variety of genes (Bagge et al., 2004, Hoffman et al., 2005). A study performed in our lab showed

that a greatenumber of plasmid pJP4 transconjugant cells were detected aveeitderived



mixed culturebiofilm was exposed to sublethal concentration of gentamicin (100 pg/mL) in

comparison to an experimental control (no exposure to gentamicin) (Postelnik, 2012).

Based on literature search and studies that were performed in our lab, the following questions

arose:

1. How do cell growth phases affect plasmid transfer and transconjugant formation?

2. Is expression ofraA (encodes pilus biosynthesis) linked with a spedaiowth phase

and does it correspond to enhanced transconjugant formation?

3. How does an environmental factor such as nutrient availability affect susceptibility of

bacterial cells to antibiotics?

4. How does an environmental stressor such as an antiméitience plasmid transfer and

transconjugant formation?

We formulated the followin@pypothesebdased on the research questions.

1. In the exponential growth phase, cells grow and increase in humber. In the stationary
phase cell growth eventually ceases due to the nutrient limitation and accumulation of
waste productsWe hypahesized thathe abundance of transconjugants Wwél higter in
the exponential growth phase thianthe stationarygrowth phase of thelasmiddonor
and recipient cells iplate matingsascell activity is greater in the exponential phase
also hypothesized that transconjugant formation will be enhanced plagmid donor
cells grown to exponential phase will be added in the recipient biofilms.

2. ThetraA geneencodes pilus biosynthesis in plasmid donor c®ls. hypothesized that
the traA gene expression in donor cells will be linked to a higher percentage of

transconjugants.



3. With decreased nutrient concentrations, badteeds will be less metabolically active
and a lower minimum inhibitory concentration (MICdf antibiotics will be needed to
inhibit bacterial growth as fewer targst for the antibiotics wi be available We
hypothesized thatalues ofMIC of antibiotics will decreasewith decreasinghutrient
concentrations.

4. The number of transconjugants Vol greater followingntibiotic exposure due to a

potential effect of antibiotics on geegpression.

To test the hypotheses we proposed the followinjgctives:

la. To study the effect of cell growth phases (exponential and stationary) of plasmid donor
and recipient cells on transconjugant formatisimgplanktonic cell batch cultures.

1b. To study the effect of growth phases of plasmid donor cells on transconjugant formation
in biofilms.

2. To develop and optimize an FHCR assay for the detectiontcdA expression.

3. To study the effect of varying nutrient concentrations @mimum irhibitory
concentration of antibiotics.

4. To study the effect of exposure to subinhibitory and minimum inhibitory concentrations
(MIC) of gentamicinon transconjugant formationsing planktonically growncells in

plate matings andiofilms.



1.2.Horizontal gene transfer (HGT)
Horizontal gene transfer (HGT) ke acquisition of foreign genes by microorgarssmd this is
not dependent on cell division. There are three mechanisms of HGT: transformation,
transduction and conjugatiofigure 1.1 summizesthe three different mechanisms of HGT.
Among these three, transformation was the first mechanism discovered in prokaryotes (Frost et
al., 2005). Transformation includes uptake, integration and expression of extracellular DNA by
bacterial cells. Inransformation, bacterial cells develop the ability to take up DNA which is
referred to as competence (Thomas and Neilsen, 2005). Transduction is mediated by
bacteriophages. Bacteriophages infect bacterial cells, inject DNA into the host cell and the DNA
becomes incorporated into the host cellular chromosome (Frost et al., 2005). In conjugation,

conjugative plasmids and transposons are transferred from donor to recipient cell-gvél cell

contact (Frost et al., 2005).
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Figure 1.1. Mechanisms of horizontal gene transfer (H@&dapted from Stewart, 2013)



For our research project conjugation was the mechanism of interest to study plasmid transfer

manifestedy transconjugant formation plate matingsnd biofilms.

1.2.1.Mechanism of conjugation

Conjugationis found inBacteria,ArchaeaandEukarya In gram negative bacteria, conjugation
can be divided ito two stages. Thérst stage involves formation of a bridge between plasmid
donor and recipient celtdirough extracellular conjugative pili. The second stage involves the
transfer and procesg) of DNA (Yin and Stotzky, 1997) In gram negative bacteria
conjugative pilus (mating pair formation apparatus) is formed in plasmid donontedh
identifies plasmid recipient cell. Conjugatipgéus retracts and bringbe cells into close contact
(Arutyunov and Frost, 20)3The ype IV secretion systenT4SS is needed for mating pair
formation and gene transfer process. Type IV secretion systeensnvdved in protein
secretionsl(losa et al., 2002 They contain channels through which protddiNA complexes

can be transferred between cells (Wallden et al., 2010). T4SS foamstsferosome which
transports the DNA between cellfhe elaxosome, a nuebprotein complex at origin of transfer
(oriT), contains the enzymeelaxase. In the F plasmid systethe relaxase is known as Tral
Tral makes a cut of DNA at theriT by catalyzing the cleavage of speciffbosphodiesteand
begins to separatesingle DNA strand. The relaxosome is linked with the transferosome by the
coupling protein (Frost andoraimann, 201 Coupling proteins are required in all conjugative
systems. Some examples of coupling proteinsTand8 of IncW plasmid R388, TraD of Ifkc
plasmids and TraG of IncP plasmifldosa et al., 2002)The DNA/relaxase complex is then
recognized by the coupling protein and transferred to the secretion system (transferosome). The

secretion system pumps the DNA/relaxase complex into the reciéniAtier entering the



recipient cell, single stranded DNA is replicated to become double stranded (Wong et al., 2012,

Willey et al., 2011).

F-like plasmids carry two genes that encode proteins that reduce mating between similar donor
cells. These two pteins are an inner membrane entry exclusion (Eex) protein, TraS, and an
outer membrane surface exclusion (Sfx) protein, TraT. (Achtman,et9417, Arutyunov and
Frost,2013). Transfer of the F plasmid takes2 min at a rate of 45 kb/mirAfutyunov and

Frost, 2013).

The majority of gram positive bacteria utilize T4SSs for conjugative passage of single stranded
DNA (GoessweineMohr et al., 2014) In gram positive enterococctransfer apparates
encoded by plasmidbecome activatedn response to arappiopriate recipient through
productionof pheromonesRecipient strains of gram positienterococcus faecaliproduce

and excree diffusible, hydrophobic peptide molecules known as pheromones which act as
chemical signal§Thomas and Neilsen, 2008/rith, 1994). The donor strains d&. faecaliscan

sense the presenoéd the pheromones and produce aggregation substance which causes tight
physical contact between donor and recipient cells until the transfer of the conjugative plasmids
(Wirth, 1994).In gram psitive bacteria, cell attachment occurs through the generatisurface
factors or adhess PrgB is a proteiencoded by plasmid pCF1f@und in pheromone inducible
conjugation in enterococci (Hirt et al., 200%) gram positiveStreptomydes, the conjugative

DNA transfer system depends on double stranded DNA translocation performed by a single
protein TraB (Sepulveda et al., 201h).Streptomycesplasmid transfer occurs by the formation

of Apock structureso. P o ¢ k sminate om a lgvenrofearpladmeld wh e

free recipient. The pocks represent growth inhibition zones surrounding the plasmid donor where



sporulation of recipient is retarded. Pocks indicate the area where the recipient mycelium has
acquired a plasmid by conjugatiffhoma and Muth, 2016).

There are at least 3 families of conjugative plasmids (pSK41, pWBG749 and pWBG4) found in
staphylococci.Of these aly 56 % of plasmids carry conjugation gene clusters required for
independentconjugative transfer. The conjugative plasmid encodes all genes required for
formation of the mating pore, the coupling protein, DNA relaxaseoaiid DNA is broughtto

the mating pore by the relaxase prot@ihjch cleaves and attaches to tié sequene, formsa
nucleoproteincomplex relaxosome.The relaxasome isroughtto the matingpore through
coupling proteinandtransferred tdahe recipient cell through type IV secretion syst@amsay

et al., 2016)

1.3.Plasmids
Plasmids are mostly circular, double stranded, self replicating DNA molecules. Plasmidgenes
not encode essential cellular functions. Plasmids have a major role within the pool of
horizontally exchangeable genes as plasmids encode genes for strassereb@ir autonomous
replication, also encode genes for their own transfer (Smets et al), P¥&8nidscannotco-
exist in a cell together if they containe same origin of replicationThis is known as plasmid
incompatibility (Velappan et al., 2007 Plasmidscontaining thesame replication contrcire
placed in the same incompatibility group. Plasmids are classified into different incompatibility
groups e.g. IncC, IncN, IncP, Inc@ydIncW (Thomas and Smith, 1987)
Pl asmi ds cont ai that énbodecpkoteinsnnyalvedgnerepkcation. Plasmids also
contain accessory genes that encode different functimse are not encoded on the bacterial

chromosome(Frost et al., 2005). The accessory region of plasmids contains the genes that



encode biafm formation factors e.glimbriae that mediate ceitell contact needed for cluster
formation, cell surface adherence and promote biofilm formation (Madsen et al., RIiR).

bacterial species carry plasmids.

1.3.1.Pseudomonaspp.

Specieswithin the genusPseudomonasire gram negativeflagellated, rod shaped, aerobi
bacteria (Anzai et al., 2000belongng to the Gammaproteobacterial class and are common
inhabitants of soil and watéhttps://www.ncbi.nim.nih.gov/genomeetrieved on Sep 27, 2017).
Pseudomonaspp. contains chromosomally encoded efflux mechanisms, which help to increase
the antibiotic resistance iPseudomonaspp (Devarajan et al., 2017)seudomonaspp.
contains R fadr plasmids which encode genes for resistance to various antibiotics, such as
gentamicin, tobramycingarbenicillin Sexfactor plasnds are found in botl®. aeruginosaand

P. putida.Heavy metal (e.g. mercury) resistance plasmids are also fourskeidoranasspp.
(Chakrabarty, 1976). aeruginosahasbeen used as a model organism for biofilm formation
(Sauer et al. 20Q2P. aeruginosas an opportunistic pathogen and isolated from plant, animals
and humans. It can be isolated from respiratory therapipegnt, medicines, physiotherapy
and hydrotherapy pools (Lister et al. 2009P. aeruginosais the cause ohosocomial
pneumonia, health care associated pneumonia, urinary tract infection, surgical site infection

(Lister et al., 2009, Kollef et al2009).

In contrast td”. aeruginosa P. putidais not frequently associated with clinical infection studies
but P. putidahas been used in different plasmid transfer studiesputidais found in soil and
aquatic environments, and it has been occalyofmaind to colonize human tissue (Molina et al.,
2014). In another study Molina et al. (2016), performed genomic compautsiween the
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environmental isolates and clinical isolatesPofputida Genesdetectedin P. putidaclinical
isolatesare relatedwvith survival under oxidative stress conditions, resistance against biocides,
amino acid metabolism ardxin/antitoxin systemsThese genes are absent in environmental
putida isolates Thesefunctions have influencksurvival within human tissuesincethey help

bacteria cells to avoid host immune response and devedmbechcd stress resistance.

In this research projeatve usedP. putidastrains to study pWWO transfer in biofilms and batch
cultures.We investigated the effect @n environmentalfactor, i. e. nutrient availability on
susceptibility of bacterial cells to antibiotics ath@ effect ofan environmental stressor,e. an
antibiotic on transconjugant formation in the biofilmg/e usedP. putida as it has been
frequently used indifferent environmental studiesapplicationsand also it is known for its

capadiy to form biofilms

1.3.2.TOL plasmid
The TOL plasmid is a setfansmissible plasmithitially characterized i. putida (arvillg mt-
2 stran (Chakrabarty1976).
For our research project, a TOL plasmid pWwWO was used to study plasmid transfer in biofilms
and batch culture systems. TOL plasmid pWWO isolated ffseudomonas putidaelongs to
incompability group Inc® (lkuma and Gunsch, 2012). Plasmid pWWO encodesgdor
catabolismof aromatic compounds xylene, toluenegthyltoluene and 1, 3-#imethylbenzene
(Abril et al, 1989). Transfer of plasmid pWWO by conjugation has been documented in
Pseudomonaspp. andescherichia coliChristensen et a{1998) stuced conjugative transfer of
TOL plasmid pWWO in biofilms composed of three different speBieputida, Acinetobacter

and an unknown strain. Among these three @hlgutidareceived the plasmidnlanother study,



Jussila et al(2006) showed that pWWO wéasnsferred fronPseudomonat RhizobiumBoon
et al. (2005) studied transfer of pWWO froRv putidato E. coli DH5a. Their study revealed
high nutrient condition (contained maximum amount of carbon and nitrogen source) and optimal

temperature wereecessary to obtain higher plasmid transfer frequency.

