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Abstract
Omega-3 fatty acids (ω-3 FA) are essential to human health. However, the primary
source of ω-3 FA are declining fish stocks. A more sustainable alternative is the cultivation of
marine bacteria, however, the yields to date are less than favourable compared with those of
fish. Oleaginous bacteria, when genetically engineered with the 16-27 kb pfaA-E gene cluster
that encodes ω-3 FA synthesis, may potentially overcome this yield deficiency. One such
species is Rhodococcus opacus PD630, which is able to accumulate up to 87% of its cell dry
weight as fatty acids. This fatty acid accumulation makes R. opacus PD630 highly desirable
as a biotechnological producer strain. However, before ω-3 FA may be produced by
genetically engineered R. opacus PD630, work must be undertaken to develop expression
vectors carrying the pfaA-E gene cluster. New transformation protocols, capable of handling
an expression vector of 30-35 kb, twice the size of the largest reported to have been
transformed into a Rhodococcus spp. to date, must also be developed.
This thesis describes the development of new protocols, based on electroporation and
sonoporation, for the transformation of R. opacus PD630. An electroporation based protocol
was successfully developed, with an efficiency of transformation of 5.317 x104 R. opacus
PD630 transformants per µg of DNA using the E. coli -Rhodococcus spp. shuttle vector
pBS305, compared with 81.15 for the most efficient method previously reported, and 7.158
x106 for Escherichia coli DH5α. A novel method for the generation and recovery of R.
opacus PD630 protoplasts for transformation was successfully developed. Protoplast
electroporation was found to be ineffective, though protoplasts were able to be used for the
extraction of plasmid DNA in the identification of putative transformants. Sonoporation was
found to be an ineffective means of transformation, both in E. coli DH5α and R. opacus
PD630.
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The development of rhodococcal vectors carrying pfa genes was attempted with LTPCR from Shewanella baltica chromosomal DNA, and both restriction cloning and PCR of
the transgenic expression vector pDHA4. LT-PCR was found to be ineffective at amplifying
the 16-20 kb pfa gene cluster of S. baltica, even after optimisation to minimise non-target
binding. Restriction cloning of pDHA4 was successful in obtaining the pfa gene cluster,
though at a yield insufficient for further use in cloning. PCR amplification of the gene cluster
proved to be successful, however, an absence of selective pressure for the gene cluster when
inserted into transgenic vectors, and a failure to recover any transformants in E. coli DH5α,
meant that this approach was abandoned. PCR amplification of the Rhodococcus spp. gene
expression and plasmid maintenance genes from the E. coli -Rhodococcus spp. shuttle vector
pTip QT1 was successful. These genes were able to be inserted into pDHA4, although no
transformants of E. coli DH5α carrying the construct were able to be recovered. De novo
DNA synthesis is a possibility for the construction of the desired transgenic vector.
To determine if pDHA4, a purportedly E. coli-only plasmid, could be maintained by
R. opacus PD630, a derivative lacking the pfa gene cluster, pDHA4VO, was constructed.
Expression of the chloramphenicol resistance gene of pDHA4VO in a confirmed R. opacus
PD630 transformant, suggested that R. opacus PD630 was capable of the heterologous
expression of DNA from pDHA4. This is the first reported incidence of heterologous
expression in R. opacus PD630 without the use of an E. coli -Rhodococcus spp. shuttle
vector. Transformation was attempted by electroporation with pDHA4, although no
confirmed R. opacus PD630 transformants were recovered. Differences in the GC content
between pDHA4 and pDHA4VO are thought to be a contributing factor, and may be
indicative of the range of GC contents of DNA which R. opacus PD630 is capable of
expressing heterologously.
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1. Introduction

1.1. Human health and omega-3 fatty acids

Fatty acids (FA) are comprised of long carbon-based chains with a terminal
carboxylic acid group. FA may be saturated (all carbons singly bonded) or unsaturated (at
least one double bond in the carbon chain) [1]. Their role in human health varies: trans-FA
(with trans-oriented double bonds) are implicated in ischemic heart disease [1], whilst others,
notably omega-3 FA (ω-3 FA), are essential to good health [2]. ω-3 FA are polyunsaturated
FA (PUFA), consisting of long (18-22) carbon chains with multiple double bonds [2, 3],
characterised by the first double bond occurring at the third carbon from the methyl (ω) end
of the chain [2]. One such acid, docosahexaenoic acid (DHA) (Figure 1.1A) is only obtained
through the diet, and plays an important role in infant neural development [2, 3].
Furthermore, ω-3 FA modulates inflammatory immune response regulatory factors such as
cytokines, and immune response cells such as macrophages, to ensure pathogens are cleared
with minimal inflammatory pathology (such as fibrosis) [3]. Cardiovascular health benefits
have also been linked with dietary ω-3 FA [4].

1.2. Sources of ω-3 FA

ω-3 FA are produced by marine algae, which are consumed by the zooplankton on
which fish feed [5]. ω-3 FA, including eicosapentaenoic acid (EPA) (Figure 1.1B) and DHA,
constitute approximately 30% of dry mass in fish such as the Trunkfish [5, 6]. Fish oil has

1

Figure 1.1: Representative ω-3 FA structures. A shows DHA (22:6 n-3). B shows EPA (20:5
n-3). Red denotes the double bond at the third carbon from the methyl (ω) end of the carbon
chain. Blue denotes the carboxylic acid group at the α end of the carbon chain.

2

been the primary commercial source of ω-3 FA [5, 6], though increasing evidence of globally
declining fish stocks [7, 8, 9] makes it unsustainable. To address the unsustainability of fish
oil, many groups have investigated the use of marine algae as a commercial source, though
typical ω-3 FA yields of 0.1-0.3 g/day from culture densities of 10-50 g/L have rendered it a
prohibitively costly and inefficient alternative [4]. While algal bioengineering has been
proposed [4], bioengineered bacterial strains may prove superior, as amongst all
microorganisms, bacteria have the greatest biomass accumulation and specific rate of growth
[10]. Bacteria have the potential to accumulate more ω-3 FA, in less time, than algae.
Bacteria use a polyketide-like synthesis pathway (PKS) to produce PUFA for
membrane formation and maintenance of membrane fluidity in cold (for example, marine)
environments [11]. Shewanella putrefaciens SCRC-2738 is amongst the many marine
bacteria that produce and integrate ω-3 FA into their membranes to maintain membrane
fluidity [11, 12]. Prokaryotes may produce ω-3 FA under aerobic conditions using a
desaturation and elongation pathway homologous to that of eukaryotes (Figure 1.2) [11, 13],
but may also use the PKS (Figure 1.3) under anaerobic conditions [13].
The PKS begins with the condensation of malonyl-CoA and acetyl-acyl carrier
protein (ACP) by β-ketoacyl-ACP synthase (KS), to form β-ketobutyryl-ACP. This is
reduced by β-ketoacyl-ACP reductase (KR), an NADPH-dependent enzyme, to form the βhydroxy intermediate, β-hydroxybutyryl-ACP. β-hydroxybutyryl-ACP is dehydrated by βhydroxyacyl-ACP dehydratase/ isomerase (DH/IS), resulting in trans-2-enoyl-ACP. The
double bond of trans-2-enoyl-ACP is reduced by the NADPH-dependent enoyl reductase
(ER) in the final step of the pathway. Elongation and reduction is repeated until the desired
carbon chain length is reached [14].

3
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eicosatetraenoic acid; EtrA, eicosatrienoic acid; GLA, ɣ-linolenic acid; LA, linolenic acid; OA, oleic acid; SA, stearic acid.

abbreviated as: AA, arachidonic acid; ALA, ɑ-linolenic acid; DGLA, dihomo-ɣ-linolenic acid; EDA, eicosadienoic acid; ETA,

enzymes and similar processes, abbreviated as: Des, desaturase; Elo, elongase; PO, peroxisomal oxidation. Un-boxed text denotes fatty acids,

Figure 1.2. Eukaryote-like desaturation and elongation pathway (aerobic conditions). Adapted from Cao et al. [13]. Boxed text denotes

Figure 1.3. The polyketide synthesis pathway (anaerobic conditions). Adapted from Cao et al.
[13]. Boxed text denotes enzymes, abbreviated as: AACase, acetyl-CoA carboxylase; DH/IS,
β-hydroxyacyl-ACP dehydratase/isomerase; ER, enoyl reductase; KR, β-ketoacyl-ACP
reductase; KS, β-ketoacyl-ACP synthase.
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Prokaryotic PKS was characterised after the discovery of five open reading frames
(ORF) in S. putrefaciens by Yazawa, which have high homology with eukaryotic polyketide
synthases [12]. ORFs homologous to this genomic region were found in other marine species,
including Photobacterium profundum [13]. P. profundum has four, rather than five, ORFs,
which were designated as “pfa” genes (pfaA-D) [15]. The ORFs form operons of four or five
coordinately regulated genes (pfaA-D or pfaA-E) [12, 15].
Marine bacteria are a potential ω-3 FA source, though their industrial
potential, like that of marine algae, is hampered by relatively low yield and high fermentation
cost. Optimisation of growth conditions is one potential means of improving ω-3 FA yield.
While growing P. profundum SS9, Allen and Bartlett altered temperature and hydrostatic
pressure [15]. Though no effect on pfa gene expression was noted when temperature and
pressure were perturbed, they found that decreasing temperature (from 15 to 4ºC) and
increasing hydrostatic pressure (from 0.1 to 28 MPa) in exponential phase cells resulted in a
four-fold increase in EPA accumulation (12 versus 3% of total lipid) [15]. Regulatory
mechanisms such as feedback pathways, or retarded protein processing, may be involved,
though this was not explored experimentally. They also reported producing EPA as 33% of
total lipid at 28 MPa in a chemically mutated strain [15], suggesting there is potential for
yield increases over natural marine algae in a commercial setting. However, as these
percentages were of an undisclosed lipid yield, no inferences may be drawn.

1.3. Genetic engineering using pfa genes

Many groups have pursued bioengineering, by cloning and expressing pfa genes in
commercially viable producer strains, such as Escherichia coli, to overcome the issues seen
with marine bacteria and algae [12, 16, 17]. This approach has proven more successful than

6

transgenic expression in marine cyanobacteria [18, 19], and heralded the production of both
EPA and DHA in a single E. coli producer strain [17].
When Yazawa expressed the S. putrefaciens EPA synthesis gene cluster in E. coli, a
bacterial species not noted for producing ω-3 FA, 25-40% of total fatty acid (dependent on
culture conditions) was EPA, though total fatty acid yields were not reported [12]. Takeyama
and colleagues cloned the same gene cluster into cosmid vector pJRD215 (forming the 48 kb
vector pJRDEPA) and conjugated it into both E. coli NM554 and the marine cyanobacterium
Synechococcus [18]. Amongst E. coli grown at 20ºC, EPA yields up to 4.0 mg/g (0.4%) cell
dry weight (CDW) were seen. At 17ºC, EPA yields as high as 0.64 mg/g (0.064%) CDW
were observed in Synechococcus [18]. Yu and colleagues subsequently modified Yazawa’s
growth conditions by modulating light intensity as well as temperature, resulting in a
substantially increased EPA yield of 7.5% of CDW at 18ºC and 40 Lux [19].
DHA was produced by Orikasa and colleagues in 2006, using a recombinant
production system in E. coli DH5α [16]. pfa genes were obtained from Moritella marina MP1, with pfaA-D on plasmid pDHA3, and an additional plasmid carrying pfaE. At 15ºC, 5% of
total lipid content was DHA [16], which is comparable with that observed by Allen and
Bartlett in P. profundum at 0.1 MPa [15]. Considering that E. coli is non-oleaginous, this
represents a low (approximately 0.5%) percentage of CDW. However, Orikasa also found
that cloning the genes into the high copy number plasmid pNEB increased DHA yield to 16%
of total lipid, concluding that higher yields should be attainable by expressing all five pfa
genes from M. marina in a single high-copy number plasmid [16]. Based upon maintenance
of double bonds created in the formation of acyl intermediates remaining in PUFA chains
(therefore requiring fewer reducing equivalents like NADPH), metabolic burden was
theorised to be low in novel hosts, though no experimental confirmation was performed [16].
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In the absence of experimental confirmation, it should be assumed that a burden of unknown
magnitude is being placed upon host cells.
In 2010, recombinant production of ω-3 FA was advanced by Amiri-Jami and
Griffiths, using pfa genes from Shewanella baltica MAC1 in E. coli [17]. Unlike most
transgenic systems to date, which produce solely EPA or DHA, their system is able to
produce both simultaneously from the same gene cluster. While their DHA yield was less
than that reported by Orikasa [16] at 0.4% of total fatty acid, their EPA yield, at 14% of total
fatty acid, surpassed those obtained from other systems under identical culture conditions
[17]. Though they report homology between the S. baltica pfa gene cluster and others
described in the field [17], the S. baltica pfa gene cluster appears more adept at producing ω3 FA, especially EPA. However, the low lipid yields of E. coli-based systems still offset the
high fraction of lipid present as ω-3 FA.