1.3.3.Plasmid replication process
Circular plasmids are replicated by three mechanisms: theta type, strand displacement and rolling
circle mechanism.
The heta type replication has been well studied for plasmids of gram negative bacteria and also
for some plasmids of gram positive bactgf$olar et al., 1998Lilly and Camps, 2015 DNA
replication bythe theta type mechanism includes melting of the patesttands, synthesis of a
primer RNA (pRNA), and initiation of DNA synthesis by extension of the pRNA.
The teta type replican can be unidirectional or directional and DNA synthesis can start
from single or different origins. DNA synthesis is contingan one strand (leading strand,
polymerase clamped to DNA continuously) and discontinuous in other strand (lagging strand,
synthesized as fragments) (Solar et al., 1898, man and OpDonnel |l , 1995
The gasmid rolling circle mechanism depends on thenage at the nick site of the double
strand origin of one of the parental DNA strands by an initiator Rep protein. This cleavage
generates a -Bydroxyl end that allows DNA polymerases to initiate the leading strand
replication. Elongation of the leadingatd takes place as the parental double helix is unwound

by host DNA helicase. The(Bend is lengthened and the growing point forms a circular
template The 5Q end of the strand is displaced to form an ever lengthening tail (Fig2)reAl.

transesterification occurs that joins tHs) end to the3Q end, generated in the termination
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cleavage and releases the displaced parental strand as a-strgheled DNA (ssDNA). This

ssDNA serves as the template for the lagging strand. The ssDNA aaonberted in double

stranded DNA form by synthesis of a complementary strand {Rago et al., 2005, Willey et

al., 2011).
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Figure 1.2. Rolling circle replication mechanisfadapted fronWilley et al., 2011).

1.3.4.Role of plasmid donor and recipient in conjugation

In conjugation, the formation of contacts between two gram negative bacteria (plasmid donor
and recipient) is mediated by conjugative pili. Conjugative pilicgtmdrical filaments with an

outside diameter of 8m and a 2im central, hydrophilic lumerextending fom the surface of
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donor cellg(Silverman, 1997)According toNovotny and Fivedaylor (1973), pili disappear as

a result of retraction and some environmental factors, e.g. temperature, have aaneffiict
retraction. Their study suggests tha&ischerichia colicells, retraction of pili occurs at a slower

rate at 25° C, but retraction is very slow or completely inhibited at temperatures below 24° C
According to Seane et al. (2011), recipient cells receive plasmids more frequently at the
advanced stage of the growth cycle when cells are elongated. Further details are discussed in

chapter 2.

1.3.5.Genesand proteinsinvolved in conjugation
The products of three F gendsaA, traQ, and traX within the tra region are involved in
synthesis of Fpilin subunits (Firth et al., 1996). In additionttte product othese three genes,
TraB, TraC, TraE, TraF, TraG, TraH, TraK, TraL, Trau, TraV, TraW and TrbCare involed in
pilus assemblyHrost et al., 1994 According to Anthony et al. (1999) TraL, TraE, TraK, TraC,
TraG were involved in pilus tip formation. TraB, TraF, TraH, TraW, TraV were involved in pilus
outgrowth and Trbl was involved in pilus retriact F-like pilins have four domains, two
hydrophobicdomains inserted in the inner membratiee N- and Gtermini exposed in the
periplasm, and &op containing basic amino acids oriented towardscitteplasm(Silverman
1997).
TraN, which is involved immating pair stabilization, interacts with outer membrane protein and
lipopolysacharide TraG was the second stabilization protein envblved in entry exclusion.

The functions encoded by the transfer region genes are summarized in Table 1.1.
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Table 11. Transfer region genes involved in plasmid transfer during conjugation (adapted from
Firth et al., 1996)

Gene | Functional group Product location | References
traA Pilus biogenesis (encodes 121 aa Inner membrane | Frost et al., 1984
precursor of the pilus subungropilin) | and
extracellularly
traB Pilus biogenesis Inner membrane | Moore et al., 1987
traC Pilus biogenesis Cytoplasm/ Inner| Schandel et al., 1990
membrane
traD DNA metabolism Purified TraD is ar| Inner membrane | Panicker and Minkley 1997
integral inner membrane protein that Jalajakumari and Mannin
is capable of binding to DNA. It hg 1989, Arutyunov and Fros
been suggested that it forms or is par 2013
a nonspecific pore for DNA export, 0
that it directly energizes DNA transpo
TraD redirects energy utilizatio
towards DNA transport. It could be al
involved in signding that the
relaxosome should move to a compet
conjugation pore.)
tral DNA metabolism Cytoplasm AbdelMonemet al., 1983
traM DNA metabolism Cytoplasm Di Laurenzio et al.,1992
traN Aggregate stabilization Outer membrane | Maneewannakul et al., 1993
traQ Pilus biogenesis (propilin maturation) | Inner membrane | Maneewannakul et al., 1993
traX Pilusbiogenesis (propilin maturation) | Inner membrane | Cram et al.,1991
traY DNA metabolism Cytoplasm Fowler et al., 1983

Figure 13. shows the genetic map of plasmid pWWO. Nineteen genes on the gllaerkbone

are involved in transfer of pWW@or plasmidpoWWO, origin of transfer includes TraA, TraB,

TraC and TraD and two hypothetical protei@sfl 76 and Orf177) (Greated et al., 200ZyaD

is the DNA binding protein that facilitates relaxosome formatiBtasmid pWWO oriT

sequences contain low G+C conteand nic sequencempfA-J genes encode the products

involved in synthesis of conjugative pilus during mating pair formation

PlasmidpWWO carries thexyl genes for toluenes andg/lenesdegradation This plasmid also

carriesmeroperon which contains mercury resistance géBGesated et al., Z12).
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Figure 1.3. Genetic map of plasmid pWWO. Light green col¢uarred box)representproteins
involved in conjugative transfer (From Greated et24102).
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1.3.6.Regulatory processes influencing conjugation and expression of genes in
transconjugants

Sorek et al. (2007) reported that the ability of bacteria to take up DNA@lydepends on the
GuanineCytosine (GC) content of the genom&heir analysis sugests thaG-C rich genomes
containfewer untransferable gene®opa et al. (2011) found that wighhigh percentagef the
horizontal gene transfarccurredbetween donér e ci pi ent pairs ha®ing OF
content. Their results suggest th#te barrier for gene acquisition from donors of dissimilar
genomic GC content createa biological barrier andHGT occurs more frequently among
closely related species, having similar genomes.
lkuma and Gusch (2012) investigated the effect of additional carbon sources, different pH
values, different nutrient sources on toluene degradation ability of TOL pWWO plasmid
containing transconjugants. Their results showed that glucose addition increased the toluene
degradation ability in transconjugants. Different pH and nitrogen soudicesiot have a
significant effect on the toluene degradation rate by the transconjugants
A higher conjugation rate is linked to either the formation of battaggregates under rtain
inoculum conditions or the recipient cellds g
amount of conjugation was seen for the treatment condition with the highest recipient cell ratio
of 20:1 (activated sludge tB. putidaBBC443). This restlsuggests that conjugation rasge
associated with thavailability of therecipient cel. Dahlberg et al. (1998) reported a similar
trend in sea water where the highest plasmid transfer frequencies occurred with the lowest
number of donor cells.
In corclusion, conjugation ratbas been shown tdepend on the & content of the genome

genome similarityand theratio of donorto recipient cells.
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1.4. Antibiotics
Antibiotics are low molecular weight (<3,000 Da) molecules produced by some fungi and
bacteria(Laureti et al., 2018 Among bacteria, the gene®treptomyce®Bacillus, Pseudomonas
are well known for their antibiotiproducing properties. Antibiotics might target cellular
structures or enzymes. Common mode of action of antibiotics are the inhifitibe bacterial
cel | wal | b i dastgmi theh inhibition of (pmteily (e.g. nacrolides), RNA (e.qg.
ansamycins) or DNA synthesis (e.g. quinolones), the damage of cell membranes (e.g.
polymyxins) and inhibition of essential metabolites (e.daté) synthesise(g. trimethoprim,
class sulfonamidg@gLaureti et al., 2013Rasamiravaka and Jaziri, 2Q18ntibiotics either Kill
bacteria directly (bactericidal mode) or inhibit bacterial growth (bacteriostatic mode)
(Rasamiravaka and Jaziri, 2016
The concentrations of these molecules required to achieve an antimicrobial iefi&ely
extremely high compared to the concentrations in which these molecules can be foatulah
environments (Romero et al., 201Ihe soluble concentrations of some antibiotics (e.qg.
tetracycline, ciprofloxacin, erythromycin) were fourndbeO1 . 3 Og/ L in the wast
(Karthikeyan andVieyer, 2005) Antibiotics are used to treat human infections, they are also
used in vetrinary medicine and agriculture (Hirsch et al., 1999)tibiotics are neither well
metabolized by humans and animals aoe theyfully biodegradable. These active forms of
antibiotics pollute the soil and aquatic environmeritaufeti et al., 2018 Subnhibitory
concentrations (lower thahe minimum inhibitory concentration) of antibiotics are found in the

environment.
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1.4.1.Subinhibitory concentrations of antibiotics act as signalling molecules,
mechanisms of signalling molecules

Some studies have revedlhat exposure to subinhibitory concentrations of antibiotics induces
changes in the expression profile of a wide range of genes in different bacterial species (Davies
et al., 2006, Bagge et al., 2004, Hoffman et al., 2005).
Bagge et al. (2004) studiede i nf l uence of subinhi biactamry con
antibiotic) on the structure d®. aeruginosaPAO1 biofilm. The authors compared nontreated
(not exposed to imipenem) biofilms to biofilms exposed to imipenem for 18 or 37 h. Biofilms
exposd to imipenem developed more biomass per substratum area and an increased average
thickness.Control (not exposed to imipenem) biofilms formed numerous towers and pillars of
microcolonies separated by areas devoid of cells. Their study demonstratedahgttengenes
that responded to imipenem exposure were the alginate biosynthesisagbe® @lgA). The
exposure to subinhibitory concentrations of imiper{e-ladiam antibioticaused an increased
biofilm volume due to th@roduction of alginate (exopolysaccharide) in heaeruginosastrain
PAO1 biofilm. The authors concluded that increased production of alginate decreases the
susceptibilities of bacteria growing in biofilms to antibiotics. The penetration of antibiotics
through the biofilm may be reduced due to binding to alginate.
According to Goh et al. (2004n the presence of lowoncentrations of erythromyciand
rifampicin, global bacterial transcription patterns were altered by the stimulation or inhibition of
a vaiety of promoterlux reporter constructs in a library @dalmonella typhimuriumAt
subinhibitory concetrations these two antibioticstimulated or inhibited many different
promoters inS. typhimurium Genes encoded different functions e.g. transportijerice and

DNA repair were activated by subinhibitory concentrations of antibiotics. The authors concluded
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t hat in the presence of subinhibitory concent
must have the means to sense these subtle confonaiadr stoichiometric changes and respond

by specific up or down regulation. o They al s
antibiotics could lead to negative effects during the treatment of bacterial infections in human

hosts.

1.4.2.Minimum inhibit ory concentration (MIC), Minimum bactericidal
concentration (MBC), Minimum biofilm eradication concentration (MBEC)

Antimicrobial susceptibility testing is important to detect susceptibility or resistance in bacteria
to different antimicrobialsJorgenserand Ferraro, 2009 Minimum inhibitory concentrations
(MIC) are the lowest concentrations of antimicrobials that inhibit visible growth of bacteria after
overnight incubation. MIC is the standard technique for determination of susceptibility of
microorgansms to antimicrobials. Minimum bactericidal concentrations (MBC) are the lowest
concentrations o&n antimicrobialagentthat prevent the growth of bacteria after sub culturing
onto antibiotic free mediaThe minimal biofilm eradication concentratiqiViBEC) is the
minimal concentration of antimicrobial agents that can kill bacteria existing in a biofilm (Takei
et al., 2013).
Biofilm cells are more resistant to antibiotics than the planktonic cells. Some factors provide
antibiotic tolerance for biofiim®.g. (1) slow growth (2) presence of exopolysaccharides that
prevent antibiotic diffusion and bind with the antibiotics (8gsence of persister cells (4)
expression of resistance genes (Spoering and Lewis, 2001, Lewis, 2001). According to
Giwercman et la (1991) n the presence d@-l act am anti bi otics, -i mipen

lactamase production iR. aeruginosabiofiims was induced. The authors concluded that the
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pr odu c tlacemaseonas the reason for persistende aeruginosan chronicinfections.

Thel édbct amase enzyme s -lagtanmoawntibidties by dissuptisgtthe betadactamo b
ring (http://medicaldictionary.thefreedictionary.com/Beta+lactamasérieved Jan 08, 2017).

For our research project MIC, MBCand MBEC were measured for gentamician(
aminoglycoside), kanamycimaif aminoglycoside), tetracyclin@etracyclines)and rifampicin

(rifamycin) for P. putidastrains at different nutrient condeations.

1.4.3.Aminoglycoside antibiotics: usage, toxicity
Aminoglycosides produced itreptomyceand Micromonosporaspecies (Farouk et al., 2015),
are broad spectrum antibiotics that are used to itteadtions caused bgram positive and gram
negativebacteria such asstaphylococci EnterobacteriacegePseudomonasand Acinetobacter
spp (Hanberger et al., 2013). Examples of aminoglycoside antibiotics are kanamycin,
gentamicin, neomycin, tobramycin (Farouk et al., 201Ajninoglycoside antibiotics are
administered as ointments, ear drops, nasal drops or by injections. These antibiotics are also used
to promote growth and prevent infections in animisr¢uk et al., 200)5Aminoglycosides Kkill
bacteria by binding to the bacterial ribosome and inhibijpragein synthesis. These antibiotics
bind to the highly conserved-gite (transfer RNA acceptor site) of bacterial 16S ribosomal RNA
of the 30S ribosomal subunit (Magnet and Blanchard, 2000%). toxicity of aminoglycoside
antibiotics includes ototoxicity (e.g. streptomycin, gentamicin) and nephrotoxicity (e.g.
neomycin). Aminoglycosides generate free radicals within the inner ear which may cause
permanent damage to sensory cells and neurons, resulting in permanent hearing loss (Hanberger

et al., 2013, Sainoglu, 2007) In this research projethe effect of subinhibitory concentration
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and minimum inhibitory concentration of an aminoglycoside antibiotic, gentamicin was studied

on transconjugant formation in batch cultures and biofilms.

1.5.Scope of work and tlesis outline
Existing literatureonly sparsely addresses questions suclhaag cell growth phases affect
plasmid transfer and transconjugant formation in batch cultures and biofilms, and how
subinhibitory and minimum inhibitory concentrationsao$electedntibiotic (gentamicin) affect
plasmid transfer and transconjugant formation in batch cultures and biofilmes.esearch
carried out within the frame of this thesisnsisted of four project® satisfythe four objectives
listed in section 1.1

The prgects are listed below:

1. Effect of cell growth phases on transconjugantiation in plate matings armofilms.
2. Optimization of RTPCR to detect expressiontbitraA genein plasmid donor cells.

3. Effect of nutrient concentrations on the determination rminimum inhibitory

concentration of antibiotics.

4. Effect of subinhibitory and minimum inhibitory concentration géntamicin on

transconjugant formation plate matingsandbiofilms.

The background information of the projects is describedhapter 2 The materials and methods
of the experiments are described mapter 3.The results obtained from the experiments are
described inloapter 4 The discussionf experimental data is found chapter 5

Chapter 6 outlines theonclusios and suggesteecommendationas a follow up for this project.

The appendices contain the supporting dataffdé f f e c t of n u tsrom the t con
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determination of minimum inhibitory concentration of antibialicReferences are listed #ie

end of the thesis.
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Chapter 2

2. Background
2.1.Project 1: Effect of cell growth phases on transconjugant formationn plate

matings and in biofilms
Horizontal transfer of mobile genetic elements is an important mechanism of microbial
adaptation to @hanging environment and bactégalls evolve rapidly by transfer of DNA (Top
and Springael, 2003, Thomas and Neilsen, 2005. Conjugation of plasmids, the spread of
extrachromosomal DNA between cells mediated by cell to cell contact, is an important
mechanism of HGT. Plasmid transfer has been studied in both batch cultures and in biofilms
(e.g. Bathe et al., 2004, 20@9D09)
In the natural environment, microorganisms predominantly exist enclosed in-seaeifed
matrix of extracellular polymericsubstances EPS in the form of biofiims or other
bioaggregates, rather than as individual cells, and usually exist in the stationary growth phase
(Gefen et al 2014).The steps involved in biofilm formation are (@versible attachmeninitial
attachmat of the bacteria cells to the substratum,ifigversible attachmentells are cemented
to the substratum and form cell clustd(ii) cell clusters are matured and cells are embedded in
the EPS, (iv) dispersion: cellsedetachedrom the cell cluger (Sauer et §12002).Bester et al.
(2005) showed that bacterieells are not detached only from the established bisfitat also
from the younger biofilms. The bactdrizells in the deeper layer of the biofilms have decreased
growth rate due to spal and substrate limitation.
Biofilms provide favourable conditions for HGT due to the close contact between microbial cells
(Madsen et al 2012) A study done by Cook et a2011) showed that the copy number of
plasmid pCF10 was increased 1.3 times in gram positivé&enterococcus faecaligiofilms than
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that of the planktonic cells. The increased number of pCF10 altered the responses to cCF10
which is a sex pheromone excreted by the recipient cell. Donor cells with more copy numbers of
pCF10 responded to cCF10 more efficiently than the cells with low copy nwihplasmid.

Further, plasmid carriage promotes biofilm formation through the expression of conjugative F
pili which stimulate cell to cell contact between plasmid donor and recipient cells (Ghigo, 2001,
Rei sner et al . , 200D 06, D6AI vise et al

During conjugation, the filamentous tube likepfus (or conjugative pilus) is needed to form a
mating pair between the plasmid donor and recipient cell to facilitate the transfer of DNA from
donor to recipient cell. The DNA is transferred frdihe donor tothe recipient cell as single
stranded and becomes double stranded in the recipient cell by the formation of a complementary
strand. Fpilus which is 12 pym in length, 8.8 nm in diameter attached to the surface of plasmid
donor cells(Firth et al., 1996)traA, is the first gene in thé&a operon.(Babic et al., 2008,
Kalkum et al., 2002, Greated et &002).traA encodes 121 amino acid precussof the pilus
subunit (Frost et al.,1984).

Bacterial cells in the deeper layers of established biofilms gXbiwer growth activity due to
oxygen and nutrient limitation, similar to a stationary phase in a batch culture system where
population growth eventually ceases due to nutrient limitation and waste product accumulation.
Thus, the steady state of biofilnevklopment may resemble stationary growth phase cultures
(Collet et al, 2008). Cell size changes during the different phases of growth have been
documented, showing that cell size decreases as cells near the end of the exponential growth
phase and entehe stationary phase (Akerlund et,al995). Variations in cell size may
influence conjugation rates. Seoane et al. (2011) have shown that cell elongation likely facilitates

conjugation. In addition to cell size, plasmid conjugation rates can be affgctedny biotic
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and abiotic factors such as bacterial cell density (Normander, dt9818), nutrient availability
(Smets et al., 1993, Fox et,a2008), or spatial architecture of the bacterial commu(ikylin

and TolkerNielsen, 2003, Licht et al., 1999n the exponential growth phase, microorganisms
grow and divide at the maximum rate. Contrary, in the stationary growth phase, population
growth slows down due to nutrient and oxygen limitation (Willey et al., 20dXhe long term
stationary phase=xpression of stress response ge(esg. rpoS is needed for the survivaif
bacterial cell{Finkel, 2006).

Limited information is available on how cell growth phases (and associated changes in cell size)
affect plasmid transfer in planktonic cell batch cultures and in biofidus.objectives for this
project were to investigate the effect of cell growth phag@gponential and stationary) of
plasmid donor and recipient cells transconjugant formation using planktonic cells in plate
mating experiments and to study the effect of different growth phases of the plasmid donor on
transconjugant formation in biofilsaTo determine if conjugative pilus biosynthesis is linked to

a specific growth phase of donor cells and enhanced transconjugant formation, we developed an
RT-PCR assay to determine the expressioriraf gene. For our study, we used the TOL
plasmid pWWOwhich is a 117 kb plasmid and belongs to the {8affoup (Greated et al.,
2002). Previously, pWWO was used to study plasmid transfer in batch cultures and biofilms (Pei
and Gunch,2009, Seoane et al.,, 2011, Boon et al., 2002, Christensen et al., 998
exponential growth phase, efrow and increase in number.

In the exponential growth phase, cells grow and increase in number. In the stationary phase cell
growth eventually ceases due to the nutrient limitation and accumulation of waste pratlacts.
hypothesized thathe abundance of transconjugants vl higher in the exponential growth

phase than in the stationagyowth phase of thg@lasmid donor and recipient cells iplate
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matings, as cell activity is greater in the exponential phase. Wso ahypothesized that
transconjugant formation will be enhanced when plasmid donor cells grown to exponential phase
will be added in the recipient biofilm3he traA geneencodes pilus biosynthesis in plasmid
donor cells.We hypothesized that thteaA geneexpression in donor cells will be linked to a

higher percentage of transconjugants.

2.2.Project 2: Optimization of RT-PCR to detect expression afraA in plasmid donor
cells

The polymerase chain reaction (PCR) is an accurate and rapid method for therdetdeirget
DNA. As DNA is stable outside of cells, PCR provides positive results for both live and dead
bacterial cells (Molaee et al., 201§)uantitative PCR (qPCR) is the quantitative measurement
of amplified DNA. Reverse transcriptase polymeraseirch@action (RTPCR) is a suitable
method for detecting the presence of living cells as well as gene expression, as this method
targets RNA and in contrast to DNA, RNA is not stable once released from celBCRTis
used to detect and quantify gene espren through the creation and amplification of
complementary DNA (cDNA) revergeanscribed from mMRNA. Reverse transcription
guantitative PCR (RGPCR) has been established as a method of choice for the quantification of
MRNA transcripts of a gene of imésst in biological samples (Volland et al., 2017). To determine
relative changes in gene expression, a relative quantification casedbéased orthe relative
expression of a target gene versus a reference gene (Pfaffl, 2001). An absolute quantification
be doneusinga calibration curve.
Bustin et al (2009 summarized the essential information that should be included in publications

i n AThe MI QMininguminrentionrfoe Bublication oQuantitative Reallime PCR
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Experiments . A ¢ ¢ o hettr gudglines, the authors recommended to include information
about experimental set up, sample preparation and storage, nucleic acid extraction, reverse
transcription, qPCR target information, gPCR protocol, gPCR oligonucleotides, gqPCR
validation, dataanalysis in the manuscripts. In this research projecPRR was used to detect

the expression of thigaA gene which encodes pilus synthesigseudomonas putiddBC443

plasmid donor cells. Thisectionoutlines steps undertaken to optimize the-lROR technique
(Figure 2.1) for the detection tfaA gene expression. It highlights the importance of the use of

appropriate controls to eliminate falgesitive results.