1.4. Oleaginous bacteria

Most bacteria, including E. coli, produce a small amount (approximately 10%) of their
CDW as lipid. Some, however, are oleaginous, producing at least 20% of their CDW as lipid.
Rhodococcus opacus PD630 is an oleaginous bacteria, which accumulates up to 87% of its
CDW as acylglycerols [20], predominantly of the C16:0 and C18:1 types in the form of
triacylglycerols (TAG) [21]. These fatty acids are shorter and more saturated than either EPA
(C20:5 n-3) or DHA (C22:6 n-3) [16]. R. opacus accumulates TAG in cytoplasmic lipid
inclusion bodies of a single type, which provide a nutrient store for survival under starvation
conditions, and are readily extracted from cells [20, 21, 22]. In a commercial setting, these
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inclusion bodies provide an easily isolated and purer initial product than cell lysates, which
require more purification to remove undesirable proteins and cellular components.
The biotechnological significance of the lipid accumulation traits of R. opacus are
widely acknowledged, with reported work on high-density cultivation protocols to maximise
industrial yields [23, 24]. Cell densities of 18.4 g CDW per litre of culture were routinely
attained in a 500 L pilot-plant, of which 38.4% of CDW was lipid [23]. At up to 7 g of lipid
per litre of culture, this is a significantly greater lipid yield than seen in E. coli-based systems,
such as that of Takeyama [18]. R. opacus yields were improved upon by Kurosawa and
colleagues using checmically defined media (CDM) [24]. In CDM, culture densities of 77.6 g
CDW per litre, of which 38% was lipid, were routinely achieved. This provides 29.5 g/L of
lipid without approaching the maximum reported intracellular lipid accumulation (87% of
CDW) [24]. In all reported R. opacus studies, maximal lipid accumulation was achieved after
growth at 30ºC, under nitrogen-limiting conditions, for 48 hours [21, 22, 23, 24]. Culture
densities as high as OD660 10.0 were able to be achieved in R. opacus grown under these
conditions [24]. This differs from the accumulation of long chain fatty acids in transgenic E.
coli, which required growth at a decreased temperature of 15ºC for 96 to 120 hours [16, 17].

1.5. PUFA production in R. opacus

1.5.1. Principle

By applying the genetic modifications made to E. coli to an oleaginous bacterial
strain, ω-3 FA yields could become commercially viable. Producing ω-3 FA in R. opacus has
potentially very high yields compared to existing systems: extrapolating Amiri-Jami’s 14%
9

CDW EPA yield suggests at least 4.13 g/L of EPA could be produced [17]; similar
extrapolation of Orikasa’s 16% DHA yield suggests up to 4.72 g/L of DHA could be
produced [16].

1.5.2. Transformability

The biotechnological adoption of R. opacus has been hampered by one issue: the
difficulty with which it may be transformed. Though shuttle vectors between Rhodococcus
spp. and E. coli have existed for decades, they are limited in the size of inserts they may
accept, and some require the production and fusion of protoplasts or spheroplasts [25].
Protoplast fusion is a relatively more difficult and less efficient method of gene transfer than
alternative methods, and is perhaps the reason it has only been described in the literature once
[25]. A simplified method of spheroplast production has been described for Rhodococcus
spp., though it was designed for plasmid extraction, and would require modification for
plasmid insertion [26].
To date, most reports regarding the transformation of Rhodococcus have concerned
the electroporation of plasmids up to approximately 16 kb into various Rhodococcus spp. The
earliest reported electroporation into R. opacus was using pBS305, a 7.2 kb E. coli DH5α-R.
opacus shuttle vector developed by Shao and associates for electroporation [27]. pTip QT1 is
an 8.2 kb E. coli-Rhodococcus spp. shuttle vector, with a high copy number in E. coli and a
low copy number in R. opacus, containing tetracycline- and ampicillin-selectable markers,
with a multi-cloning site (MCS) regulated by a thiostrepton-inducible promoter [28]. Unlike
pBS305, pTip QT1 allows for regulation of insert DNA, and the MCS has a greater range of
restriction sites [27, 28]. An electroporation protocol, optimised for R. opacus PD630, was
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developed by Kalscheuer, and proved to be reliable in a number of Rhodococcus strains [29].
Electroporation protocols have also been described for Rhodococcus fascians [30] and
Gordonia spp. [31], which have the potential to be adapted to use in R. opacus. With an insert
length of at least 20 kb, cloning pfaA-E results in large constructs of at least 27 kb in length.
To date, the longest insert reported to have been successfully transferred to R. opacus by any
electroporation protocol was 9 kb, in a 16.2 kb construct [32].
Sonoporation [33] and biolistics [34] are two alternatives to electroporation.
Sonoporation works by producing reversible porosity of cell membranes (similar to
electroporation), utilising ultra-high frequency sound waves (in the kHz and MHz range for
prokaryotes and eukaryotes, respectively) in lieu of high voltage [33, 35]. DNA is able to
pass into cells through the pores whilst the wave generator is operating, before the membrane
reverts to its natural state upon stopping the wave generator [33]. Sonoporation has been
reported to successfully transform both Gram positive and negative bacteria [33, 36].
Biolistics involves precipitating DNA onto microprojectiles, typically less than 1 µm in
diameter (such as tungsten particles), and introducing them to cells under vacuum, using a
membrane-rupturing shock wave generated by high-pressure gas discharge (such as helium)
or gunpowder [34]. Little literature exists on the application of biolistics to prokaryotes,
leaving doubt over the range of bacteria to which it may be applied, the range of DNA
construct sizes with which it may be used, and the protocols with which it should be
undertaken.
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1.6. Wider effects of sourcing ω-3 FA from R. opacus

Bacterial production of ω-3 FA is theoretically capable of reducing commercial
reliance upon declining fish stocks, whilst overcoming the disadvantages inherent with algal
production. Unfortunately, the yields of the majority of E. coli-based systems reported thus
far fall substantially below those of algae, which are themselves described as insufficient to
be commercially viable in light of production costs [37]. Whilst E. coli are cheaper to grow
than algae, the yield deficiencies compared with algae mean that they remain unviable. Use
of the oleaginous R. opacus as a host strain may overcome this, providing a viable,
sustainable source of ω-3 FA in an easily cultured bacterium capable of rapid growth to very
high culture densities in standard industrial conditions. To achieve this requires the
development of novel gene transfer technologies to exploit its biotechnological potential as a
producer strain. Such technologies, while crucial to ω-3 FA production, will broaden the
scope of biotechnological applications for which R. opacus may be suitable. One application
is bioremediation, where more complex catabolic pathways may be introduced to facilitate
growth in a wider range of environments, while allowing processing of a wider range of
contaminants. Another application is biofuel production, where pathways utilising lower-cost
feedstocks which do not affect the food chain may be implemented, alongside pathways
broadening the product range.
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1.7. Hypothesis and study objectives

It was hypothesised that expressing genes pfaA-E in R. opacus, under nitrogen
limiting conditions, would result in the accumulation of ω-3 FA in cytoplasmic lipid
inclusion bodies. Specific study objectives were:

1. Identification of a suitable source of pfa genes and of E. coli - Rhodococcus spp.
shuttle vectors
2. The cloning of pfaA-E in E. coli
3. The development of protocols to transfer large DNA constructs from E. coli to
R. opacus
4. The transfer of plasmids containing pfaA-E into R. opacus PD630
5. Characterisation of lipid production in pfaA-E transformed R. opacus PD630
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2. Materials and Methods

2.1. Stock Solutions

All stock solutions, unless otherwise stated, were prepared with Sigma Aldrich (St.
Louis, MO, USA) reagents and sterilised by autoclaving. Autoclaving was performed at
121ºC for 15 minutes. Filter sterilisation was performed using syringe-driven 0.22 µm filters
(Merck Millipore, Billerica, MA, USA; Sartorius Stedim Biotech, Aubagne, France) and BD
Biosciences (Sparks, MD, USA) syringes (15 or 50 mL as indicated). Solutions were stored
at room temperature (RT), except as noted. A Nanopure Diamond Life Science UV/UF Water
System (Branstead International, Thermo Scientific, Waltham, MA, USA) was used
according to the manufacturer’s protocols to prepare Milli-Q deionised water (MQ). A
MP220 pH meter (Mettler-Toledo, Columbus, OH, USA) was used for all pH adjustments. A
Sigma 1-15 micro-centrifuge (Sigma-Aldrich) was used for all microcentrifugations. All
other centrifugations were performed using a Beckman J2-21M centrifuge (Beckman Coulter
Inc., Brea, CA, USA) and either a Fiberlite F-14 or an F-21 rotor (Thermo Scientific,
Ashville, NC, USA). For weighing quantities requiring mg accuracy, a Mettler-Toledo
AB54-S/FACT balance was used, and for quantities requiring µg accuracy, a Mettler-Toledo
PB303 DeltaRange balance was used.
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2.1.1. General reagents

Zero point nine-three grams of KCl was dissolved in 50 mL of MQ and autoclaved, to
make 250 mM KCl; alternatively, to achieve the same final concentration, 1.86 g KCl was
dissolved in 100 mL MQ prior to autoclaving.
Seven parts bulk ethanol (Merck Pty. Ltd., Kilsyth, Victoria, Australia) were mixed
with three parts MQ to make 70% ethanol.
One hundred millimolar magnesium chloride was prepared by dissolving 0.952 g
MgCl2 in 100 mL MQ and autoclaving.
One molar sodium hydroxide was prepared by dissolving 2.000 g of NaOH in 50 mL
MQ.
One milligram per millilitre glycine was prepared by dissolving glycine in MQ to a
final concentration of 1 mg/mL.
Thirty percent weight/volume poly-(ethylene glycol) 1000 (PEG 1000) was prepared
by weighing 15 g of PEG 1000 into a 50 mL Falcon tube (BD Biosciences) and filling the
tube to the 50 mL mark with MQ. The PEG 1000 was incubated overnight at 37ºC to dissolve
into solution, and was subsequently filter sterilised.
Three molar, pH 5.2 sodium acetate was prepared by dissolving 24.61 g of sodium
acetate in 80 mL of MQ, adjusting the pH to 5.2 using glacial acetic acid, making the volume
up to 100 mL with MQ, then autoclaving.
Zero point eight-five percent saline was prepared by dissolving NaCl to 0.85% w/v in
MQ and autoclaving. Twenty percent sucrose was prepared by dissolving sucrose to 20%
(w/v) in d. H2O and autoclaving. Forty percent sucrose was prepared by dissolving sucrose to
40% (w/v) in d. H2O and autoclaving.

15

2.1.2. Antibiotic stock solutions

Fifteen millilitre Falcon tubes (Corning, Tewksbury, MA, USA) were used for the
preparation of all antibiotic stocks. Excepting stocks prepared in 70% ethanol, stocks were
filter sterilised. All stocks were stored at -20ºC in 1.5 mL micro-centrifuge tubes.
Ampicillin was prepared to 100 mg/mL in MQ, and stored in 200 µL aliquots.
Thiostrepton was prepared to 100 mg/mL or 1 mg/mL in dimethyl sulfoxide (DMSO) and
stored in 1 mL aliquots. Chloramphenicol and tetracycline were prepared in 70% ethanol to
50 mg/mL and 5 mg/ mL respectively, and stored in 500 µL aliquots in amber tubes.
Penicillin was prepared to 20 mg/ mL in MQ, and stored in 200 µL aliquots. Isoniazid and
rifampicin were prepared to 200 mg/mL in MQ and DMSO respectively, and stored in 200
µL aliquots.

2.1.3. Media

2.1.3.1. Growth media
Agar was poured into 90 mm round plastic petri dishes on the bench, and stored at
4ºC. Commercially-supplied growth media was prepared in accordance with the
manufacturer’s instructions. Antibiotics, where required, were added to molten agar (4555ºC) immediately prior to pouring, and were added to liquid media immediately prior to
inoculation. Liquid and solid media containing either chloramphenicol or tetracycline were
foil-wrapped to minimise their exposure to light.
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2.1.3.1.1. Commercially sourced media
Brain Heart Infusion (BHI), Difco 2216 Marine Broth (MB2216), Luria Broth Base
(LB) and Luria-Bertani Agar (LBA) were sourced from BD Chemicals (Sparks, MD, USA).
Oxoid CM3 Nutrient Agar (CM3) was supplied by Oxoid Limited (Basingstoke, Hants., UK).

2.1.3.1.2. Manually prepared media
LBA was prepared by mixing 15.000 g/L Bacto Tryptone and 5.000 g/L yeast extract
(BD Chemicals) with 15.000 g/L agar (Coast Biologicals, Auckland, NZ) and 10.000 g/L
NaCl in distilled water (d. H2O).
CM1 Nutrient Broth (CM1) was prepared by dissolving 1.000 g/L beef extract, 2.000
g/L yeast extract and 5.000 g/L peptone (BD Chemicals) with 5.000 g/L NaCl in d. H2O.
Standard I Nutrient Broth (SINB) was prepared by dissolving 15.000 g/L peptone and
3.000 g/L yeast extract (BD Chemicals) with 6.000 g/L NaCl and 1.000 g/L D(+)-Glucose in
d. H2O.

2.1.3.2. Transformation media
E. coli was prepared for electroporation (Section 2.8.1) in SOB medium [38]. SOB
medium was prepared by dissolving 10.000 g Bacto Tryptone and 2.500 g yeast extract (BD
Chemicals) in 450 mL MQ. To this, 5 mL of 250 mM KCl and 0.250 g of NaCl were added,
then the pH adjusted to 7.00. Prior to autoclaving, the volume was made up to 500 mL.
The media used to prepare R. opacus PD630 for electroporation varied, depending
upon the protocol in use (Section 2.8.2.1.1-4). All electroporation growth media was
sterilised by electroporation. Arenskötter medium (AM) consisted of LB supplemented with
0.5% (w/v) glycine (Merck Millipore) and 1.5% (w/v) sucrose [31]. Kalscheuer medium
(KM) was made by supplementing LB with 0.85% (w/v) glycine (Merck Millipore) and 1%
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(w/v) sucrose [29]. Kalscheuer-derived media (KDM) was made by supplementing LB with
2.125% (w/v) glycine (Merck Millipore) and 2.5% (w/v) sucrose. Cells for use in the
Desomer method [30] were grown in LB, whilst cells used in the method developed in this
study were grown in either LB or BHI. SOC medium [38] was used in sonoporations. SOC
medium consisted of 0.5% (w/v) yeast extract and 2% (w/v) Bacto Tryptone (BD Chemicals),
with 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 10 mM MgSO4. The solution was
sterilised by autoclaving. Once cooled to RT, 20 mM glucose was added, followed by resterilisation using a filter.

2.1.3.3. Freezer stock medium
Glycerol-LB medium for freezer stocks was prepared by adding one part glycerol
(VWR International Ltd., Radnor, PA, USA) to one part LB and autoclaving.

2.1.4. Protoplasting solutions

Five millimolar disodium ethylene diamine tetraacetic acid (dihydrate) (EDTA) was
prepared by dissolving 10.860 g EDTA in 800 mL MQ, adjusting the pH to 6.8 with NaOH,
then making the volume up to 1000 mL with MQ. Sterilisation was by autoclaving.
Twenty millimolar tris(hydroxymethyl)aminomethane) hydrochloric acid (Tris HCl)
was made by dissolving 2.423 g Trizma base in 800 mL MQ, adjusting the pH to 6.8 with
HCl, and making the volume up to 1000 mL prior to sterilisation by autoclaving.
One hundred milligram per millilitre lysozyme was made by dissolving 1 g of
lysozyme (from chicken egg white) in 10 mL of MQ. The lysozyme stock solution was filter
sterilised and stored at -20ºC in 1 mL aliquots.
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The following solutions were prepared specifically for use with the Assaf and Dick
protocol [26]:
Twenty millimolar tris HCl plus 1 mM MgCl2 was prepared by dissolving 0.242 g
Trizma base in 80 mL MQ, and mixing with 1 mL 100 mM MgCl2. The pH was adjusted to
6.8 using HCl, and volume made up to 100 mL with MQ prior to autoclaving.
Assaf and Dick resuspension buffer (ADRB) consisted of 0.363 g Trizma base, with
0.930 g EDTA, 20.000 g sucrose and 0.584 g NaCl dissolved in 70 mL MQ. After adjusting
the pH to 8.0, the volume was made up to 100 mL, and the solution was autoclaved.
The following reagents were prepared specifically for the protoplasting protocol
developed in this study:
One millimolar magnesium chloride was made by diluting 1 mL of 100 mM MgCl2 in
99 mL MQ and autoclaving. One millilitre of 100 mM MgCl2 was added to 20.000 g of
sucrose, and the volume made up to 100 mL with MQ, to make 1 mM MgCl2 plus 20% (w/v)
sucrose. One millilitre of 100 mM MgCl2 was added to 40.000 g of sucrose, and the volume
made up to 100 mL with MQ, to make 1 mM MgCl2 plus 40% (w/v) sucrose.

2.1.5. Microscope stains

One percent (weight/volume) methylene blue was prepared by dissolving 1.000 g of
Gurr Certistain® methylene blue powder (British Drug Houses Laboratories, Poole, Dorset,
UK) in 10 mL of 70% ethanol, and adding 3 µL of 1 M NaOH. One percent (weight/volume)
congo red was prepared by dissolving 1.000 g of congo red powder (Difco Laboratories,
West Molesey, Surrey, UK) in 10 mL of 70% ethanol. Ten milligram per millilitre acridine
orange hydrochloride solution was sourced from Sigma Aldrich. Gram stains were performed
using a Gram Stain Kit (BD Chemicals).
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2.1.6. Alkaline lysis reagents

The following alkaline lysis reagents were prepared to the specifications of Sambrook
and Russell [39] and Untergasser [40]. Stock solutions for EDTA and tris HCl were prepared
according to Section 2.1.7.
Alkaline Lysis Solution I (ALSI) was prepared to have final concentrations of 50 mM
glucose, 25 mM tris HCl (pH 8.0), and 10 mM EDTA (pH 8.0). After autoclaving, the
solution was stored at 4ºC. Alkaline Lysis Solution II (ALSII) was prepared with sodium
dodecyl sulphate (SDS) and NaOH to final concentrations of 1% (w/v) and 0.2 M,
respectively. The solution was filter sterilised. Alkaline Lysis Solution III (ALSIII) was
prepared by mixing potassium acetate and glacial acetic acid to final concentrations of 3 M
and 11.5% (w/v), respectively. The pH was adjusted to 4.8, after which the solution was
autoclaved.
Sodium-Tris-EDTA buffer (STE) was prepared for the Untergasser protocol [40], by
mixing NaCl, Tris HCl (pH 8.0) and EDTA (pH 8.0) to final concentrations of 0.1 M, 10 mM
and 1 mM, respectively.

2.1.7. Plasmid preparation buffers

Ten millimolar pH 9.0 tris HCl was prepared by dissolving 30.30 mg of Trizma base
in 15 mL MQ. After adjusting the pH to 9.0 using HCl, the volume was made up to 25 mL
with MQ, and the solution was autoclaved.
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Zero point five molar EDTA (pH 8.0) was prepared by dissolving 18.600 g of EDTA
in 80 mL of MQ, adjusting the pH to 8.0 using NaOH, then making the volume up to 100 mL
with MQ prior to autoclaving.
Ten millilitres of 1 M pH 8.0 tris HCl was mixed with 2 mL of 0.5 M pH 8.0 EDTA
and 988 mL MQ to make 10 mM tris HCl-EDTA (TE) buffer. The buffer was filter sterilised.

2.1.8. Gel electrophoresis solutions

2.1.8.1. Gel electrophoresis buffers
Fifty times tris HCl-acetic acid-EDTA (TAE) buffer (pH 8.0) was made by dissolving
24.200 g of Trizma base in 60 mL MQ, with the addition of 5.71 mL glacial acetic acid and
10 mL 0.5 M pH 8.0 EDTA (Section 2.1.7). The volume was made up to 100 mL using MQ.
One times TAE was made by diluting one part 50x TAE in 49 parts MQ.
Twenty times lithium borate (LiB) was prepared by dissolving 9.580 g of LiOH in 1.8
L of MQ. The pH was adjusted to 8.5 using boric acid, the volume made up to 2 L, and the
solution filter sterilised. One times LiB consisted of one part 20x LiB diluted with 19 parts
MQ.

2.1.8.2. Agarose electrophoresis gels
Agarose electrophoresis gels were made in volumes ranging from 50-300 mL,
depending upon the size of gel to be run. SeaKem LE Agarose (Lonza, Rockland, ME, USA)
was added to either 1x TAE or 1x LiB at a final concentration of 1% (w/v) of 0.7% (w/v),
depending upon the intended application. Ethidium bromide was added to all gels at a final
concentration of 0.5 µg/mL.
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2.1.8.3. Loading dye
Ten times bromophenol blue loading dye was prepared by dissolving 1.500 g ficoll
400, 25.00 mg xylene cyanol, and 25.00 mg bromophenol blue in 10 mL reverse-osmosis
treated water.

2.2. Bacterial strains, culture conditions and freezer stocks

2.2.1. Bacterial strains and culture conditions

Bacterial strains used in this study are listed in Table 2.1. All strains were held at 80ºC in glycerol-LB freezer stocks. Strains were revived on agar as required, or if in active
use, subcultured on a weekly basis and stored at 4ºC. Unless otherwise stated, liquid cultures
were grown with 200 rpm shaking in a shaking incubator (Innova 44, New Brunswick
Scientific, Edison, NJ, USA).
E. coli DH5α was grown overnight, aerobically, in LB or on LBA at 37ºC.
R. opacus PD630 was grown for 24-48 hours, aerobically, at 30ºC. Depending on the
intended application, either BHI, LB, LBA, or SINB were used for the growth of R. opacus
PD630.
S. baltica DSM9439 was grown aerobically at RT for 48 hours. Liquid cultures were
grown in MB2216 or CM1, whilst CM3 was used for plate cultures.
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2.2.2. Freezer stocks

Freezer stocks were prepared by inoculating a 10 mL LB broth with two colonies
picked from a fresh plate culture of the strain to be frozen back. Cultures were grown to
OD600 0.7 (corresponding to late logarithmic growth phase), and 4.5 mL of freezer stock
medium (Section 2.1.3.3) was added. The culture was mixed with a vortex mixer (Heidolph
Instruments, Schwabach, Germany), and aliquoted in 1 mL volumes into sterile conical
cryogenic tubes (NUNC A/S, Roskilde, Denmark). Tubes were stored at -80ºC.

2.3. Plasmids

A literature search was performed for plasmids, focused on whether they carried
omega-3 fatty acid (ω-3 FA) expression genes (Table 3.1, Section 3), or acted as E. coli Rhodococcus spp. shuttle vectors (Table 3.2, Section 3). From this search, plasmids were
selected for use in this study, based upon their availability, and additionally, in the case of
shuttle vectors, for the usability of their multi-cloning site (MCS) and controllability of their
expression systems. The selected plasmids, and their associated bacterial host strains, are
listed in Table 2.1. Upon successful transformation of the host strain, freezer stocks were
made (Section 2.2.2). Weekly subcultures were made for plasmids in active use. All plasmid
maps and manipulations were performed in silico using SnapGene versions
2.2-2.5 (GSL Biotech LLC, Chicago, IL, USA), unless otherwise noted.
The E. coli - Rhodococcus spp. shuttle vectors selected for use were pBS305 (Figure 2.1)
[27] and pTip QT1 (Figure 2.2) [28]. pBS305 was selected for in E. coli and R. opacus on
media incorporating 100 µg/mL ampicillin and 10 µg/mL thiostrepton, respectively [8]. The
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Figure 2.1: Map of pBS305. The position and orientation of the ampicillin and thiostrepton
resistance genes are indicated by the white arrows. The MCS is indicated by the white box,
alongside the relevant restriction enzyme recognition sites. HindIII and XbaI restriction sites
are also indicated.
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Figure 2.2: Map of pTip QT1. Unique restriction enzyme recognition sites (6 bp or longer)
and their locations (expressed as base pairs from the origin) are indicated. The MCS is visible
on the left of the map near the 6,000 bp tick mark. Coding sequences (CDS, purple), genes
(grey), promoters and terminators (white) and the replicon (yellow) are indicated. tsR is the
thiostrepton resistance protein CDS; tetR is the tetracycline resistance protein CDS; thcA is
the constitutive transcription factor of tipA; tipA is the CDS for a thiostrepton-inducible
protein; bla is the CDS for β-lactamase; colE1 is a high copy number E. coli replicon; thcA
terminator is the transcriptional terminator for thcA; tipA promoter is the thiostreptoninducible promoter of tipA; and repAB is the rhodococcal replication protein CDS.
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pBS305 plasmid map was drawn using XPlasMap (http://www.iayork.com/XPlasMap/
index.shtml).
Twenty micrograms per millilitre of tetracycline was used to select for pTip QT1 in
both R. opacus and E. coli on solid media; in liquid culture for R. opacus and E. coli, 20 µg/
mL and 8 µg/ mL of tetracycline were used, respectively [28]. One hundred micrograms per
millilitre of ampicillin was also used for selection of pTip QT1 in E. coli [28].
The plasmid selected as a source of pfa genes was pDHA4 (Figure 2.3) [41]. Plasmid
pDHA4VO is a pDHA4 derivative, sans-pfa genes, whose amplification by PCR and
subsequent construction are described in Sections 2.9 and 2.11.1, respectively. A map of
pDHA4VO is shown in Figure 3.25. Thirty micrograms per millilitre of chloramphenicol was
used to select for pDHA4 and pDHA4VO in E. coli and R. opacus.