ENA extraction Specific primers
frombacterial |—— cDNA 5| Tagpolymerase | [RT-PCR
synthesis Bufferreagents
dNTPs l
BSA
MilliQ H,0 Gel electrophoresis

cDNA

cultures

Figure 2.1. Steps involved inletection of gene expression usRf-PCR

2.3.Project 3: Effect of nutrient concentrations on the determination of minimum
inhibitory concentration of antibiotics
In the environment, antibiotics are presenswtinhibitory concentrains due to their extensive
use in the treatment of human infections, veterinary medicine and agriculture (Laureti et al.,

2013, Romero et al., 2011).
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Spread of antibiotic resistance has become a problem for medical practesstent bacteria

are causig increased number of infections which cannot be treated with existing antibiotics
(Laureti et al., 2013Bruchmann et al., 20)3Nutrient availability influences the physiological
status of bacterial cells and this turn, may affect bacterial response to antibiotics (Smith and
Prairie, 2004). In this study, we investigated the effect of nutrient concentration on MIC of
antibiotic determination. MIGs the lowest concentrations @n antimicrobial that inhibg
visible grovth of bacteria after overnight incubation (Andrews, 2001). Nutrient concentration
varies in both environmental and clinical conditions and microorganisms may experience
nutrient limiting conditions in such environmenits.our study, we used the stralRseudomonas
putidaBBC443 andP. putidaATCC12633. These two strains were used in our previous studies
(Shamsad and Hausneubmittegl and also in projecd (refer to page?9). P. putida BBC443
carries plasmid pWWO which contains a kanamycin resistance (@meand Gunsh, 2009,
Christensen et al., 1993). Kanamycin is an aminoglycoside antibiotic (Mihget#rcq et al.,
1999). For our study, we investigated the effect of another aminoglycoside antibiotic gentamicin
for which resistance was not encodedlom plasmid or the chromosome of eitbee ofthe two
Pseudomonastrains. Neither strain is known to possess resistance against gentamicin.

A large group of aminoglycoside antibiotics are bactericidal although they have different
ribosomal binding site§MingeotLeclercq et al., 1999). Aminoglycoside antibiotics are
bactericidal (Willey et a).2011). Gentamicin binds with the 30S ribosomal subunit and inhibits
protein synthesigKadurugamuwa et al., 1993kentamicin is an aminoglycoside antibiotic and
inhibitor of protein synthesis by disturbing the elongation of peptide chain (Hahn and Sarre,
1969, Kadurugamuwa et al., 1993, Molina et al., 2014). Aminoglycoside modifying enzymes e.g.

aminoglycoside 6N acetyltransferase, aminoglycoside -a&fenylyltranterase, and
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aminoglycoside acetyltransferases provide resistance to gentamicin (Zembower et al., 1998). A
functional group of these enzymes binds with the antibiotic and inhibits the activity of the
antibiotic (Azucena and Mobashery, 2Q0Transport of ammoglycosides depends on electron
transport and can be inhibited by low pH, hyperosmolarity and anaerobic conditions (Mingeot
Leclercq et al., 1999). A decreased uptake of the antibiotics due to membrane impermeability
can also cause resistance for all mogilycosides (Mingeeteclercq et al., 1999).

When cells lyse, DNA is released, and cells may also actively secrete BiN#ing of DNA

with aminoglycosides can contribute to inhibition of uptake and increases resistance (Chiang et
al., 2013).Negativelycharged cell components may also bind aminoglycosides and affect MIC.
Bacterial metabolism may lead to changes in pH and influence aminoglycoside uptated
information is available on the effect of nutrient concentration, inactivated bioexass;ellular

DNA and pH on MIC of antibioticsSThe objective of this project was to determine the MfC
selected antibiotics under varying nutrient concentrations and to investigate potential effects of
biomass and extracellular DNA availability on théQviof gentamicin We tested the effect of

cell numbes (as inoculum), extracellular DNA and biomass on MIC of gentamicin to determine

if theses provide protective effect from gentamicie measured pH when different cell
numbers were added as inoculundé&tect if pH changes after incubation.

With decreased nutrient concentrations, bacterial cells will be less metabolically audivee

lower MIC of antibiotics will be needed to inhibliacterial growth as fewer targefor the
antibiotics will be availald. We hypothesized that values of M€ antibiotics will decrease

with decreasingiutrient concentrations.

We chose gentamicin as a representative of the aminoglycoside antibiotics and also because

gentamicin was used in projedtwhere we investigated ¢heffect of MIC and subinhibitory
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concentration of gentamicin on plasmid transfer in batch cultures and biofilms (Shamsad and

Hausner, in preparation).

2.4.Project 4: The effects of subinhibitory and minimum inhibitory concentrations of
gentamicin on transcajugant formation in plate matings andbiofilms

Antibiotics are chemotherapeutic agents, which are a powerful tool to treat bacterial diseases
(Sengupta et al., 2013). These molecules are produced by fungi and bacteria. Antibiotics are
used in medicineral agriculture. Antibiotics are not fully metabolized by humand are not
biodegradable. Depending on the class of antibiotics, a large amow&0%200f the
administered antibiotics are excreted by humans and animals as unchanged chemicals and
releasedin the environment (Anderson and Hughes, 2014). As a result, an active form of
antibiotics remains in the environment at subinhibitory concentrations (Laureti et al., 2013).
Antibiotics also have been shown to act as signalling molecules that induceeshangene
expression in microbial populations and influemptssiological functions such as motility and
production of metabolite§Romero et al., 2011, Laureti et al., 20Bxharoglu and Mazel,
2011).
Some studies have demonstrated that subinhibitongentrations of antibiotics can upregulate
expression of genes (e.g.Mseudomonas aerugingsan aminoglycoside response regulador,
gene) and enhance biofilm formation (Hoffman et al., 2005, Bagge et al., 2004). Ma and Bryers
(2012) demonstrated thalasmid transfer was enhanced in biofilms exposed to subinhibitory
concentration of antibiotid®r which resistance was encoded on the plasmid.
Biofilms present considerable challenges to the successful eradication of bacterial infection since

they actto protect bacteria from the effects of both the host immune system and antibacterial

29



drugs Davies,2003).Biofilm bacteria are less responsive to antibiotic stressors than planktonic
organisms of the same species as extracellular polymeric substan&so{H#ofilms provide
protection (Stewart, 2002). EPS contain exopolysaccharides, proteins and extracellular DNA.
Binding of antibiotics with these componemésiuces the penetration of antibiotics throtig
biofiims (Ciofu and TolketNielsen 2011, Hoby et al., 2010). Other reasons of antibiotic
resistance of biofilms include slow growth of biofilm cells, presence of persister cells (spore like
state) and adaptive stress response of biofilm cells (Stewart, 2002). Walters Il et al. (2003)
analysed theoles of antimicrobial penetration, oxygen limitation, and low metabolic activity in
the tolerance oP. aeruginosabiofilms to ciprofloxacin and tobramycin. Biofilms were treated
with ciprofloxacin (1.0 pg/mL) for 12 h and tobramycin (10 pg/mL) for 36The minimum
inhibitory concentrations (MICs) for ciprofloxacin and tobramycin were (@/mL and 0.01
pg/mL respectively. The authors found that both antibiotics were able to kill only metabolically
active bacteria located in zones with high oxygen conagon, suggesting that low metabolic
activity is more relevant to biofilm antibiotic tolerance.

Subinhibitory concentrations of aminoglycoside antibiotics (which are widely used to treat
chronic bacterial infections of heart, lung and urinary tract egamycin, gentamicin) induced
biofilm formation inP. aeruginosaandE. coli (Hoffman et al., 2005)Ma and Bryers (2012)
investigated the effect of subinhibitocgncentration of kanamycin and imipenem on the transfer

of the TOL plasmid pWwWOQOn Pseudomors putidadonor andPseudomonas putidaecipient
cultures. Their results demonstrated enhanced transfer of pWWO (which carried a kanamycin
resistance gene) in biofilms exposed to subinhibitory concentration of kanamycin (2.5 pg/mL),
up to tenfold. Also, thébiofilms exposed to subinhibitory concentrations of kanamycin had

higher thickness and cell density than biofilms which were not exposed to antibiotics. However,
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after imipenem (for which resistance was not encoded on the plasmid) exposure, biofilm cell
population and overall biofilm amount were also enhanced compared to the controls (no
antibiotic), but transconjugant populations were not increased. The authors concluded that
Abi of i | m b ac taetbioties torwhichhhey ase easistasmt and subsatly enhance

the spread of t hat resi st an cte highest hionsassdandh g
number of transconjugants were obtained&ocoli (plasmid donor) an®. aeruginosgplasmid
recipient) mixed culture biofilmst the 1001000 ppblevels (approximately corresponding to
values near or below MIC for e.g. gentamicin) of antibiotics.summary, subinhibitory
concentrations of antibiotics may enhance both horizontal gene transfer and biofilm
development.

In this study we investigatedhe effect of subinhibitory concentration and minimum inhibitory
concentration of gentamicin on transconjugant formation in planktonic cell batch cultures. We
also investigated the effect of subinhibitory concentration of gentamicin in biofilms, grown in 2
well plates. Gentamicin is an aminoglycoside antibiatid effective in the treatment of gram
negative infections (Hathorn et ,a2014). We hypothesized thahe number otransconjugant

will be greater with thexposure t@entamicin from that of theontrol (without gentamicin) due

to the action of antibiotics as signalling molecules which otengegene expression due to the
alteration of transcription patterns. For this study, we used plasmid pVd@fOr strain
Pseudomonas putiddBC443. Agene forkanamycin resistance is encoded on the plasmid. Like
kanamycin, gentamicin is also an aminoglycoside antibiotic, but the test strain does not carry
geneticallyencoded resistance against gentamicin. The objective of this study was to test the

effect of g@tamicin on transconjugant formationptate matinggnd biofilms.
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Chapter 3

3. Material sand methods

3.1.Effect of cell growth phases on transconjugant formation using planktonic

cultures and in biofilms

3.1.1.Strains and media
Modified Pseudomonas putiddBC443 strain (Christensen et,&998, Pei and Gunsch, 2009)
carrying a green fluorescent protein tagged derivative of TOL plasmid pWWO, which also
carries a kanamycin resistance gene was used as a plasmid donor strain (kindly jpyoidded
C. Gunsch, Duke University, with permission of Dr. S. Molin, Technical University of
Denmark).Pseudomonas putiddTCC12633 was used as a plasmid recipient stRirputida
BBC443 was derived by inserting a mim5-Laclg-cassette into thd®. putda KT2442
chromosome and by modifying the TOL plasmid inserting a -fimd-PAg.04/03:gfpmut3b
cassetteQhristensen et al1999.
P. putida BBC443 has chromosomally encoded rifampicin resistance and contaitacthe
repressor gene on its chromosoifiee product of this gene represses the expression of the green
fluorescent protein which is under the control ofEsmtherichia colilac-derived promoterThe
recipient strainP. putida ATCC12633did not carrylacl® repressor gene, therefore, green
fluorescence was expressed in transconjugant cells after the transfer of plasmid from donor to
recipient cell.Lysogeny broth (LB) (Bioshop IncON, Canadawas used to grow the plasmid
donor and recipient strains. For dorstrain cultivation, kanamycin (Bioshop In@N, Canadp
was added for a final concentratioh50 pug/mL. Cultures were incubated at room temperature

on a table shaker (390 rpm).
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3.1.2.Growth curve
To study the effect of growth phases on plasmid transfelaimktonic cell batch cultures, growth
curves ofP. putidaBBC443 andP. putidaATCC12633 were generated. Separate flasks with LB
broth medium were inoculated with overnight cultures of each strain and incubated at room
temperature with shaking at 390 rpnOptical density readings were measured by
spectrophotometer (Biophotometer, Eppendorf) and plate counts on LB plates were done to

calculate CFU/mL and generate the growth curves for each strain.

3.1.3.Plate mating experiments
Recipient and donor strains were grown for 6.5 to 7.0 h to reach early exponential growth phase
or to 144 h to reach late stationary growth phase prior to the setup of mating experiments.
concentration of0® CFU/mL of donor and recipient strains was diger all mating experiments.
Cells were washed twice with 0.9% saline. Cell pellets were resuspended with 1 mL 0.9% saline.
Donor and recipient cell solutions (200 pL of each) were transferred into a 1.5 mL vial and
mixed well by vortexing Cell suspensns (20 pL) of the mixture of the donor and recipient
cells were speplated onto 3 different LB plates. Plates were incubated at room temperature for
72 h. On day 3 the entire mating patch was harvested and resuspended in 0.9% saline solution,

mixed welland centrifuged at 7080y for 8 minutes, stained and analyzed as described below.