2.4. Microscopy

2.4.1. Light microscopy

Gram stains were performed according to the protocol included with the Gram Stain
Kit. Acridine orange, congo red and methylene blue stains were made by pipetting 1 µL of
stain onto a 10 µL droplet of specimen on a slide, and placing a coverslip over the top.
A Zeiss Standard 14 fixed stage upright microscope equipped with a Zeiss IV FL
epifluorescent illuminator containing a 450-490 nm filter set (Carl Zeiss AG, Oberkochen,
Germany). Brightfield illumination was used for routine viewing of Gram, congo red and
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Figure 2.3: Map of pDHA4. Unique 6+ restriction enzyme cutting sites and their locations
(expressed as base pairs from the origin) are indicated. CDS (light green and purple),
promoters (white) and origins of replication (yellow) are indicated. cmR is the CDS for
chloramphenicol acetyltransferase; cat promoter is the promoter for cmR; p15a ori is a low
copy number E. coli origin of replication; partial ORF 12 is a vestigial ORF from M. marina
MP-1 (as are ORFs 5, 6 and 7); pfaA-E are CDS for enzymes in the polyketide-like synthesis
system (PKS); and lacI is a vestigial repressor of the lac operon found in the original cloning
vector.
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methylene blue stains, while fluorescence was used for viewing acridine orange stains.
Acridine orange photomicrographs were captured using Olympus E-M5 or E-PM1 cameras
(Olympus Corp., Shinjuku, Tokyo, Japan). Contrast adjustments were made in Aperture 3
(Apple Inc., Cupertino, CA, USA). Gram, congo red and methylene blue stains were
examined under oil immersion at 1000x magnification using an Olympus BX51 fixed stage
upright microscope and photographed with an Olympus DP70 microscope camera (Olympus
Corp.). White balance adjustments, and scale bar addition, were performed using DP
Controller software (Olympus Corp.).

2.4.2. Electron microscopy

2.4.2.1. Transmission electron microscopy
Transmission electron microscopy (TEM) was used for visualising negatively stained
samples. Negative staining was performed by the Otago Centre for Electron Microscopy
(OCEM) using 1% (w/v) phosphotungstic acid (PTA). Briefly, 3-6 µL of sample was pipetted
onto a glow-discharged Quantifoil® holey carbon grid (Quantifoil Micro Tools GmbH, Jena,
Germany), and allowed to sit for 30 seconds. The sample was blotted off, and 3-6 µL of PTA
was pipetted on, then blotted off 30 seconds later. Stained grids were viewed using a Philips
CM100 BioTWIN (Philips/ FEI Corporation, Eindhoven, Holland) equipped with an LaB6
emitter. Electron micrographs were captured with a MegaView III digital camera (Olympus
Soft Imaging Solutions GmbH, Münster, Germany).
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2.4.2.2. Cryo-transmission electron microscopy
Cryo-TEM was performed by the OCEM to visualise frozen samples. Briefly, 3-6 µL
of sample was mixed with colloidal gold and pipetted onto a glow-discharged Quantifoil®
holey carbon grid (Quantifoil Micro Tools), before excess buffer was blotted off. Freezing
was achieved by flash-plunging the grid into liquid ethane using a Leica KF80 specimen
plunge-freezer with MM80 metal mirror attachment (Leica Microsystems, Vienna, Austria).
Frozen specimens were viewed at a nominal magnification of 15,000x using a Jeol JEM2200FS Cryo-TEM (JEOL Ltd., Tokyo, Japan) equipped with a field-emission gun operating
at 200 kV. Electron micrographs were captured with a TemCam-F416 (Tietz Video and
Image Processing Systems GmbH, Gauting, Germany), with image contrast improved
through zero-loss filtering using an in-column omega energy filter with a 20 eV slit width.
Captured images were manipulated using IMOD (University of Colorado, Boulder, CO,
USA) [42].

2.5. Serial dilutions and plating

Eight serial tenfold dilutions of cells were prepared in 0.85% saline in 1.5 mL microcentrifuge tubes, giving dilutions of the original sample ranging from 10-1 to 10-8.
One hundred microlitre spread plates were made for the recovery of transformants and
determination of antibiotic susceptibility. Routine enumeration was performed using a spot
plate method derived from Miles et al. [43]. The spot plate method entailed dividing an agar
plate into eight equal segments, with each labelled to correspond to the dilution of sample to
be plated in that segment. Three 10 µL drops of each dilution were placed on the
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corresponding segment of the plate and allowed to soak in. After the drops had soaked in, the
plates were inverted and incubated as described in Section 2.2.

2.6. Growth and inhibition

Spectrophotometric measurements were performed using either a Novaspec II
(Biochrom Ltd., Cambridge, UK) or a Spectronic 20D (Milton Roy, Ivyland, PA, USA)
spectrophotometer, set to read optical density (absorbance) at 600 nm (OD600). Where the
indicated OD600 exceeded 1.000, the sample was diluted in the relevant reference medium
until a reading below 1.000 was obtained. The OD600 of these samples was then derived by
multiplying the spectrophotometer OD600 reading by the dilution factor.

2.6.1. Growth curves

E. coli and R. opacus growth curves were performed over periods ranging from 8-120
hours. Ten millilitre seed cultures were inoculated into appropriate media and incubated
according to the strain growth requirements described in Section 2.2. A 0.2-10% (v/v)
inoculum was used to seed the main culture in a baffled flask. At intervals of 1-6 hours, 1 mL
samples were taken and measured for OD600 against 1 mL of uninoculated media.
Simultaneously, 100 µL samples were taken for spot plating (Section 2.5) to determine the
number of colony forming units per mL (cfu/mL) at a given time point. Graphs of OD600 and
cfu/mL versus hours from inoculation were constructed using DataGraph 3.2 (Visual Data
Tools, Inc., USA). Standard curves were produced by growing cultures of each organism to
stationary phase, then making a doubling-dilution series of the culture, from undilute to 1/128
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dilution factor. The cfu/mL of each dilution was plotted against OD600 using DataGraph 3.2
(Visual Data Tools, Inc.).

2.6.2. R. opacus PD630 morphology during growth

The morphology of R. opacus was observed during growth in BHI, as outlined in
Section 2.6.1, by Gram staining (Section 2.4.1).

2.6.3. Growth inhibition and function of selective antibiotics

2.6.3.1. Growth inhibition
The inhibitory effects of glycine, isoniazid, penicillin and rifampicin on R. opacus
PD630 growth were examined over 48 hours. Cells were grown to OD600 0.5-0.7, diluted to
5% in LB and placed in each well of a flat bottomed, non-tissue culture treated 96 well plate
(Corning). Inhibitory substances were added to achieve the concentration specified in Table
2.2 in duplicate, and the volume of each well was made up to 200 µL with LB. A Varioskan
Flash incubated fluorescent plate reader (Thermo Fisher Scientific Oy, Vantaa, Finland) was
used to incubate the plate for 48 hours at 30ºC, and make OD600 readings every hour. Graphs
of OD600 versus hours of incubation were made using Datagraph 3.2 (Visual Data Tools,
Inc.). Statistical analysis was performed in Excel 2013 (Microsoft Corp., Redmond, WA,
USA), using a one-tailed Student’s T-test with p < 0.05 indicating significant difference, p <
0.005 indicating very significant difference, and p < 0.0005 indicating extremely significant
difference.
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Table 2.2: Concentrations of substances used in growth inhibition of R. opacus PD630
Substance

Concentrations (mg/mL)

Glycine

0, 0.17, 0.425, 0.83, 3.25, 6.75, 12.5, 25, 50

Isoniazid

0, 0.085, 0.17, 0.325, 0.65, 1.25, 2.5, 5, 10

Penicillin

0, 0.017, 0.032, 0.065, 0.125, 0.25, 0.5, 1

Rifampicin

0, 0.085, 0.17, 0.325, 0.65, 1.25, 2.5, 5, 10
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2.6.3.2. Susceptibility to selective antibiotics
Susceptibility to selective antibiotics was determined for both E. coli and R. opacus
by growing in 10 mL LB, or on LBA, containing a range of concentrations of ampicillin,
chloramphenicol, tetracycline and thiostrepton (Table 2.3), over the course of seven days.
Agar plates and liquid cultures were checked daily; plates were removed from the incubator
upon detection of countable colonial growth, with the number of days of incubation noted;
OD600 of liquid cultures was recorded alongside the number of days of incubation. Two- and
three-dimensional column graphs were plotted using DeltaGraph 3 (Red Rock Software Inc.,
Salt Lake City, UT, USA). Statistical analysis was performed in Excel 2013 (Microsoft
Corp.), using a one-tailed Student’s T-test with p < 0.05 indicating significant difference, p <
0.005 indicating very significant difference, and p < 0.0005 indicating extremely significant
difference. A paired test was used within tested strains, and a heteroscedastic test was used
between tested strains.

2.6.4. R. opacus protoplasts, their viability, and their morphology

2.6.4.1. Protoplasting
Protoplasts were prepared by the Assaf and Dick method [26], as well as a derivative
of the Assaf and Dick method which was developed in this study. Centrifugations were
performed at 2,000x g, 4ºC, for five minutes for both methods.

2.6.4.1.1. Assaf and Dick method
In brief, cells were grown in 200 mL of LB in a 1000 mL baffled flask, until an OD600
of 0.5 was reached. Cells were harvested by centrifugation, washed in 40 mL of 5 mM EDTA
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Table 2.3: Concentrations of selective antibiotics for susceptibility testing
Antibiotic

Strains

Concentrations (µg/mL)

Ampicillin

E. coli DH5α and E. coli pTip QT1

0, 25, 50, 75, 100

Chloramphenicol

0, 7.5, 15, 30, 60
E. coli DH5α and E. coli pDHA4VO;
R. opacus PD630 and R. opacus pDHA4VO

Tetracycline

0, 5, 10, 20, 40
E. coli DH5α and E. coli pTip QT1;
R. opacus PD630 and R. opacus pTip QT1

Thiostrepton

R. opacus PD630 and R. opacus pBS305

0, 2.5, 5, 10, 20
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(pH 6.8), then in 40 mL of 20 mM Tris-HCl (pH 6.8). Washed cells were resuspended in 1
mM MgCl2 plus 20 mM Tris-HCl (pH 6.8), to an OD600 of 0.5. Mutanolysin was added to a
final concentration of 5 U/mL, prior to one hour of incubation at 37ºC. After incubation, cells
were harvested by centrifugation at 2,000x g for five minutes at 4ºC and resuspended in 5 mL
ADRB, with 25 mg/mL lysozyme. A further incubation at 37ºC was performed for 30
minutes. Negative controls were performed by the addition of MQ at a volume equalling that
of the added enzyme.

2.6.4.1.2. Study-generated method
Initially, the Assaf and Dick method (Section 2.6.4.1.1) was maintained, with the
exception that both enzymes were added simultaneously, and incubation at 37ºC was
performed for up to 24 hours. Digestion buffers, namely 1 mM MgCl2 plus 20 mM Tris-HCl
(pH 6.8), ADRB, and 30% PEG 1000, were compared for the generation and osmotic
buffering of protoplasts (cf. Section 2.6.4.2).
Subsequently, cells were grown in 2 L of LB or BHI, harvested by centrifugation,
then washed in 150 mL 5 mM EDTA (pH 6.8), and finally in 150 mL 20 mM Tris-HCl (pH
6.8). Cells were resuspended in 10 mL of digestion buffer (1 mM MgCl2, 1 mM MgCl2 plus
2% (w/v) 90 nm size standard nanobeads (Thermo Fisher Scientific, Pittsburgh, PA) [77], 1
mM MgCl2 plus 20% sucrose, or 1 mM MgCl2 plus 40% sucrose), prior to the addition of
enzymes under the conditions described in Section 2.6.4.1.1. Incubations were performed at
37ºC for 2-6 hours.
The finalised method involved growing cells in 2 L of LB, harvesting by
centrifugation, washing in 150 mL of 5 mM EDTA (pH 6.8), washing in 50 mL of 20 mM
Tris-HCl (pH 6.8), and resuspending cells in 10 mL of 1 mM MgCl2 plus 40% sucrose.
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Mutanolysin was added to 5 U/mL and lysozyme to 25 mg/mL, after which the mixture was
incubated at 37ºC for two hours.

2.6.4.2. Protoplast viability and morphology
Protoplast viability was examined every 30-120 minutes, over the course of 2-24
hours. Spot plate counts were performed as described in Section 2.5, with the exception that
samples digested in sucrose containing buffers were diluted in MQ plus the relevant
concentration of sucrose. Simultaneous 10 µL samples were taken for microscopy. Samples
were prepared and visualised as described in Section 2.4. Graphs of cfu/mL versus hours of
incubation were plotted using Datagraph 3.2 (Visual Data Tools, Inc.). Statistical analysis
was performed in Excel 2013 (Microsoft Corporation, Redmond, WA, USA), using a paired
one-tailed Student’s T-test with p < 0.05 indicating significant difference, p < 0.005
indicating very significant difference, and p < 0.0005 indicating extremely significant
difference.

2.7. DNA extractions

A Nanodrop 1000 (Thermo Fisher Scientific - Nanodrop Products, Wilmington, DE,
USA) was used to determine the purity (260/280) and concentration (ng/µL) of DNA
preparations. DNA preparations were stored at -20ºC in 20-50 µL aliquots. Lysis buffer was
made with 20 mM Tris-HCl (pH 8.0), 2 mM sodium EDTA, and 1.2% Triton™ X-100.
Enzymatic lysis buffer contained 800 µL of lysis buffer, 200 µL of lysozyme and 30 µL of
mutanolysin.
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2.7.1. E. coli

2.7.1.1. Commercial DNA extraction kits
E. coli plasmid DNA minipreps were performed using either a QIAprep Spin Mini Kit
(QIAGEN GmbH, Hilden, Germany) or a CONCERT Rapid Plasmid Miniprep System
(Gibco BRL, Life Technologies, Carlsbad, CA, USA). Qiagen’s 2012 Gram negative
bacterial protocol (inclusive of recommended and optional steps) was used for the QIAprep
kit; Gibco BRL’s most recent protocol was used for the CONCERT kit. Both kits were used
with a micro-centrifuge.
Plasmid midipreps from E. coli were performed using a Hi Speed Plasmid Midi Kit
(Qiagen) according to the manufacturer’s December 2001 protocols.

2.7.1.2. Untergasser’s Alkaline Lysis Method
Alkaline lysis maxipreps were performed using a modified version of Untergasser’s
Alkaline Lysis Maxiprep method [40].
A 10 mL starter culture was inoculated and grown overnight at 37ºC. One millilitre of
starter culture was used to inoculate 500 mL of LB with selective antibiotics. The 500 mL
culture was grown for 12-16 hours, then harvested at 4,000x g at 4ºC for five minutes. The
pellet was resuspended in 100 mL cold STE, then spun at 4,000x g at 4ºC for five minutes.
The pellet was resuspended in 20 mL ALSI, 200 µL of 100 mg/mL lysozyme was added, and
the solution mixed by swirling. After a five minute RT incubation, 40 mL of ALSII was
added and mixed by swirling. A ten minute incubation was performed at RT, after which 30
mL of ice-cold ALSIII was added, and a further 10 minute incubation was performed on ice.
The solution was mixed by swirling, then centrifuged for 15 minutes at 5,000x g.
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After centrifugation, the supernatant was filtered through four layers of autoclaved
cheesecloth. Fifty five millilitres of isopropanol were added to the filtered supernatant, and
incubated for 15 minutes at RT, before being centrifuged for 20 minutes at 4,000x g. After
decanting the supernatant, the pellet was transferred to a 15 mL Falcon tube using 10 mL
70% ethanol, and centrifuged for 20 minutes at 4,000x g. The supernatant was discarded, and
the pellet dried at RT, prior to being dissolved in 2.5 mL pH 8.0 TE buffer. Forty microlitres
of 100 µg/mL RNAse A was added, and the mixture incubated for 15 minutes at RT.
After incubation, 3.06 mL of phenol:chloroform:isoamylalcohol (25:24:1) was added
and mixed by inversion. The mixture was centrifuged for five minutes at 4,000x g, then the
upper phase was transferred to a new 15 mL Falcon tube. Three millilitres of chloroform and
120 µL of isoamylalchol were added, mixed by inversion, and centrifuged for five minutes at
4,000x g. The upper phase was transferred to a new 15 mL Falcon tube, to which 300 µL of 3
M sodium acetate (pH 5.2) and 1.8 mL isopropanol were added, mixed by repeated inversion,
and then incubated for 15 minutes at RT. The tube was centrifuged for 20 minutes at 4,000x
g, the supernatant discarded, 15 mL of 70% ethanol added, and mixed by repeated inversion.
After a 10 minute centrifugation at 4,000x g, the supernatant was removed and 15 mL of 70%
ethanol was added and mixed by repeated inversion. Following another 10 minute
centrifugation at 4,000x g, the supernatant was removed, and the tube was centrifuged for
five minutes at 4,000x g. The remaining liquid was pipetted off, and the pellet was dried for
five minutes at RT, prior to resuspension in 0.5-1 mL of MQ or pH 9.0 Tris-HCl.
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2.7.2. R. opacus PD630

R. opacus plasmid DNA extractions were performed with the QIAprep Spin Miniprep
Kit (Qiagen) according to Qiagen’s 2012 protocols. A DNeasy Blood and Tissue Kit
(Qiagen) was used to prepare a crude lysate for the QIAprep kit according to Qiagen’s 2006
protocol with a pretreatment step (Section 2.7.2.1). An alkaline lysis miniprep (Section
2.7.2.2) was performed according to Sambrook and Russell’s method [6]. Midipreps were
performed using R. opacus protoplasts with a Hi Speed Plasmid Midi Kit (Qiagen) (Section
2.7.2.3).

2.7.2.1. DNeasy Pre-Treatment for Gram Positive Bacteria
A maximum of 2 x109 cells were harvested in a 1.5 mL micro-centrifuge tube for 10
minutes at 4,500x g. The cell pellet was resuspended in 180 µL of enzymatic lysis buffer,
incubated for 30 minutes at 37ºC, and run through a QIAshredder shredding column
(Qiagen). Twenty five microlitres of proteinase K (pre-made, included with DNeasy kit) and
200 µL of ethanol-free Buffer AL (pre-made, included with the DNeasy kit) were added and
mixed by vortexing. This preparation was used in the Qiagen DNeasy protocol from step four
onwards.

2.7.2.2. Sambrook and Russell Alkaline Lysis Miniprep
All centrifugations were performed at 4ºC, 18,000x g using 1.5 mL tubes in a microcentrifuge.
Two millilitres of LB with appropriate antibiotics was inoculated with the
transformant of interest and grown as described in Section 2.2.1. One point five millilitres of
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culture was centrifuged for 30 seconds and the supernatant aspirated to leave the pellet as dry
as possible. The dry pellet was resuspended in 100 µL ALSI by vortexing, after which 200
µL of ALSII was added and mixed by inverting the tube five times. One hundred and fifty
microlitres of ice-cold ALSIII was added and dispersed by repeatedly inverting the tube.
After a five minute centrifugation, the supernatant was transferred to a fresh tube, and nucleic
acids were precipitated by adding two volumes of RT ethanol, vortexing, and allowing the
tube to stand for two minutes. Precipitated nucleic acids were collected by five minutes of
centrifugation. The supernatant was aspirated, and the tube inverted over a paper towel to
drain remaining liquid; a disposable pipette tip was used to remove recalcitrant drops. One
millilitre of 70% ethanol was added to the pellet and mixed by inverting the tube. After a two
minute centrifugation, the supernatant was aspirated, recalcitrant droplets were removed with
a disposable pipette tip, and the tube was incubated, open, for 5-10 minutes at RT until all
visible fluid had evaporated. The pellet was resuspended in 50 µL of pH 8.0 TE buffer with
20 µg/mL DNase-free RNase A by gentle vortexing, and stored at -20ºC.

2.7.3. S. baltica

Shewanella baltica genomic DNA was extracted with using a DNeasy Blood and
Tissue Kit (Qiagen), using a micro-centrifuge and the manufacturer’s 2006 protocol for Gram
negative bacteria.
Extracted DNA was stored at -20ºC in 20 µL aliquots.
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2.7.4. Gel extraction of DNA

DNA was extracted from electrophoresis gels using a NucleoTrap (Macherey-Nagel
GmbH & Co. KG, Düren, Germany) and QIAquick Gel Extraction Kit (Qiagen) according to
the manufacturer’s most recent protocols.

2.8. Transformation

Ten times phosphate buffered saline (PBS) for sonoporation was prepared by
dissolving 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 and 2.4 g KH2PO4 in 800 mL MQ, adjusting
the pH to 7.4, making the volume up to 1 L with MQ and autoclaving. Ten percent glycerol
for electrocompetent cell preparation was prepared by mixing one part glycerol (VWR
International Limited, Poole, England) with mine parts MQ, and autoclaving.
Electroporations were performed using a Gene Pulser XCell Total system and Gene
Pulser electroporation cuvettes (BioRad, Hercules, CA, USA). Samples with and without
DNA were plated on selective and non-selective media pre- and post-electroporation. In some
instances, liquid media was also used for recovery of transformants. Sonications were
performed using 4 mL flat bottomed glass vials (Thermo Fisher) in a 40 kHz sonicator bath
(Unisonics Australia Pty. Limited, Brookvale, NSW, Australia). Vials were positioned over
the centre of the bath using a wire basket supported by a wooden frame (Figure 2.4).
Sonication bath temperatures were maintained between 21.5-22.9ºC by addition of ice.
Putative transformants were identified genotypically by plasmid DNA extraction (Sections
2.7.1-2) and phenotypically by growth on selective antibiotic media.
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Figure 2.4: Sonication apparatus. The wooden support frame and wire basket for positioning
of the vial are shown. The four points of the wooden support frame that contact the body of
the sonication bath were secured to the bath using bulldog clips.
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2.8.1. E. coli

2.8.1.1. Preparation of electrocompetent cells and electroporation conditions
Centrifugations were performed at 4ºC for 10 minutes. Cells were grown in 500 mL
SOB as described in Section 2.2.1, and harvested when the culture reached an OD600 of 0.7 in
250 mL bottles by centrifugation at 7,520x g. Pellets were resuspended in 200 mL of 10%
glycerol and centrifuged at 7,520x g, then transferred to 50 mL tubes following resuspension
in 10 mL of 10% glycerol and centrifuged at 5,600x g. Pellets were resuspended in 500 µL of
10% glycerol and transferred to ice-cold 1.5 mL sterile micro-centrifuge tubes in 100 µL
aliquots.
Forty microlitres of cells were mixed with 2 µL of DNA in a 1 mm cuvette and
incubated on ice for one minute. Cells were electroporated with the electroporator set to the
“Bacterial” preset and a voltage of 1.8 kV and immediately diluted in 1 mL LB, then
transferred to a 5 mL bijoux. After recovery at 37ºC and 190 rpm for 45 minutes, cells were
plated.

2.8.1.2. Sonoporation
Sonoporations were performed according to a protocol from Song et al. [33]. Cells
were grown in 10 mL of LB for 15 hours at 28ºC. Cells were harvested by centrifugation for
10 minutes at 7,500x g at 4ºC. Cells were washed three times in 10 mL of 0.85% saline, then
resuspended in 10 mL SOC media. Six hundred microlitres of cells were added to the flatbottomed vials, then DNA was added to a final concentration of 0.8 ng/µL. After removing
100 µL for pre-sonication viable cell counts, vials were placed into the support frame and
fully immersed in water. Vials were sonicated for 10 seconds, after which 4.5 mL of SOC
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was added. Cells were recovered by two hours of incubation at 28ºC with 150 rpm shaking,
prior to plating. Growth and recovery temperatures were later increased to 37ºC.

2.8.2. R. opacus

2.8.2.1. Electrocompetent cell preparation and electroporation - general methods
Cells were cultured as described in Section 2.2.1. Centrifugations were performed at
4ºC for 15 minutes at 15,300x g in 250 mL bottles (Sections 2.8.2.1.1-3) or 2,000x g at 4ºC
for 5 minutes in 250 mL bottles (Section 2.8.2.1.4). Aliquots of 400-700 µL were placed in
1.5 mL sterile micro-centrifuge tubes. Cells were used immediately, or snap frozen in an
ethanol-dry ice bath and stored at -80ºC. Two millimetre gapped cuvettes were used, with
400 µL of cells, and a capacitance of 25 µF. After pulsing, 600 µL of media was added, and
cells were recovered for four hours at 30ºC and 190 rpm, prior to plating.

2.8.2.1.1. Arenskötter method
General methods for centrifugation and electroporation are described in Section
2.8.2.1 and the second paragraph of Section 2.8.
One millilitre of cells from a 10 mL SINB culture were added to 50 mL of AM in a 250 mL
Erlenmeyer flask. Cells were grown to OD600 0.5, harvested by centrifugation, washed twice
with MQ, then concentrated 20x in MQ.
Cells at RT were mixed with 0.001-10 ng of DNA, incubated on ice for 10 minutes,
and pulsed at 2 kV with 600 Ω resistance. Pulsed cells were incubated in a 46ºC water bath
for six minutes prior to recovery and plating.
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2.8.2.1.2. Desomer method
General methods for centrifugation and electroporation are described in Section
2.8.2.1 and the second paragraph of Section 2.8.
Cells were grown to OD600 0.5-0.7 in 500 mL of LB in an Erlenmeyer flask, harvested
by centrifugation, washed once in MQ, then concentrated 50x in 30% PEG 1000.
Ice cold cells were mixed with 2 µL of DNA, then electroporated at 2.5 kV with 400 Ω
resistance.