3.1.4.Detection and quantification of cells and EPS
To estimate transconjugants expressed as a percentage of all cells and the amount of EPS
produced in plate mating experimgntell pellets from mating patches were stained with the

nucleic acid binding stain Syto 62 (1:1000 dilution) (Invitrogei®\, USA) and a fluorescently
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labelled lectin (Con A TRITC; Invitrogen MA, USA) (0.1 mg/mL) (Johnsen et.aR000) to
visualize dl cells and polysaccharides within EPS, respectively. Staining solutions (250 pL)
were added to cell pellets in 1.5 mL vials and the vials were incubat2d feinutes inthe dark.

Next, each pellet was washed with 1 mL of 0.9% saline. Five puL of thenghattch solutions

were examined microscopically. Transconjugants were detected on the basis of their GFP
mediated fluorescence. Twenty to twenty five images were collected using a confocal laser
scanning microscope (CLSM) (LSM510, Carl Zgi3sna, German using the 488 nnand 633

nm laser lines to detect transconjugants and to estimate total cells, respetiigéd43 nm laser

line was used to visualize ConA binding to EPS. Images obtained with the CLSM were analyzed

using NIH Imaged (http.//rsb.infamgov/ij/). Images were manually thresholded and the

proportion of transconjugants as a percentag

fractiono command within the fAanalyze0o menu

3.1.5.Transconjugant formation in biofilms
To grow the reqient biofilm, sterile microscopic slides were submerged in a sterile 50 mL tube
with 24.5 mL of LB medium and 0.5 mL of overnight culture of recipernputidaATCC12633,
and incubated for 24 h at room temperature on a shaker at 100 rpm, similg@rdoedure
described by Kol et al (2011). Microscopic slides with 24 h old biofilms were washed by
dipping in 50 mL 0.9% saline to remove Rattached cells and then the slides were transferred
to 25 mL of donor cultures grown to early exponential phaséate stationary phase and
incubated for 1214 h at room temperature on a shaker at 100 rpm. AftédtPunattached cells
were removed by dipping the slides in 50 mL 0.9% saline and then transferred to fresh LB

medium. The slides were transferred d&lyubes with 25 mL fresh LB medium. After 72 h, the
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biofilms on slides were washed with 0.9% saline and stained with Syto 8@ fioin in the dark.

After staining the slides were washed by dipping in 50 mL 0.9% salioe.quantify
transconjugant formatio in biofilms, biofilms were stained with Syto 62 (1:1000 dilution)
directly on slides andmages were collected by CLSM as described above. Higgges per
treatment were analyzed using NIH ImageJ. Cells in microscopic images were analyzed by
measuringlte percent area covered by transconjugant cells and all cells to yield percentages of

green fluorescing cells (transconjugants) within the total cells.

3.1.6.Cell size measurement at different growth phases
P. putidaBBC443 andP. putidaATCC12633 were grown to early exponential (6.5 to 7.5 h) and
late stationary (144 h) growth phases. Cells were spun down at 7000 g for 5 min, the
supernatants werdiscardedand the cell pellets were stained with Syto 62Z0min in dark.
Cells were wahed twice with 0.9% saline. Ten to fifteen images were collected using CLSM.
Fifty cells ofeach thedonor and recipient strain were measured by NIH ImageJ to obtain the cell
size at early exponential and late stationary growth phbséisg these valueghe average cell

size at different growth phases of donor and recipient strains was calculated.

3.1.7.DNA extraction, primers and polymerase chain reactions (PCR)
DNA extraction from cell cultures of plasmid donor strain grown to early exponential (6.8 h) an
late stationary growth phases (144 h) was performed using a GeneElute Bacterial Genomic DNA
kit(SigmaAl dri ch) foll owing the manufacturerds i

(200 bp) of the 18rRNA andtraA genes.
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The primer sequencesed to amplify 16 rRNA andtraA geneqGreated et al., 2002) were F
AGGGTGGTGGAATTTCCTGT, R-AGCTGCGCCACTAAAATCTC and F
ACAGTACCCATCCGGTTCAA, RGCTTGTTCCTGGGTGATGTT(designed in this work)
respectivelyThe 50 €L PCR reacti onmphiaieDNAYMBOHM@Mbt ai nec
eL of Dboth the forward and reverse primer (p
eM) , 0 . BSAT2x) Mlew England BioLabsViA, USA) |, 200 M of each
Basics ON, Canadp 2.5 units of Taq polymerase (New Hagd BioLabs MA, USA) in 10x

Taq buffer (100 mM Tris hCI pH 9.0, 500 mM KCI, 15 mM MgCIdew England BioLahs

MA, USA).

PCR was performed according to the following progratanaturing at96° C for 5 min,
thermocycling at 94° C for 1 min, annealing f@rature was 55° C for 1 min and decreased by

1° C in every cycle for 10 cycles, followed by 3 min elongation time at 72° C. Additional 19
cycles were performed without decreasing the annealing temperature.

PCR products were loaded into a 1% agarose ghlRed safe DNA gel stain (FroggaBiON,

Canada with a 100bp ladder (FroggabjcON, Canadg ran for 25 minutes at 100 V, followed

by visualization using Molecular Imager ChemiD8&RS (Bio-Rad) to determine the presence

of the PCR products.

3.1.8.RNA isolation and cDNA synthesis
Total RNA was extracted from the plasmid donor strain grown to early exponential phase (6.5
h), 48 h and late stationary phase (144 h) using the Fast prep system (MP Biom€dicals

USA) foll owing the mmamMuehtg ggt RNA ®as Greated witls DNaseclt i o
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(Promega Madison, USA. iScript cDNA synthesis kit (BicradCA,USA) was used to

synthesize cDNA from 1 pg RNA.

3.1.9.RT-PCR amplification
RT-PCR was used to amplify segments (200 bp) of th® rEBNA geneand to detct the
expressionofraA genes. The 50 €L PCR reaction mixtur
Primer sequencesgagentsand he programusedto amplify 16S rRNA geneare mentioned
above.
PCR reactions faraA was performed according to the followiprogram:
96°C for 5 min(one cycle) followed by 94°C for 1 mi65.3 ° C for 1 min72<C for 3 min. 30
cycles were performed. The PCR products were sent to Applied Genomics at SickKids in
Toronto to perform gel electrophoresis. To confirm cDNA wast®gized and RNA samples
were free from genomic DNAno RT control (reverse transcriptasenzymewas notadded

during the cDNA synthesiswasusedfor all samples.

3.1.10.Statistical analysis
For batch culture experimentsheway ANOVA with post hoc Tukey HSD test was used to
determine the differences between different conditions. For biofilm experimeess$,vwas used
to determine the difference in transconjugant percentages in all cells. Data sets were considered

to be signifcantly different at p<0.05.
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3.2.0Optimization of RT-PCR to detect expression ofraA in plasmid donor cells
3.2.1.Bacterial culture and growth condition
Pseudomonas putiddBC443 carrying TOL plasmid pWWO (Christensen et #0998, Pei and
Gunsch, 2009) was used as plasmid donor strain in this research project. 100% LB medium
amended with 50 pg/mL kanamycin was used to grow the donor cells at room temperature on a

shaker at 390 rpm.

3.2.2.RNA extraction and cDNA synthesis
Total RNA was extracted fronPseudomonas putidBBC443 donor cells grown to different
growth phases: early exponential (6.5 h), mid exponential (24 h), late exporiéatial, mid
stationary(72 h) and late stationary phase (144 h or day$ing the illustra RNA spin mini kit
from GE healthcare life sciences ( ON, Canada) or FastPrep system (MP Biomedicals, CA,
USA) foll owing the manufacturero6s instructio
Canada). For the Fast prep system, twentyRMA was treated with DNase 1 (Promega,
Madison, USA).
iScript cDNA synthesis kit (BiRad, CA, USA ) was used to synthesize cDNA from 1 ug

RNA. cDNA was quantified by NanoDrop (Implen, Munchen, Germany).

3.2.3.RT-PCR amplification
RT-PCR was used to amplisegments (200 bp) of the 36RNA and to detect the expression of
traA genes. Primer sequences are mentioneskgtion3.17.To opti mi ze the r ea
PCR reaction mixture containing 0.1, 0.2, 0.4, 0.8, or 1.5 ug of template cDNA was used. Other

reagents are mentioned $ection 3.1.7
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PCR for 1& rRNA was performed according to the following progral®mnaturing a®6° C for 5

min, thermocyclingat 94° C for 1 min, annealing temperature was 55° C for 1 min and decreased
by 1° C in every cycle forQLcycles, followed by 3 min elongation time at 72° C. Additional 19
cycles were performed without decreasing the annealing temperature.

PCR reactions faotraA genewas performed according to the above program that used to amplify
16SrRNA gene A PCR progam used to amplifyraA is described isection 3.1.9

RT-PCR (10 pL) products were loaded into a 1% agarose gel with ethidium bromide stain
(FroggaBio, ON, Canada) with a 100 bp ladder (Froggabio, ON, Canada), ran for 25 minutes at
100 V, followed by visalization using Molecular Imager ChemiD8cXRS (Bio-Rad, CA,

USA) to determine the presence of the-RTR products.

3.3.Effect of nutrient concentrations on the determination of minimum inhibitory
concentration of antibiotics
3.3.1.Bacterial strains, growth media and inoculum preparation

Pseudomonas putiddTCC12633 andP. putidaBBC443 (carrying TOL plasmid pWWO which
contains akanamycin resistance gene) (Christensen .et18P8, Pei and Gunsch, 2009) were
used for this study. (Details mentioned in sect®fh.1) To prepare 100%, 50% and 10%
Lysogeny Broth (LB), 20 g, 10 g, and 2 g LB broth powder (Bio Basics, ON, Cawadadded
to 1 L deionized water, respectively.
To obtain inocula ofP. putidaBBC443, a volume (40 mL) of 100% or 50% LB broth was
amended with 50ug/mL kanamycin and added to 50 mL Falcon tubes. LB broth (10%) was not
amended with kanamycin as the growthPofputida BBC443 was not detected after overnight

incubation when amended with kanamycin. The three different concentrations obthBatere
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inoculated withP. putidaBBC443 Tubes were incubated on a shaker for206h at 320 rpm at
room temperature until the optical density (p reached 0.4. Theseultureswere used to
obtain 16 CFU/mL as inoculum for MIC experiments. Kanamywias used to grow. putida
BBC443 because resistance is encoded on the plasmid pVWWaitideATCC12633 cultures

were prepared as described ForputidaBBC443, without the addition of kanamycin.

3.3.2.Antibiotics
MICs of kanamycin, gentamicin, rifampicin and tetracycline were measured for the two
Pseudomonastrains at different nutrient concentrations. Kanamycin is an aminoglycoside
antibiotic for which resistance was encoded on plasmid pWWO, carri€d pytidaBBC443.
Gentamicin is an antibiotic in the same class as kanamycin, but the donor strain does not carry
gentamicin resistance determinants. Rifampicin resistance is encoded RnpiltedaBBC443
chromosome. Tetracycline resistance was neither plasmicchromosomally encoded, but this
antibiotic is widely used in human and veterinary medicines and distributed in the environment
(Auerbach et al., 2006 Antibiotic stock solutions were made accordingAiedrews (2001)
using powder of the antibiotics mimased from Bio Basics, ON, Canada. To prepare a stock
solution, a weighed amount of the antibiotic powder was mixed with a volume of autoclaved
milliQ H»O. The prepared antibiotics were transferred into sterile 1.5 mL microcentrifuge tubes

and stored a20 °C (Andrews, 2001) until further use

3.3.3.Determination of the minimal inhibitory concentration (MIC)
Overnight culture (IDCFU/mL), a specific volume of 100% LB broth, a specific volume of

antibiotic stock solution, and a specific volume of autocladeidnized water (for 10% and 50%
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LB) were added in a 13 mL test tube to obtain total volume of 5 mL. Each treatment was carried
out in triplicate. The test tubes were incubated on a shaker {84 18at 320 rpm at room
temperature. At the end of the ination period, the OD (at 600 nm) of the trials was measured.
The lowest concentration of antibiotic at which bacterial growth was inhibited was determined as
the minimal inhibitory concentration of that antibiotic. The experiment was carried out in 10%,
50%, and 100% LB broth concentrations to determine the MIC for each of the antibiotics.