2.8.2.1.3. Kalscheuer method
General methods for centrifugation and electroporation are described in Section
2.8.2.1 and the second paragraph of Section 2.8.
Five millilitres of LB seed culture was used to inoculate 250 mL of KM in a 500 mL
flask. Cells were grown to OD600 0.5-0.7 and cooled for 30 minutes at 4ºC prior to harvesting
by centrifugation. Cells were washed twice with 100 mL of ice-cold MQ, then concentrated
20x in ice-cold MQ. This was also performed with cells grown in LB.
Four hundred nanograms of DNA was mixed with ice-cold cells by vortexing.
Cuvettes were pre-incubated for five minutes at 40ºC, then pulsed at 2 kV and 400 Ω
resistance. Cells were diluted with LB at 40ºC prior to recovery and plating.

2.8.2.1.4. Study-generated methods - vegetative cells
General methods for centrifugation and electroporation are described in Section
2.8.2.1 and the second paragraph of Section 2.8.
Twenty millilitres of LB or BHI were inoculated and grown for two days. Sixteen
millilitres were used to inoculate 2 L of LB or BHI in baffled Erlenmeyer flasks. Cells were
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grown to OD600 0.5-0.7 (LB) or 6.0 (BHI), then harvested by centrifugation. Cells were
washed with 100 mL of 5 mM EDTA (pH 6.8), then 100 mL of 20 mM Tris-HCl (pH 6.8),
and concentrated 200x (LB) or 10x (BHI) in 30% PEG 1000.
Cells were mixed with DNA to a final concentration of 1.2 µg/mL, then pulsed at 2.5
kV with 400 Ω resistance.

2.8.2.1.4.1 Optimisation of vegetative cell electroporation
Cells were grown exclusively in LB, and resuspended in 1 mM MgCl2. Cells were
incubated at 37ºC for one hour prior to pulsing, and were pulsed at 2 kV with 400 Ω
resistance. Cells were also snap-frozen in 1 mM MgCl2 plus 40% sucrose, and resuspended in
1 mM MgCl2 for use.

2.8.2.1.5. Study-generated methods - protoplasts
Electroporations were performed as per Section 2.8.2.1.4.1, though with the addition
of 40% sucrose to the buffer, and in the presence of protoplasting enzymes. A post-digestion
centrifugation step of 5 minutes at 1,000x g at RT and resuspension in 1 mM MgCl2 plus
40% sucrose was later added. Voltages of 0.5, 1 and 2 kV at a resistance of 400 Ω were
examined.

2.8.2.2. Sonoporation
An adapted version of the Song et al. [13] method was used. Cells were grown for 48
hours in 10 mL LB. Cultures were divided into 1 mL amounts and harvested by microcentrifugation at 18,000x g for 15 minutes. Pellets were washed three times in 1x PBS and
resuspended in 1 mL of LB. A viable count (Section 2.5) was performed at this stage.
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Five hundred microlitres of cells were mixed with plasmid DNA in flat bottomed
vials. Vials were immersed to their necks in water in the sonicator bath, and sonicated for 10
seconds to 30 minutes. After sonication, 4.5 mL of LB was added, and cells were recovered
by incubation at 30ºC for two hours with 190 rpm shaking. Plates were incubated at 30ºC for
three to five days.

2.8.2.2.1. Optimisation of sonoporation
Culture volume was increased to 2 L, and cells were concentrated 100x prior to use.
Fifty millimolar CaCl2 was added to the culture medium, which was changed from LB to
SOC, and growth time was reduced to 24 hours.

2.8.3. Calculation of killing rates and efficiency of transformation

Killing rates and efficiencies of transformation were calculated as follows:

cfu/mL (cells grown on antibiotics)
Transformants (% original cells) =

number of transformants
ng of DNA plated

Transformants (per µg DNA) =

Killing rate (%) =

x 100

cfu/mL (cells grown without antibiotics)

( 1-

post-electroporation cfu/mL
pre-electroporation cfu/mL

x 1000

)

x 100
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2.9. Polymerase Chain Reaction (PCR)

All PCR reactions were performed in a Perkin Elmer GeneAmp 9600 thermal cycler
(Applied Biosciences, Life Technologies, Carlsbad, CA, USA). Primers were synthesised by
Invitrogen (Life Technologies New Zealand Limited, Penrose, Auckland, NZ;
5’-phosphorylated primers were synthesised by Invitrogen in the USA) and were resuspended
to 100 mM in pH 8.0 TE buffer. Primer sequences are detailed in Table 2.4 Primers for long
template PCR (LT-PCR) of the pfa gene cluster from S. baltica (Section 2.9.2) were designed
in silico with SeqBuilder and MegAlign software (DNASTAR Incorporated, Madison, WI,
USA). With the exception of the 16S RNA primers (Section 2.9.1), all other primers were
designed in silico using SnapGene software (GSL Biotech LLC). Template DNA-negative
controls were performed for all reactions, by replacing template DNA with an equivalent
volume of MQ. PCR programme conditions are detailed in Table 2.5. PCR product cleanup
was performed with NucleoSpin Gel and PCR Purification, and NucleoTrapCR kits (both
from Macherey Nagel), according to the manufacturer’s protocols. Sequencing of PCR
products was performed by Genetic Analysis Services at the University of Otago using an
ABI 3730xl DNA analyser and BigDye® Terminator Version 3.1 Ready Reaction Cycle
Sequencing Kit (Applied Biosystems Instruments, Life Technologies, Carlsbad, CA, USA).

2.9.1. PCR of S. baltica 16S rDNA sequence

Colony PCR and PCR from chromosomal DNA were used to isolate the 16S RNA
sequence of S. baltica. Each reaction contained 0.2 µL of Taq DNA polymerase, 5 µL of 2
mM dNTPs, 5 µL of 10x Mg2+ reaction buffer (all from Roche Applied Science, Penzberg,
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Table 2.4: PCR primers
Designation

Sequence (5’ to 3’)

Tm

Target, description and reference

16S fwd.

AGA GTT TGA TCM
TGG

33

16S ribosomal subunit forward
primer, derived from Weisburg et al.
[44].

16S rev.

GGA CTA HAA GGG
TAT CTA AT

33

16S ribosomal subunit reverse primer,
derived from Weisburg et al. [44].

OS155F

TTA GCG GCC GCA
AAA CGA TTC AGC
GGT TTC A

61

S. baltica OS155 pfa gene cluster
forward primer, incorporating NotI
restriction site, derived from Lee et al.
[45].

OS155R

TTA GCG GCC GCA
TAA TCG GCA AGT
AAA ACT TCT ATG C

60

S. baltica OS155 pfa gene cluster
reverse primer, incorporating NotI
restriction site, derived from Lee et al.
[45].

pDHA4 pfaE
fwd.

CTC GAG ATG TAC
AGC GGC GTA AAA
GAT AAG CT

58

Forward primer for amplification of
pfaE from pDHA4, incorporating
NdeI restriction site (Section 2.9.3)

pDHA4 pfaE
rev.

CAT ATG CTA TTT
AGC GTC AGG TTT
AAA ATT AGT CTC
AGG TTT

58

Reverse primer for amplification of
pfaE from pDHA4, incorporating
NdeI restriction site (Section 2.9.3)

pDHA4
pfaEA-D fwd.

℗-TTA ATC ACT CGT
ACG ATA ACT TGC
CAA TTC TGT ACT
TAA GCT AAC ACC

75

5’-phosphorylated forward primer for
amplification of all pfa genes from
pDHA4 (Section 2.9.4)

pDHA4
pfaEA-D rev.

℗-CTA TTT AGC GTC
AGG TTT AAA ATT
AGT CTC AGG TTT
AAA AAT AAG TGT

70

5’-phosphorylated reverse primer for
amplification of all pfa genes from
pDHA4 (Section 2.9.4)

pDHA4VF

℗-ATA TCT GCA GGG
CAT GCA AGC TTG
GCG T

76

Forward primer for amplification of
pDHA4VO from pDHA4 (Section
2.9.3)

pDHA4VR

℗-TAT AGT CGA CCG
GTG GAG CTC GAA
TTC ACT G

74

Reverse primer for amplification of
pDHA4VO from pDHA4 (Section
2.9.3)
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Table 2.4: PCR primers (continued)
Designation

Sequence (5’ to 3’)

Tm

Target, description and reference

pTip F1F

℗-ATA TAG TAC TAT
ATA CTA GAG TCC
CGC TGA GGC

63

5’-phosphorylated forward primer for
repAB, tipA promoter and thcA
terminator of pTip QT1, incorporating
ScaI cut site (Section 2.9.5).

pTip F1R

℗-ATA TCC TGC AGG
AAA AAT TTA CGC
CGA CAG ATC
CTC CG

79

5’-phosphorylated reverse primer for
repAB, tipA promoter and thcA
terminator genes from pTip QT1,
incorporating SbfI cut site (Section
2.9.5).

pTip F2F

℗-ATA TCC TGC AGG
ATA TAT GAC TGA
GTT GGA CAC CAT
CGC

76

5’-phosphorylated forward primer for
tsR, tetR, thcA and tipA genes from
pTip QT1, incorporating SbfI cut site
(Section 2.9.5)

pTip F2R

℗-GGG GAG TAC TGG 82
CTT CAG GGG GTG
TGC CGG

5’-phosphorylated reverse primer for
tsR, tetR, thcA and tipA genes from
pTip QT1, incorporating ScaI cut site
(Section 2.9.5)

pTip R.o. fwd.

ATA TCC TGC AGG
ATA TAC TAG AGT
CCC GCT GAG GC

62

Forward primer for all Rhodococcus
spp. genes from pTip QT1,
incorporating SbfI cut site (Section
2.9.5)

pTip R.o.2
fwd.

℗-ACT AGA GTC CCG
CTG AGG C

60

5’-phosphorylated forward primer for
all Rhodococcus spp. genes from pTip
QT1 (Section 2.9.5)

pTip R.o.2C
fwd.

GAT CCC TGC AGG
TTG TAG ACT AGA
GTC CCG CTG AGG C

66

Forward primer for all Rhodococcus
spp. genes from pTip QT1,
incorporating SbfI cut site (Section
2.9.5)

pTip R.o. rev.

ATA TCC TGC AGG
ATA TTC AGG GGG
TGT GCC GG

62

Reverse primer for all Rhodococcus
spp. genes from pTip QT1,
incorporating SbfI cut site (Section
2.9.5)

pTip R.o.2 rev.

℗-TCA GGG GGT GTG
CCG G

65

5’-phosphorylated reverse primer for
all Rhodococcus spp. genes from pTip
QT1 (Section 2.9.5)
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Table 2.4: PCR primers (continued)
Designation

Sequence (5’ to 3’)

Tm

Target, description and reference

pTip R.o.2C
rev.

GCA TTC CTG CAG
GCT AGT TCA GGG
GGT GTG CCG G

67

Reverse primer for all Rhodococcus
spp. genes from pTip QT1,
incorporating SbfI cut site (Section
2.9.5)

SB3F

AAC CGC TGA ATC
GTT TTT AA

41

Forward primer for consensus pfa
sequence from S. baltica OS155,
OS185 and OS195 (Section 2.9.2)

SB3R

TTA ATA NGC AAG
TAA GCT CTC TAT G

50

Reverse primer for consensus pfa
sequence from S. baltica OS155,
OS185 and OS195 (Section 2.9.2)

SB5F

TTA AAA ACG ATT
CAG CGG TT

41

Forward primer for consensus pfa
sequence from S. baltica OS155,
OS185 and OS195 (Section 2.9.2)

SB5R

CAT AGA GAG CTT
ACT TGC NGA TTA
TTA A

50

Reverse primer for consensus pfa
sequence from S. baltica OS155,
OS185 and OS195 (Section 2.9.2)

SB pfa fwd.

GCG AAG AAM GCM
CYC TCT TTC GCC
GTT AAT AAT CRG
CAA GTA ARM
YYT CT

65

Forward pfa gene cluster primer for S.
baltica, covering 25 bp of the pfa
sequence and 25 bp of flanking DNA
for the consensus sequence of eight S.
baltica strains (Section 2.9.2)

SB pfa rev.

CAG CCT GCA ATA
GGG CTA AAA GCG
GTT AAA AAC GAT
TCA GCG GTT
TCC AG

66

Reverse pfa gene cluster primer for S.
baltica, covering 25 bp of the pfa
sequence and 25 bp of flanking DNA
for the consensus sequence of eight S.
baltica strains (Section 2.9.2)

℗ = Phosphate group
Tm = Melting temperature (°C) in 50 mM Na+
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Table 2.5: PCR programmes
Target sequence

Cycle no

Phase

16S rDNA

1

Denaturation
Annealing
Extension

3:10
2:30
3:00

95
33
65

2-31

Denaturation
Annealing
Extension

0:30
0:30
1:00

95
33
65

1

Initial denaturation

2:00

94

2-31

Denaturation
Annealing
Extension

0:30
1:00
3:00

94
74
72

32

Final extension

7:00

72

1

Initial denaturation

5:00

94

2-31

Denaturation
Annealing
Extension

0:30
1:00
25:00_

94
65 or 70*
68

32

Final extension

40:00_

68

1

Initial denaturation

5:00

94

2-31

Denaturation
Annealing

0:20
0:30

pDHA4VO,
pfaE from
pDHA4, pTip
QT1 F1 and
pTip QT1 F2

pfaEA-D from
pDHA4

pfaEA-D from
S. baltica

Rhodococcus
spp. genes from
pTip QT1
(Takara LATaq DNA
polymerase)

Time (minutes)

Temperature (°C)

Extension

18:00_

94
40, 45, 50,
55 or 65 *
68

32

Final extension

25:00_

68

1

Initial denaturation

2:00

94

2-31

Denaturation
Annealing
Extension

0:30
1:00
6:00

94
60 or 65*
68

32

Final extension

15:00_

68
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Table 2.5: PCR programmes (continued)
Target sequence

Cycle no

Phase

Rhodococcus
spp. genes from
pTip QT1
(Roche
Taq DNA
polymerase)

1

Time (minutes)

Temperature (°C)

Initial denaturation

2:00

94

2-31

Denaturation
Annealing
Extension

0:30
1:00
6:00

94
60 or 65*
68

32

Final extension

15:00_

68

*Temperature selected based on melting temperature (Tm) of primer pair in use
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Germany) 1.5 µL each of 16S forward and 16S reverse primer (sourced from lab group
freezer), 1 µg of chromosomal DNA or 1 µL of bacterial colony from an agar plate, and MQ
to make the reaction volume up to 50 µL.

2.9.2. LT-PCR of S. baltica pfa gene cluster

The LT-PCR cycle conditions for the pfaEA-D genes from S. baltica (Table 2.5) were
derived from Lee et al. [45] and are described in Table 2.5. The reaction contained 0.5 µL of
LATaq DNA polymerase, 25 µL of 2x GC Buffer I, 8 µL of 2.5 mM dNTP mix (all from
Takara Bio Incorporated, Otsu, Shiga, Japan), 0.5 µL each of forward and reverse primer, 1
µL of DMSO, 1 µg of S. baltica chromosomal DNA, and MQ to make the reaction volume
up to 50 µL.
The amounts of 2x GC Buffer I and DMSO to be added were determined by
examining the smearing, brightness and sharpness of bands on an agarose gel. DMSO was
trialled over a range of 1-5% (v/v), as suggested by Cheng et al. [46], whilst the volume of 2x
GC Buffer I was varied to give a range of 1-3 mM Mg2+.

2.9.2.1. Primer design
Primers are specified in Table 2.4. OS155F and OS155R incorporated NotI restriction
enzyme recognition sites immediately after the first codon of the forward primer and
immediately before the last codon of the reverse primer (as per Lee et al. [45]).
SB3F, SB3R, SB5F and SB5R were designed to the consensus of an alignment of the
end sequences of the pfa gene clusters from S. baltica strains OS155, OS185 and OS195.
SB3- primers are reverse complementary to SB5- primers. SB pfa primers were designed for
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higher fidelity to the consensus S. baltica sequence, incorporating 25 bp of flanking DNA, as
well as 25 bp of pfa cluster DNA, with a commensurately higher melting temperature than
the other primers used.

2.9.3. PCR of pDHA4VO from pDHA4

pDHA4VO was amplified from pDHA4 with the primers described in Table 2.4 and
the cycle conditions detailed in Table 2.5. The reaction contained 2 µL of Taq DNA
polymerase, 5 µL of 10x Mg2+ buffer (both from Roche), 4 µL of 2.5 mM dNTP mix
(Takara), 0.5 µL each of forward and reverse primer, 160 ng of pDHA4 and MQ to make the
reaction volume up to 50 µL. A map of pDHA4VO is shown in Figure 3.25.

2.9.4. PCR of pfaE

pfaE was amplified from pDHA4 for use in transgenic vector construction (Section 2.12.2).
Amplification of pfaE was attempted from pDHA4VO to confirm the absence of pfa genes
(Section 2.12.1). Primers are listed in Table 2.4, while cycle conditions are described in Table
2.5. The reaction contained 2 µL of Taq DNA polymerase, 5 µL of 10x Mg2+ reaction buffer
(both from Roche), 4 µL of 2.5 mM dNTP mix (Takara), 0.5 µL each of forward and reverse
primer, 40 ng of pDHA4(VO) template DNA and MQ to make the reaction volume up to 50
µL. The reaction and conditions used for 16S ribosomal subunit amplification (Section 2.9.1)
were also trialled for the amplification of pfaE using the pDHA4 pfaE primer set.
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2.9.5. LT-PCR of pfa genes from pDHA4

Cycle conditions are described in Table 2.5; both 65 and 70ºC annealing temperatures
were trialled. Primers are listed in Table 2.4. The reaction contained 0.5 µL of LA-Taq, 25
µL of 2x GC Buffer I, 8 µL of 2.5 mM dNTP mix (all three from Takara), 0.5 µL each of
forward and reverse primer, 20 ng of pDHA4, 1 µL of DMSO and 14 µL of MQ. A 1/100
dilution of template DNA in pH 9.0 Tris-Cl was also examined.

2.9.6. PCR of Rhodococcus spp. genes from pTip QT1

The cycle conditions for amplification of the Rhodococcus spp. genes from pTip QT1
are specified in Table 2.5, and primers are listed in Table 2.4. Forward and reverse primers
with pTip R.o.2 and pTip R.o.2C designations were designed to minimise the risk of primer
homo- and hetero-dimerisation compared to pTip R.o. forward and reverse primers.

2.9.6.1. Reactions using Roche Taq DNA polymerase
Reactions contained 4 µL of 2.5 mM dNTP mix (Takara), 2 µL of Taq DNA polymerase, 5
µL of 10x Mg2+ buffer (Roche), 0.5 µL each of forward and reverse primer, 300 ng of pTip
QT1 and MQ to make the reaction volume up to 50 µL. This was revised to contain 0.5 µL of
Taq DNA polymerase and 4 µL of DMSO in a 50 µL reaction.
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2.9.6.2. Reactions using Takara LA-Taq DNA polymerase
Reactions contained 0.5 µL of LA-Taq, 25 µL of 2x GC Buffer I, 8 µL of 2.5 mM
dNTP mix (both from Takara), 0.5 µL each of forward and reverse primer, 300 ng of pTip
QT1, 1 µL of DMSO and MQ to make the reaction volume up to 50 µL.

2.10. Agarose Gel Electrophoresis

Section 2.1.8.2 describes the production of agarose electrophoresis gels. Gels were
loaded with 2.5-5 µL of DNA, mixed with 1 µL of 10x loading dye (Section 2.1.8.3). An Owl
submarine gel tank (Separation Systems, Portsmouth, NH, USA) and Power Pac 300 power
supply (Bio Rad) were used to run gels at a constant voltage. Eight centimetre LiB gels were
used for routine examination, whilst TAE gels of 8 or 27 cm length were used for gel
extraction of DNA.
DNA fragments less than 10 kb in length were run on 1% gels at 90 V. Size reference
was provided by a 1 kb Plus DNA ladder (Invitrogen).
DNA fragments greater than 10 kb in length were run on 0.7% agarose gels at 1.3 V/cm.
Size reference was provided by a 1 kb DNA extension ladder (Invitrogen)

2.11. Restriction Cloning and Plasmid Construction

Restriction enzymes were sourced from New England Biolabs (Ipswich, MA, USA),
Roche Applied Science and Thermo Scientific. Restriction digests were performed with
supplied buffers according to the manufacturer’s protocols. Dephosphorylations were
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performed with Antarctic Phosphatase (New England Biolabs) according to the
manufacturer’s protocols. Blunt-ending of restriction fragments and PCR products amplified
with Taq DNA polymerase derivatives was performed with T4 DNA polymerase (New
England Biolabs) in the supplied buffer, according to the manufacturer’s protocols. Ligations
were performed with T4 DNA ligase (New England Biolabs) in the supplied buffer,
according to the manufacturer’s protocols. DNA cleanup steps, where required, were
performed with NucleoSpin Gel and PCR Purification, and NucleoTrapCR kits, according to
the manufacturer’s protocols. Vector DNA was removed from PCR reactions by adding 1 µL
of Dpn I and 5 µL of NEBuffer 2.1 (New England Biolabs) to the completed PCR reaction,
incubating at 37ºC for one hour, and purifying with the NucleoTrapCR kit.

2.11.1. pDHA4VO

The pDHA4VO fragment amplified from pDHA4 (Section 2.9.3) was blunt ended
with T4 DNA polymerase and cleaned. Following cleanup, the fragment was circularised by
blunt-end ligation with T4 DNA ligase. Zero point eight microlitres of ligation mixture was
used to electroporate E. coli (Section 2.8.1.1). pDHA4VO was subsequently extracted from
transformants (Section 2.7.1.1) and verified size by agarose electrophoresis gel (Section
2.10).
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2.11.2. Transgenic expression vectors

2.11.2.1. pTip pfaE
The pfaE gene was amplified from pDHA4 (Section 2.9.4) and restriction digested
with NdeI and XhoI (both from Roche) in a double digest. pTip QT1 was digested under the
same conditons and subsequently dephosphorylated. The digested pfaE and pTip QT1
fragments were purified using the NucleoTrapCR kit and ligated, followed by gel purification
of the desired construct (Section 2.10) and electroporation into E. coli (Section 2.8.1.1).
2.11.2.2. pTip pfaA-E
Two approaches were followed for the construction of pTip pfaA-E: 1), restriction of
pDHA4 and cloning of the linearised product containing genes pfaA-D or genes pfaEA-D into
pTip QT1 or pTip pfaE, and; 2), PCR of the pfa genes from pDHA4 and cloning of the PCR
product into pTip QT1.

2.11.2.2.1. Restriction and cloning of pDHA4
To obtain genes pfaA-D, pDHA4 was restriction digested using enzymes BsaI and
PacI (both from New England Biolabs) in a double digest, blunt ended, and the 20.4 kb
fragment containing pfaA-D purified by gel extraction using the NucleoTrapCR kit. pTip
pfaE was digested with XhoI, dephosphorylated, blunt ended and purified using the
NucleoSpin kit. The purified fragments were ligated together.
To obtain genes pfaEA-D, pDHA4 was sequentially digested. In the first digestion,
pDHA4 was cut with SbfI, followed by purification with the NucleoTrapCR kit and in the
second digestion, with OliI (Thermo Scientific; cutting the compatible AleI recognition
sequence). The 25.1 kb fragment containing pfaA-E was purified by gel extraction using

61

the NucleoTrapCR kit and blunt-ended for ligation into XhoI restricted, blunt-ended and
dephosphorylated pTip QT1. pfaA-E was later amplified by PCR (Section 2.9.5) for
subsequent blunt ending and insertion into desphosphorylated and blunt-ended XhoIdigested pTip QT1.

2.11.2.2. pDHA4-R
Rhodococcus spp. plasmid maintenance genes and gene expression regulatory
sequences with the intergenic region between repB and tsr reduced, were isolated by
amplifying pTip F1 and pTip F2 from pTip QT1 (Sections 2.9.6 and 2.9.6.1). Each fragment
was digested with SbfI (New England Biolabs) and cleaned up, prior to being ligated to one
another, resulting in fragment R.o.1. pDHA4 was cut with OliI and dephosphorylated to
accept a ScaI (Roche) digest of R.o.1. Amplification of R.o.1 comprising the full-length
intergenic region between repB and tsr (fragment R.o.1’) was also attempted using primers
pTip F1 forward and pTip F2 reverse. Fragment R.o.1’ was also amplified using the primer
set pTip R.o.
Fragment R.o.2 was amplified from pTip QT1 (Section 2.9.6.1) and comprised the
full length intergenic region spanning repB and tsr. The fragment was blunt ended and
purified for insertion into dephosphorylated, OliI-digested pDHA4.
Fragment R.o.2C was amplified from pTip QT1 (Section 2.9.6.1) with the full length
intergenic region spanning repB and tsr, and SbfI restriction sites at either end. The fragment
was digested with SbfI (New England Biolabs) and purified for insertion into the SbfI site of
pDHA4.
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3. Results

The results section of this thesis is divided into three major sections; Section 3.1, 3.2,
and 3.3. Section 3.1 reports results of the literature search (as described in Section 2.3)
undertaken to identify suitable Rhodococcus spp. expression vectors and suitable sources of
pfa genes. Section 3.2 reports the results of the development of a transformation protocol
suitable for transferring large plasmid vectors into R. opacus PD630 (as described in Section
2.8). Section 3.3 reports the results of the construction of pDHA4VO (as described in Section
2.11.1), and the results of the construction of rhodococcal vectors carrying genes pfaA-E (as
described in Section 2.11.2).