The positive(no antibiotic) control for the experimental trials consisted of the appropriate
amounts of 100% LB broth, deionized water (only for 10% and 50% LB camcl)an overnight
culture to obtain 5 mliotal volume. The negative control (navernight culture) contained
appropriate amounts of 100% LB broth, deionized water (only for 10% and 50% LB

coneentrationy and an antibiotic to obtain 5 ntbtal volume.

3.3.4.Determination of minimum bactericidal concentration (MBC)
To determine minimum inhibitory concentration (MBC) of the antibiotics 100% LB was used.
The experimental test tubes that were used for MIC experiments were also used to determine the
MBC. After incubating for 24 h at room temperature, the OD was measured for all tubes and the
test tubes that had an OD value of zero were plated on 100% LB agar plates using the spot plate
technique. After 31 days, the plates were observed for colony appearance. olvestl
concentration of antibiotiat which no colony was observedas determined as the minimum

bactericidal concentration of that antibiofAndrews, 2001)
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3.3.5.Determination of minimum biofilm eradication concentration (MBEC)
To determine the minimurbiofilm eradication concentration fd?. putida ATCC12633, the
biofilms were grown for 48 h in 2dvell plates at room temperature. To grow the biofilms 490
ML 100% LB broth and 10 pL overnight culture (OD was ~ 0.4) were added into the wells. Every
24 h 250 pL medium was removed and fresh LB was added. After 48 huR56f the LB
medium was removed and fresh LB was added to the wells to adjust the volume. Each
concentration of antibiotics was added to four different wells. Positive (LB broth, overnight
culture) and negative controls (LB broth, lowest concentration of antibiotic) were also set up for
each antibiotic. After addition of the antibiotic, biofilms were grown for an additior2D18
After 1820 h, almost all the liquid was removed from thells. The wells were washed twice
with 100 pL of 0.9% saline to remove planktonic cells. Ano#&epL of 0.9% saline was added
in the wells, mixed thoroughly by pipetting and 5 pL of the solution from each well was spot
plated three times on LB agar f@a. After incubation for -3 days at room temperature, LB
plates were visually observed for bacterial growfthe lowest concentration of antibiotic at
which no céony was observed on the plaigas determined as the minimum biofilm eradication

concentrabn of that antibiotic.

3.3.6.Effect of cell number on MIC
To detect the effect of cell number on MIC with varying nutrient concentratiofs]®0or 10
CFU/mL of overnight culture, a specific volume of 100% LB broth, a specific volume of
antibiotic stock slution, and a specific volume of autoclaved deionized water (for 10% and 50%

LB) were added in a 13 mL test tube to obtain total volume of 5 mL.
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3.3.7.Effect of pH
P. putidaBBC443 cells were grown overnight with 100%, 50% and 10% LB. To determine the
effect of pH on MIC of gentamicin, 10710 CFU/mL overnight culture, antibiotic
(gentamicin), a specific volume of autoclaved deionized water (for 50% and 10% LB) and LB
broth were added to get final volume 5 mL. Cultures were incubated for 18 h on 33@aken
at room temperature. pH (Mettler Toledo, ON, Canada3 measured before and after 18 h

incubation.

3.3.8.Effect of DNA on MIC
DNA was extracted (Sigma Aldrich, MO, USA) from "10FU/mL P. putidaBBC443 grown
with 100% LB. To determine the effect of DNgn MIC of gentamicin, 1and 16 CFU/mL
with 10% LBweretested.
10° or 1 CFU/mL, antibiotic concentrations (0.2, 0.4, 0.8, 1.5 pg/mL),@HKto dilute LB to
10%), LB and extracted DNA (5 or 3@/mL) werecombined to a final volume of 5 mL in 13
ml tubes. The tubes were incubated for 18 h on 320 rpm shaker at room temperature. Turbidity

was measured after 18 h.

3.3.9.Effect of biomass on MIC
To detect the effect of cell biomass,culture grown td0’ CFU/mL was boiled to inactivate
cells for 25 min. 19or 1 CFU/mL, antibiotic concentrations (0.2, 0.4, 0.8, 1.5 pg/mL).@H
(to dilute LB to 10%), LB and biomass were combined to a final volume of 5 mL in 13 mL
tubes. The tubes were incubated for 18 h on 320 rpm shaker at room temperature. Turbidity was

measured after 18 h incubation.



3.4.The effects of subinhibitory and minimum inhibitory concentrations of
gentamicin on transconjugant formation in biofilms andplate matings
3.4.1.Bacteria strains and growth conditions

A modified Pseudomonas putidBBC443 strain(Christensen et al 1998, Pei and Gunsch,
2009) carrying a green fluorescent protein tagged derivative of TOL plasmid pWWO, which also
carries a kanamycin resistance gene was used as a plasmid donor strain.
P. putida ATCC12633 was used as plasmid recipietrain. Details of these strains are
mentioned in sectioB.1.1
Lysogeny broth (LB) (Bioshop Inc., ON, Canada) was used to grow the plasmid donor and
recipient strains. For donor strain cultivation, kanamycin (Bioshop Inc., ON, Canada) was added
to a final concentration ©50 pg/mL. Cultures were grown at room temperature (RT) with

shaking at 390 rpm for 48

3.4.2.Plasmid transfer in plate mating experiments in the presence of gentamicin
Plasmid donoP. putidaBBC443 and recipier®. putidaATCC12633 wee grown for 4& prior
to the set up of plataating experiments with LB broth at room temperature with shaking (390
rpm). Donor cells were grown withO pg/mL kanamycin and also with combined 50 pg/mL
kanamycin and 0.5x MIC concentration of antibioticigenicin for 48 h. Also, donor cells
grown with kanamycin and 0.5x MI@entamicin, were additionally challenged with MIC
gentamicin.Donor and recipient cell solutions were collected into a 1.5 mL vials and washed
twice with 0.9% saline. Mixtures of the war and recipient cells were sgatated on LB plates

(triplicate), LB + 0.5x MIC gentamicin (Bioshop, ON, Canada) and LB + MIC gentamicin plates
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(triplicate). The plates were incubated at room temperature. MICs of gentamicin for thel plasm
donor and regient were 1.5ug/mL and 3.6 pg/mL, respectively.

After 72h, entire mating patches were collected by scraping, resuspended in 0.9% saline, washed
two times with 0.9% saline, and stained with Syto 62 (Invitrogen, MA, USA) for 20 min in the
dark. Mating p&h solutions were examined by CLSM. Images were analyzed using Image J.

The abundancef transconjugants was expressed as a percentagglotells.

3.4.3.Plasmid transfer in biofilms in the presence of gentamicin (in 24 well plas)
Plasmid recipienPseudomonas putiddTCC12633 cells were grown overnight in LB medium
to optical density (OD) of 0.4. To grow the biofilms,>1OFU/mL of this culturewas added
together with 490 pL LB t@4 well plates. Recipient biofilms were grown at RT fordh 24
well plates in a stationary mode. DonBr putidaBBC443 cells were grown for 48 with 50
pHg/mL kanamycin and also with combined 50 pg/mL kanamycin and 0.5x MIC concentration of
antibiotic gentamicin.
Donor cells grown with only kanamycin AL@FU/mL) (afer washing with 0.9% saline) or
kanamycin and 0.5x MIC concentration of gentamicin were addebeta8h old recipient
biofilms (in 3 different wells of 24 well plate)After addition of donor cells, 0.5x MIC
gentamicin was added in the biofilms. Gentamivas not added in the control biofilm&o
check that donor cells alone do not fluoresce green, donor cells were added to 3 wells with LB
and also with and without gentamicin (control).
After donor addition, 500 pL of liquid from the wells was remoeed fresh LB medium was
added to the wells every 24 Three days (78) after donor cell additior50 pL liquid was

removed from the wells in order to remove planktonic cells. Next, the biofiims were washed
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once with 100 pL 0.9% saline. Then the biofilmere scraped and transferred to 1.5 mL vials
containing 0.9% salineThe biofilms were stained, and microscopic images were obtained.

Details of staining and microscopy are mentioned below.

3.4.4.Staining and microscopy
To quantify transconjugant formation in biofilms, biofilms were stained with Syto 62 (1:1000
dilution) for 20 min in the dardmages were collected by CLSM using 488 nm and 633 nm laser
lines to detect GFP and Syto 62, respectivahd analyzed using NIHnageJ. The percent area
covered by transconjugant cells and the total cells were determined to yield green fluorescing

cells (transconjugantss a percentage of total cells.

3.4.5.Statistical analysis
For batch culture and biofilm experiments, one way ANON# post hoc Tukey HSD test was
used to determine the differences between different conditions. Data sets were considered to be

significantly different at p<0.05.
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Chapter 4

4. Results
4.1.Effect of cell growth phases on transconjugant formatiorusing planktonic

cultures and in biofilms
4.1.1.Effect of cell growth phases on plasmid transfer in plate matings using

planktonically grown cells

Growth curves constructed for donor and recipient strains showed that the plasmid donor and
recipient cells reacloethe early exponential growth phase after®%h and the late stationary

growth phase at 144 h (Figutel and Figured.2). Thedonor and recipiergrowth curves did not

follow a typicalgrowth curvepattern.After an initial rapid increase in celumber, he CFU/mL

decreased anthen plateauedThe CFU/mL ofplasmid donor cellst 119.5 h and 169 h was

2.6x10 and 1.5x18 respectivelyThe CFU/mL ofplasmid recipient cellat 147.5 h and 171.25

h CFU/mL was 2.6x10and 2.2x18 respectivelySincethe growth curves of our strains do not
follow a typical pattern, we chose to assign
growth at 144 h or lateFinkel (2006)discussed the phenomenonlafig term stationary phase

cultures. After the deatlphase,survivor cells can be nraained for months in long term

stationary phase conditions.
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Figure 4.1. Growth curve of the plasmid recipient strddseudomonas putidATCC12633.
Optical density reading was obtained at 600 nm wavelength.
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Figure 42. Growth curve of the plasmid donor strdfseudomonas putidBBC443. Optical
density reading was obtained at 600 nm wavelength.
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The expression of GFP was repressed in the plasmid donor cells due to the detitopgene.

Figure 4.3, shows no detection of GFP . putida BBC443 by confocal laser scanning

microscopy

Figure 4.3. Microscopic image of plasmid donétseudomonas putidBBC443 cells. Donol
contains thdacl® repressor gene on its chromosome, which represses the expression c
fluorescence in donor cells.

Quantitative analysis (Tabkel) of transconjugant cial and total cells derived from microscopic
images Figure 44 and Figure 4) followed by statistical analysis revealed that the
transconjugants expressed as a percentage of allxazkthe highest when both plasmid donor

and recipient cells were hasted from the late stationary phase (Figufg, whereas the lowest
percentage of transconjugants was detected when the plasmid donor cells were grown to early
exponential phase and the recipient cells were harvested from the late stationary phase (Table

4.1).
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Table 41. Transconjugants in mating patches as a percentage of total cells.

Condition Different growth phases of plasmid donor g Percentage of pPWW(
recipient strains transconjugants in total cells
A Plasmid donomnd recipient cells were grow 8.0+ 3.0%6
to early exponential phase
B Plasmid donor and recipient cells were grg 20.0+ 7.6%6
to late stationary phase
C Plasmid donor cells were grown to ea 2.1+ 1.0
exponential phase and recipient cells w
grown to late st&nary phase
D Plasmid donor cells were grown to lg 7.3+ 2.%%0

stationary phase and recipient cells w,
grown to early exponential phase

When both the donor and recipient cells were harvested from the early exponential phase, the

percentge of transconjugants (8.0 34) was significantly lowerKigure 46) than when both

the plasmid donor and recipient cells were harvested fronatistationary phase (20.0+ #&%

Figure 45, Table4.1). However, this result (8.0 30) was nosignificantly different from that

obtained when the plasmid donor was grown to late stationary phase and the plasmid recipient

was grown to edy exponential phase (7.3 24 Figure 46).
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Figure 4.4. Microscopic images ofplate Figure 45. Microscopic images of plat
mating patch of planktonically grown culturr mating patch of planktonically grown cultur
(donor and recipient cells were grown to e¢ (donor and recipient cells were grown to I
exponential growth phase). (A) All cells we stationary growth phase). (A) All cells we
visualized with Syto 62 (blue), (B) EPS bou visualized with Syto 62 (be), (B) EPS bounc
Con ATRITC (red), (C) Trarsconjugants Con ATRITC (red), (C) Trarsconjugants
express GFP (green)D) Overlay of all express GFP (green)D) Overlay of all
images. images.

Qualitative observations revealed that more EPS was present in the late stationary phase mating
patch samples (Figur&5) than in those from thearly exponential mating patch (Figused)

and was mostly associated with cell clusters.
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Figure 4.6. Data represent transconjugants expressed as a percentage of all cells for batc
experiments. Condition A: plasdhdonor and recipient cells were grown darly exponential
phase, condition B: plasmid donor and recipient cells were grownatecstationary phase
condition C: plasmid donor cells were grownetarly exponential phase and recipient cells w
grown tolate stationary phase, condition Ptasmid donor cells were grown tate stationary
phase and recipient cells were growretoly exponential phase. Statistically significant grot
are marked as *.

Quialitative observations also revealed thatplasmid donor strain culture at the late stationary

phase exhibited increased cell aggregation and associated EPS than at the early exponential

growth phaseRigure4.7 and Figures.8, respectively).

Figure 4.7. Microscopicimage of planktonically grown donor cells to late stationary grc
phase. Cells were stained with Syto 62 and CeRRATC. (A) All cells werevisualized with
Syto 62 (blue), (B) EPS bound CofiiRITC (red),(C) Overlay of all images.
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Figure 4.8. Microscopic image of planktonically grown donor cells to early exponential gr:

phase. Cells were stained with Syto 62 and GORATC. All cells were visualized with Syto 6

(blue), (B) EPS bound ConARITC (red), (C) Ovedy of all images.

While it was expected that the presence of EPS may obstruct conjugation by preventing direct
cell to cell contact or may hinder the spread of donor cells in the inner layers of recipient
biofilms (Merkey et al.2011), our qualitative observations &PS presence suggest that EPS
does not impede gene transfer in plate matihggas desiredo find out if the higher percentage

of transconjugants obtained from mating patches of both donor and recipient cedistdthrv
from the stationary phase correlate with cell sResults demonstrated that the cell length of

both donor and recipient cells obtained from the early exponential phase wa6é foltl greater

than that of cells harvested fronettate stationarytlmse (Table 2, Figure4.9).

53



Figure 4.9. Microscopic images of plasmid donor and recipient cells grown to different gr
phases. Cells were stained with Syto 62 (blue). (A) Donor cetlergto early exponentic

phase,(B) Donor cellsgrown to late stationary phag€), Recipient cells pwn to early
exponential phas€D) Recipient cells grown to late stationary phase.

Interestingly, the highest percentage of transconjugants was detected when both donor and
recipient cells were harvested from tate stationary phase (Tab#l), i.e. when cells were the

smallest (Tabld.2).

Table 4.2. Average cell size at exponential and stationary growth phaseB. gbutida
ATCC12633 andP. putidaBBC443.

Strains and growth phases Average cell size (um)

Donor strain P. putida BBC443 at 4.8+ 0.56
exponential phase

Donor strainP. putidaBBC443 at stationary 2.0+ 0.36
phase

Recipient strainP. putida ATCC12633 af 4.9+ 0.81
exponential phase

Recipient strainP. putida ATCC12633 at 1.9+ 0.35
stationary phase

In our study,the presence dhe traA gene (encoding pilin synthesi§reated et al 2002) in

both early exponential (6/% and late stationary phase cells (144Figure4.10 by PCR.
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Figure 4.10. Agarosegel showing PCFproducts of théraA gene (200 bp) Lane 1: marker, la
2: positive control (PCR product for DNA extracted from donor stiinputida BBC443
overnight culture), lane 3: PCR product for DNA extracted from donor $rgiatidaBBC443
grown to early exponential growth phase, land’@R product for DNA extracteflom donor
strain P. putidaBBC443 grown to late stationary growth phase, lane 5: negative control
product for DNA extracted from recipient stratnputidaATCC12633 overnight culture).

Using RT-PCR we detectedxpression ol6S rRNA gene(Figure4.11) in donor cells grown to
early exponential phase (6%, late exponential pha$é8 h) and late stationary phase (1A%
Expression ofraA (which encodes pilus biosynthesis) was detected in donor cells grown to early
exponential phase (619 and late exponential pha@k8 h), but not for donor cells grown to late

stationary phase (144 (Figure 412).
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Figure 4.11. Gel electrophoresis for RPCR Figure 4.12. Gel electrophoresis for RPCR
products (with 16 rRNA primers). RNA was products (with traA primers). RNA was
extracted and cDNA was synthesized extracted and cDNA was syn#ieed for donor
donor cells harvested from different grow cells harvested from different growth phas
phases. Lane M: marker, lane 1: posit Lane M: marker, lane 1: positive contr
control (DNA), lanes 2 and 3: donor eal (DNA), lanes 2 and 3: donor early exponen
exponential phase (6.5 h), lanes 4 and phase (6.5 h), lanes 4 and 5: donor 48 h, lan
donor 48 h, lanes 6 and: donor late and 7: donor late stationary phase (144 h), |
stationary phase (144 h), lane 8: nega 8: negdive control (cCDNA reagents). Expecte
control (cDNA reagents). Expected prodt product size was 200 bp.

sizewas200 bp.

The amplified products (200 bp) were not detected in negative controls that omitted reverse

transcriptase (Figuré.13and Figuret.14).

56



M 1 2 3 4 5 6 7

H00
GOD

il
S00 Toj

o 4 00
& 00

300

200 20

150 200
100 190

Figure 4.13. Gel electrophoresis for no R Figure 4.14. Gel electrophoresis for no R
control samples (with 2% rRNA primers). control samples ti@A primers). RNA was
RNA was extracted and cDNA we extracted and cDNA wasynthesized for dono
synthesized for donor cells harvestednir cells harvested from different growth phas
different growth phases witluit RT enzyme without RT enzyme. Lane M: marker, lane
Lane M: marker lane 1: negative contrc negative control (water as template), lane
(water as template), lane® and 3: donol and 3: donor exponential phase (6.5 h), lan
exponential phase (6.5 h), lanes 4 and 5: dc and 5: donor 48 h, lanes 6 and 7: donor
48 h, lanes 6 and 7: donor late stationary pt statonary phase (144 h).

(144 h).

4.1.2.Effect of plasmid donor growth phases on plasmid transfer in biofilms
Quantitative analysis of transconjugant cells and total cells derived from microscopic images
revealed that transconjugants expressed as thergage of altells were 0.14 0.1% and 0.2
0.2% when donor cells grown to early exponential growth phase and late stationary growth phase
were added to 24 told recipient biofilm, respectively (Figurd.l5 and Figure 4.16,

respectively).
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Figure 4.15. Microscopic image of transconjugants in recipient biofilms after plasmid donor
grown to early exponentigrowth phase were added to [24ld plasmid recipient bidms. Image
was taken after 78 of donor cells addition. (A) All cells wergsualized with Syto 62 (bluejB)
Transconjugants express GFP (gre€@), Overlay of all images.

However, these results were not significantly diffefetibwing t-test analysis (p = 0.27).

Figure 4.16. Microscopic image of transconjugants in the recipient biaféfter plasmid dono
cells grown to late stationaigrowth phase were added to B4ld plasmid recipient biofilms
Image was taken after #2of donor cells addition. (A) All cells were visusdd with Syto 62
(blue),(B) Trarsconjugants express GFP (gre@d) Overlay of all images.

4.2.0ptimization of RT-PCR to detect expression dfraA in plasmid donor cells

RNA was extracted fronf. putidaBBC443 cells grown to different growth phases using the

mini kit from GE health sciences (Figutel7 andFigure 4.B). cDNA was synthesized and RT
PCR reactions were performed to detect the presenceSaRIMA andtraA genes (Figuret.19

andFigure 420, respectively.
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Figure 4.17. Gel electrophoresis for RNA samples. RNA was extracted from different gr
phases oP. putidaBBC443 donor cells. Illustra RNA spin mini kit from GE healthcare
sciences was used to extract RNA. Lane M: marker (1 kb), ladefRINA was extracted fron
donor cells grown to early exponential phase (6.5 h, OD 0.6), laneRNA was extracted ém
donor cells grown to 24 h, lane 8: negative control (H20, no RNA).

1500 bp
1000 bp

Figure 4.18. Gel electrophoresis for RNA samples. RNA was extracted from different gr
phases oP. putidaBBC443 cells. lllustra RNA spin mini kit from GE healthcare life scien
was used to extract RNA. Lane M: marker (1 kb), lane 1: RNA was extracted from donc
grown to 72 h, lanes 2 and 3: RNA was extracted from donor cells grown to stationary
(day 6).

Initial experiments omitted a set up where no reverse transcriptase was used. This step is

important to confirm cDNA was synthesized and RNA is free of genomic DNA (Park et al.,
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2003). As shown in Figur&.20 (lanes 4 and 5)raA was detected from donor cells grown to 72

h and day 6. For the mini kibNase 1 treatment was performed for 30 min and bands were
visualized above the RNA (indicated by tlellow box in Figure4.17 and Figure 4.18),
suggesting the possibility of genomic DNA contamination. Therefore, RNA samples were

treated with additional DNase 1 andRTR reactions were performed.

200 bp

Figure 4.19. Gel electrophoresis for RPCR products. RFPCR with cDNA (16S rRNA
primers). RNA was extracted and cDNA was synthesized for donor cells harvestec
different growth phases. Lane M: marker (100 bp), lane 1: positive control, lane 2: donc
exponential phase, lane 3: donor 24 h, lane 4: donor 78éhbtadonor late stationary phase (c

6), lane 6: negative control (PCR reagents + cDNA reagents), lane 7: negative contrc
reagents+ MiliQ water).

After additional treatment with DNase 1, 38RNA was detected for donor cells grown to
different gowth phases, butraA was not detected by RFCR (Fgures not shown)The
presence ofraA that was detected by RAFCR from donor cells grown to 72 h and day 6 (Figure

4.20) might indicate contamination of genomic DNA in the RNA samples.
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Figure 4.20. Gel electrophoresis for RPCR products. R-PCR with cDNA (withtraA primers)
to detect the expression A in donor cells at different growth phases. RNA was extractec
cDNA was synthesized for donor cells harvested from different growth phases. Lane M:

(100 bp), lane 1: positive control, lane 2: donor early exponential phase, lane 3: donor 24
4: donor 72 h, lane 5: donor late stationary phase (day 6), lane 6: negative control (PCR

+ cDNA reagents), lane 7: negative control (PCR reagents+ MiliQ water).

To optimize the RIPCR method, RNA was extracted from different growth phases of donor
cells by using FastPrep system (Figdr2l) and cDNA was synthesized. The PCR program that
was used to detect the presence @ BBNA genewas also used to detechA by using cDNA

as template. Different cycle numbers (30, 40, and 42) and different amounts of cDNA (0.1, 0.2,
0.4, 0.8, or 1.5 ug) were used to amplifgA by RT-PCR (cDNA as template). Different cycle
numbers and amount of cDNA were tested to optimize RA-PCR protocol to detect the
expression ofraA in donor cells grown to different growth phases. But when cDNA was used as
templatetraA was not detected by this PCR program.

To optimize the annealing temperature for treA primers gradient PCR waseiormed by

using the donor colony cells directly (colony PCR) and DNA extracted from donor cells (Figure

4.22 andFigure4.23).
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Figure 4.21. Gel electrophoresis for RNA samples. RNA was extracted PoputidaBBC443
donor cells grown to different growth phases. Lane M: marker (1 kb), laBesidnor RNA
extracted from early exponential phase (6.5 h, OD 0.6), laftesRNA extracted from donc
cells grown to 48 h, lanes% RNA was extracted from donor cetisown to late stationar
phase (day 6).

For gradient PCR, the best results were obtained from 55.5°C, 56.75° C, 58° C and 59.25° C

annealing temperatures (Figut22 and4.23).

Figure 422. Gel electrophoresis for gradient PCR products. Gradient PCR Rvitputida
BBC443 colony cellstraA primers were used. Lane M: marker (100 bp), lane 1: anne
temperature 53° C, lane 2: annealing temperature 54.25° C, lane 3: annealing temperét
C, lane 4: annealing temperature 56.75° C, lane 5: annealing temperature 58° C, lane 6: ¢
temperature 59.25 © C, lane 7: annealing temperature 60.5° C, lane 8: annealing temper
C, lanes 911: negative control (H20) at annealing temperb3° C, 55.5° C, 58° C.
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Figure 422 shows thegel electrophoresis for gradient PCR products WithputidaBBC443

colony cellsas templatandFigure 423 shows the gel electrophoresis for gradient PCR products

with DNA as template.

Figure 423. Gel electrophoresis for gradient PCR products. Gradient PCR Rvithutida
BBC443 DNA. traA primers were used. Left lane: marker (100 bp), lane 1: anne
temperature 53° C, lane 2: annealing temperature 54.25° C, lane 3: annealing temperat
C, lane 4: annealing temperature 56.75° C, lane 5: annealing temperature 58° C, lane 6g¢
temperature 59.25 ° C, lane 7tagmid recipient DNA as negative control at annea

temperature 55.5° C.

4.3. Effect of nutrient concentrations on the determination of minimum inhibitory

concentration of antibiotics
In general, for botliPseudomonastrains,as the nutrient concentran decreased, the minimum

inhibitory concentration for each antibiotic tested also decreased foPbetitidaBBC443 and

P. putidaATCC12633(Table 4.3).
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Table 43. Determination of MIC of kanamycin (kan), gentamicin (gen), tetracycline (tet), and
rifampicin (rif) for P. putida BBC443 andP. putida ATCC12633 with varying nutrient
concentrations.

Nutrient MIC at different nutrient concentratiofjsg/mL)

concentrationg P. putidaBBC443 P. putidaATCC12633

(% LB) kan gen rif tet kan gen rf | tet

100 1011 1.5 >270| 2.0 2.3 3.6 11 | 2.0 2.2

50 Between <1.0 >130| 1.6 Between | <2.0 48 11820
20.17 21.0 0.8-1.5

10 <4.0 Between| >50 | 1.2 <0.3 Between| 3.8 | 1.2

0.2-0.4 0.50.8

In order to test if increased cell number provides protective action against gentamicin, variable
cell numbers were added as inocula. As shown in Table 4.4, while MIC increased with
increasing cell numbers, for all cell numbers testedC Miain decreased with decreasing
nutrient concentration.

Table 44. Effect of different cell numbers on minimum inhibitory concentration of gentamicin
for P. putidaBBC443 with varying nutrient concentrations.

Nutrientconcentration MIC (ug/mL) at different nutrient concentrations with variable cell
(% LB) numbers

10° CFU/mL 10° CFU/mL 10" CFU/mL
100 <1.5 1.5 Between 4.5 5.0
50 Between 0.4).8 <1.0 <3.0
10 0.2 Between 0.7 0.4 Between 0.4 0.8

In order to detect if pH changes after incubation, and thus may influence MIC values, we
measured pH when different cell numbers were added as inoculum (Table 4.5 and Table 4.6).
For this study10* CFU/mL or 16 CFU/mL or 10’ CFU/mL was useds inoculumThe pH of

the solutions prior to incubation was 60 was measured at the end of the experiméitthe

MIC and above MICs of gentamicin no visible growth was observed and the pH wa3.6.8

(Table 4.5).When gentamicin was added at below MIC leveb%Qor near 0.5 minimum
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inhibitory concentration) turbidity or visible growth was observed and the pH wak 7.1
(Table 4.6).

Table 45. pH at minimum inhibitory concentrations of gentamicin RarputidaBBC443 with
different cell numbers.

Nutrient Cell numbers (CFU/mL)

concentrationy 1C6° 10° 10

(% LB) Growth/no | pH Growth/no | pH Growth/no | pH
growth growth growth

100 - 6.8 - 6.9 - 6.9

50 - 6.9 - 6.9 - 6.9

10 - 6.9 - 7.0 - 6.9

*growth (+), no growth 4)

Table 46. pH at 0.5x or near 0.5x minimum inhibitory concentrations of gentamicir for
putidaBBC443 with different cell numbers

Nutrient Cell numbers (CFU/mL)

concentrationg 10° 10° 10

(% LB) Growth/no | pH Growth/no | pH Growth/no | pH
growth growth growth

100 + 7.2 + 75 + 7.4

50 + 74 + 7.5 + 7.7

10 + 7.1 + 7.1 + 7.5

*growth (+), no growth +)

In order to investigate whether DNA presence increases the MIC of gentamicin, we tested the
effect of extracellular DNA usin@. putida BBC443. To determine the effect of extracellular
DNA, 10° or 10 CFU/mL was used as inoculum and 10% LB was used as medium. When 10
CFU/mL was added as inoculuthe MIC of gentamicin for 10% LB was higher than wherf 10
CFU/mL was added as inoculu(iable 4.4). Our results showed thalhen 5 pg/mL or 10
pg/mL extracellular DNA was added, no visible growth was observeti@t or higher
gentamicin concentrations than MIC (e.g. 0.2, 0.4, 0.8 and 1.5 pg/mL) wiReBFLOmML was

added as inoculum. When®lGFU/mL was added as inoculum visible growth was observed for
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higher MIC of gentamicin (e.g. 0.4, 0.6 pg/mL) (Table 4.7). &isotestedif biomass (biomass
was heat inactivated cells and obtained by boiling”thputidaBBC443 cells)has a protective
effect from gentamicin. When biomassas added, no growth was observed for higher
concentrations than MI@r 10° CFU/mL inoculum with 10% LB. Visible growth was observed
at MIC and higher concentrations than MIC gentamicin wheh QBU/mL was added as
inocdum (Table 4.8).

Table 47. Effect of extracellular DNA agitherthe MIC or aboveMIC of gentamicinfor P.

putida BBC443 10° or 10 CFU/mL were used as inoculand 10% LB was used agrowth
medium.

AddedDNA concentration Cell numbers

(ng/mL) 10° CFU/mL 10> CFU/mL
5 - +
10 - +
No DNA (control) - -

*growth (+), no growth <)

Table 48. Effect of biomass aeither the MIC or aboveMIC of gentamicin forP. putida
BBC443 10° or 10 CFU/mL wereused as inoculand10% LB was used as medium.

Biomass Cell numbers
10° CFU/mL 10° CFU/mL

10" CFU/mL (heat

inactivated cells) was added | - "

No biomass (heat inactivated
cells) was added (control)

*growth (+), no growth )

We also measured the MBC for kanamycin, gentamicin, rifampicin and tetracyclifedotida
BBC443 andP. putida ATCC12633and MBEC forP. putida ATCC12633 with 100%LB
(Tables A2 andA3). Thevalues ofMBC and MBEC were higher than MIZaluesfor all four

antibiotics
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4.4.The effects of subinhibitory and minimum inhibitory concentrations of
gentamicin on transconjugant formation in biofilms andplate matings

In plate mating experiments, a higher abundafdeansconjugantexpressed as a percentage of
total cells 4.3+ 0.62%) was detected when the donor cells were exposed to 0.5x minimum
inhibitory concentration of gentamicin for 48 h and then additionally challenged with gentamicin
at MIC for 1h and no gentamicin was addedhe plate on which platmatings were carried out
(Table 4.9). This result was significantly different from the negative control (donor cells were
not exposed to gentamicin and no gentamicin was addbe 0B plate), wheréransconjugants
comprised 2.5 4.20% of total cells (Fgure 424).

Table 49. Effect of gentamicin on transconjugant formation in plate mating experiment.

Conditions | Donor exposure to gentamicin Mating on LB Transconjugants
platesgentamicin | (% of total
presence/absence | cells)

A (control) | None None 2.5+1.20

B 0.5x MIC (48 h) None 2.9+1.33

C 0.5x MIC (48 h) 0.5x MIC 3.5+0.99

D 0.5x MIC (48 h), 1 h challenge with MI{ MIC 3.7 £1.57

E None 0.5x MIC 3.8+161

F 0.5x MIC (48 h), 1 kthallenge with MIC| None 4.3 +0.62

*To grow plasmid donor cells 50 pg/mL kanamycin was added in all conditions.
Statistical analysis revealed that all other conditions did not yield significantly different results

(Figure 424).
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Figure 4.24. Datarepresent transconjugants expressed as percentage in total cells for batct
experiments. Condition Adonor cells were not exposed to gentamicin and gentamicin we
added to the plate owhich matings were carried oupndition B: donor cells we grown with
0.5x MIC gentamicin for 48 h and gentamicin was not added to the plate on which matincg
carried out condition C: donor cells were grown with 0.5x MIC gentamicin for 48 h and
MIC gentamicin was added to the plate on which mating® warried oytcondition D: donor
cells were grown with0.5x MIC gentamicin for 48 h, additionally challenged  with M
gentamicin for 1 h and MIC gentamicin was added to the platehash matings were carried ot
condition E: donor cells were not exgeal to gentamicin and 0.5x MIC gentamicin was adde
plate onwhich matings were carried outpndition F:donor cells were grown witf.5x MIC
gentamicin for 48 h, additionally challenged with MIC gentamicin for 1 h and gentamicin w.
added to thelpte on which matings were carried o8tatistically significant group is marked

*

In biofilms, transconjugant formation was not enhanced in the presence of 0.5% gentamicin

(Table 4.10). The result was significantly different when the donor welts grown with 0.5x

MIC and 0.5x MIC gentamicin was added in the biofilms (percentage of transcomsjugémn

total cells was 0.014+ 01%) and the control (gentamicin was not added in the biofilms,

percentage of transconjugantshe total cells wa€.039+ 0.02 %) (Table4.10, Figure £5).
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Table 410. Effect of 0.5% MIC of gentamicin on transconjugant formation in biofilms.

Conditions Donor exposure to | Mating in plasmid Transconjugants (% of
gentamicin recipient biofilms total cells)
gentamicin
presence/absence
A None None 0.037 + 002
B 0.5x MIC (48 h) 0.5x MIC 0.014 + 001
C 0.5x MIC (48 h) None 0.039+ 0.02

*

To grow plasmid donor cells 50 pg/mdanamycin was added in all conditions.

In comparison to the control (condition A, Table 4.10), transconjugant formation was not

enhanced when the donor was exposed to 0.5x MIC of gentamicin (condition C, Table 4.10) or
when both the donor and the matimixture were exposed to 0.5 MIC of gentamicin (condition

B, Table 4.10). However, donor and mating patch exposure to 0.5 MIC (condition B) resulted in

significantly decreased abundance of transconjud&igsre 425).
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Figure 4.25. Data represent transconjugants expressed as percentage in total cells for
experiments. Condition A: donor cells were not exposed to gentamicin and gentamicin \
added in the biofilms, condition B: donor cellsresgrown with0.5x MIC gentamicin for 48 |
and 0.5x MIC gentamicin was added in the biofilms, condition C: donor cells were grow
0.5x MIC gentamicin for 48 h and no gentamicin was added in the bioffhtagistically
significant group is marked as *.
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Preliminary experiments indicate that transconjugant formation was enhanced when the donor
cells were grown with 0.5x MIC of gentamicin and additionally cingiésl at MIC of
gentamicin for 1h and gentamicin at MIC was added to the biofiimsTomparisa to when
donor cells were not grown with gentamicin but challenged with Efl@entamicin prior to

adding in the recipient biofilms and no gentamicin was added in the bidfilabée4.11).

Table 411. Effect of MIC ofgentamicin on transconjugant formation in biofilms.

Plasmid donor exposure | Mating in recipient biofilmg Transconjugants (% of
gentamicin gentamicin presence / absence total cells)

0.5% MIC (48 h), MIC 0.90+ 0.69

1 h challenge at MIC

1 hchallenge at MIC None 0.03+ 0.03

*To grow plasmid donor cells 50 pg/mL kanamycin was added in all conditions.

Figure 4.26 shows the presence of a greater amount of transconjugants in biofilms exposed to

MIC of gentamicin (A) in comparison to no exposure to gentamicin (B).

Figure 4.26. Microscopic images of biofilm cells exposed to MIC of gentamicin (A)\aitlout
exposure to gentamici(B). Green cells represent transconjugant cells, red cells represer
cells. (63x magnification was used)
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