3.1. Sources of pfa genes and suitable Rhodococcus spp. expression vectors

The results of the literature search (Section 2.3) to identify plasmids carrying pfa
genes are summarised in Table 3.1, whilst those for the E. coli - Rhodococcus spp. shuttle
vector search are summarised in Table 3.2.
Plasmids carrying pfa genes were examined based upon the number of genes they
carried, how well characterised they were (i.e., the availability of sequence data, whether or
not expression had been confirmed from the genes, whether or not they were able to be stably
maintained by the host organism), and whether or not they were able to be obtained. pDHA4
was identified as the most promising source of pfa genes, as: it carried all five pfa genes, was
well characterised in E. coli (having both expression data and a full sequence), and was
obtainable from the Okuyama research group at Hokkaido University, Japan. Other
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Table 3.1: Summary of search for plasmids containing pfa cluster genes
Plasmid

Description

Selection system

Reference

fEPA/DHA

E. coli-only plasmid, pCC1FOS,
containing EPA and DHA gene cluster
from S. baltica MAC1 (43 kb size in
total). Capable of producing EPA (and a
smaller amount of DHA)
simultaneously.

30 µg/mL
chloramphenicol

AmiriJami and
Griffiths,
2010 [17]

pFOS8E1

Fosmid clone, routinely held in E. coli,
containing pfaA-D from P. profundum
SS9. Only capable of EPA synthesis.

20 µg/mL
chloramphenicol

Allen and
Bartlett,
2002 [15]

pDHA3

Cloning vector pSTV29 carrying pfaAD from M. marina MP-1. Used in
concert with 21a::pfaE for synthesis of
DHA in E. coli.

30 µg/mL
chloramphenicol

Orikasa et
al., 2006
[16]

21a::pfaE

Cloning vector pET21a carrying pfaE
30 µg/mL
from M. marina MP-1. Used in concert chloramphenicol
with pDHA3 for synthesis of DHA in E.
coli.

Orikasa et
al., 2006
[16]

pDHA4

Cloning vector pSTV29 carrying pfaAE from M. marina MP-1. Only capable
of DHA synthesis.

Orikasa et
al., 2009
[41]

pEPA

E. coli-only plasmid carrying eight open Ampicillin (no
reading frames from S. putrefaciens,
concentration
stated)
including those responsible for EPA
synthesis. Unnecessary genes may also
be present.

Yazawa,
1996 [12]

pJRDEPA-S

Broad host range vector, carrying the
essential ORFs for EPA production.
Transformable into E. coli S17-1 and
cyanobacteria.

Yu et al.,
2001 [19]

30 µg/mL
chloramphenicol

50 µg/mL
kanamycin and
50 µg/mL
streptomycin
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65

Description

Rolling-circle-type plasmid from Rhodococcus erythropolis, able to
work as an E. coli – Rhodococcus spp. shuttle vector for recombinant
protein expression. 8.2 kb long, thiostrepton inducible expression.

Two-vector system: pTip-istAB-sacB and pRTSK-sacB, containing a
Rhodococcus spp. replicon. Thiostrepton-inducible promoter PtipA.
12.5 kb long.

Second component of two-vector system. 8.5 kb long.

E. coli - Rhodococcus spp. shuttle vector, with Rhodococcus spp.
replicon. 10.1 kb long.

Vector

pTip QT1

pTip-istAB-sacB

pRTSK-sacB

pMVS301

Table 3.2: Summary of search for E. coli - R. opacus shuttle vectors

100 µg/mL ampicillin
(E. coli), 50 µg/mL
thiostrepton
(Rhodococcus spp.)

34 µg/mL
chloramphenicol,
20 µg/mL and
200 µg/mL kanamycin
(E. coli and
Rhodococcus spp.,
respectively)

100 µg/mL ampicillin,
8 µg/mL tetracycline

20 µg/mL tetracycline,
100 µg/mL ampicillin

Selection system

Vogt Singer and
Finnerty, 1988 [25]

Sallam et al., 2010
[17]

Sallam et al., 2010
[47]

Nakashima and
Tamura, 2004 [28]

Reference
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Description

E. coli - R. opacus shuttle vector, 7.9 kb long.

pUC13 cotnaining the 5.1 kb bamHI-XbaI fragment of pRF28 and
3 kb bleomycin-resistance encoding BamHI fragment from
Strteptomyces verticillus.

Co-integrate of pRF28 (StuI linearised) and pUC13 (SmaII
linearised).

E. coli - Rhodococcus spp. shuttle vector.

Vector

pBS305

pRF37

pRF29

pNC9501

Table 3.2: Summary of search for E. coli - R. opacus shuttle vectors (continued)

Up to 50 µg/mL
kanamycin,
thiostrepton (no
concentration given)

Ampicillin, no specific
concentration (E. coli);
25 µg/mL
chloramphenicol (R.
fascians)

Ampicillin (E. coli) and
bleomycin (R.
fascians); no
concentrations given.

100 µg/mL ampicillin
(E. coli), 50 µg/mL
thiostrepton
(Rhodococcus spp.)

Selection system

Kalscheuer et al.,
1999 [29]

Desomer et al.,
1990 [30]

Desomer et al.,
1990 [30]

Shao et al., 1995
[27]

Reference
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Up to 50 µg/mL
kanamycin,
thiostrepton (no
concentration given)
Chloramphenicol (no
concentration given)
None

E. coli – Rhodococcus spp. shuttle vector.

E. coli – Rhodococcus spp.shuttle vector, used to demonstrate
expression of Bacillus subtilis sacB gene in Rhodococcus. 9 kb long.

Not a shuttle vector – replicates in wide range of Rhodococcus strains,
transferrable by conjugation. Temperature sensitive. 5 kb long.

E. coli - Rhodococcus spp. shuttle vector.

E. coli - Rhodococcus spp. shuttle vector, only stable in some
Rhodococcus strains. 10.4 kb long.

E. coli - Rhodococcus spp. shuttle vector.

Saccharomyces cerivisiae - Rhodococcus spp. - E. coli expression
vector, pDPM70, with R. opacusPD630 tadA gene.

pNC9503

pSOXΔ5

pB264

pAL281

pFAJ2574

pAL358

pDPM70

10 µg/mL gentamicin

10 µg/mL gentamicin

40 µg/mL
chloramphenicol

10 µg/mL gentamicin

Selection system

Description

Vector

Table 3.2: Summary of search for E. coli – R. opacus shuttle vectors (continued)

MacEachran et al.,
2010 [51]

MacEachran et al.,
2010 [51]

De Mot et al., 1997
[50]

Lessard et al., 2004
[49]

Lessard et al., 2004
[49]

Denis-Larose et al.,
2003 [48]

Kalscheuer et al.,
1999 [29]

Reference

vectors either had incomplete sequence data, poor experimental characterisation, or were
unable to be obtained for patent reasons.
Shuttle vectors were examined for the versatility of their MCS, controllability of
expression (preferably, inducible rather than constitutive expression), whether or not they
were able to be obtained, and level of characterisation (i.e., mapping, stability in the host and
ease of selection). pTip QT1 was selected as a cloning vector due to: its controllability of
expression (by induction with thiostrepton), the versatility of its MCS, its high level of
characterisation, and its ability to be sourced from the Tamura research group at Hokkaido
University, Japan. pTip QT1 was preferable to other pTip cloning vectors, as the tetracycline
and ampicillin selectivity allowed for the use of other antibiotics (such as chloramphenicol)
to be used to apply selective pressure for large inserts. Additionally, unlike pTip-istAB-sacB,
pTip QT1 is a single, rather than two-component, vector system, which makes it easier than
pTip-istAB-sacB to manipulate during cloning and transformation.

3.2. Development of R. opacus PD630 transformation protocols

The development of transformation protocols has been divided into four subsections.
Section 3.2.1 reports the results of growth experiments in E. coli and R. opacus to determine
the relationship between OD600 and cfu/mL, and to establish the most suitable harvesting
times for electrocompetent cell production. Section 3.2.2 reports the results of growth studies
examining the most appropriate selective conditions for transformants in R. opacus, with
results of growth studies in E. coli included as a reference for the function of antibiotics.
Section 3.2.3 reports the development of a method to produce protoplasts of R. opacus
PD630. Section 3.2.4 reports the results of transformation studies designed to test the
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developed transformation protocols in R. opacus. Transformations performed in E. coli are
reported as a reference for the capability with which each plasmid could be transformed.

3.2.1. Cell growth

This section is divided into four subsections. Section 3.2.1.1 reports the standard
curve and electrocompetent cell production growth curve for E. coli, whilst those for R.
opacus are reported in Section 3.2.1.2. Section 3.2.1.3 reports the pleiomorphism observed
during the growth of R. opacus, and Section 3.2.1.4 reports the effect of inhibitory substances
upon the rhodococcal cell wall.

3.2.1.1. E. coli
A standard curve of E. coli DH5α (Section 2.6.1) was made to quantify the
approximate cfu/mL at any given OD600 in LB. The curve, shown in Figure 3.1, was
performed with dilutions ranging from undilute to 1/128 of an OD600 1.192 overnight culture.
This gave a growth curve equation defined by y = 2.23x108 x0.782, with R2 = 0.922.
A growth curve was performed in SOB over eight hours (Section 2.6.1) to determine
the harvesting time for the production of electrocompetent cells. Colony forming units per
millilitre and OD600 versus hours of incubation are displayed in Figure 3.2. OD600 was
defined by the equation y = 0.007e0.739x, with R2 = 0.961. Assuming an optimal harvest OD600
of 0.7, a harvest time of 6.3 hours post-inoculation was calculated from the equation.

3.2.1.2. R. opacus
A standard curve of R. opacus PD630 (Section 2.6.1) (Figure 3.3) was made to
quantify the approximate cfu/mL at a given OD600 in LB. The curve was performed
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Figure 3.1: E. coli DH5α standard curve. Error bars represent ± 1 sample standard deviation
(σ) from the mean cfu/mL of three 10 µL aliquots of bacteria. The relationship between
OD600 and cfu/mL was defined by y = 2.23x108 x0.78, with R2 = 0.922.

70

Figure 3.2: Growth of E. coli DH5α in SOB for electrocompetent cell production. ○
represents OD600, + represents cfu/mL. Error bars represent ± 1 sample σ from the mean
cfu/mL of three 10 µL aliquots of bacteria; no error was recorded for OD600. The OD600 line
of best fit was defined by y = 0.007e0.739x, with R2 = 0.961.
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Figure 3.3: R. opacus PD630 standard curve. A linear best fit line was applied, defined by y =
9.38x107x - 5.88x106, with R2 = 0.993. Error bars represent ± 1 sample σ from the mean
cfu/mL of three 10 µL aliquots of bacteria.
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with dilutions ranging from undilute to 1/128 of an OD600 3.232 two-day culture. A best fit
line was applied, defined by y = 9.38x107x - 5.88x106, with R2 = 0.993.
Growth curves (cf. Section 2.6.1) were performed in BHI (Figure 3.4A), KM (Figure
3.4B) and LB (Figure 3.4C) over the course of 24 hours to determine the optimum harvesting
times for electrocompetent cell production.
Slight diauxic growth was observed in BHI, more so by cfu/mL than OD600; it was
decided that harvesting in the late exponential phase (at OD600 6.0) would provide the
optimum balance between total cell counts and cell wall permeability. Using the best fit
equation for BHI, y= 0.000405x2.47, with R2= 0.976, the optimum harvest time was found to
be 49 hours post-incubation. Monoauxic growth was seen in KM and LB, with the lateexponential phase occurring in the range of OD600 0.5-0.7. To calculate the optimum harvest
time, an OD600 of 0.7 at the time of harvest was assumed. The best fit equation for KM,
y = 0.0121e0.219x (R2 = 0.960), indicated an optimum harvest time of 18.5 hours post
incubation, whilst that for LB, y = 0.00799e0.165x (R2 = 0.986), indicated an optimum harvest
time of 27.2 hours post-incubation. A disparity between OD600 and cfu/mL upwards of 85
hours post-incubation was noted in LB, although this was not seen in other media. This may
represent the consumption of cytoplasmic TAG inclusions and dead cells under starvation
conditions. The difference in optimal harvest times, and the significantly higher lateexponential phase OD600 for BHI, suggests that changes in media greatly affect the growth
rate and maximal culture density of R. opacus.

3.2.1.3. Pleiomorphism during growth of R. opacus PD630
A growth curve was performed in BHI, as detailed in Section 2.6.2, to examine the
change in morphology of cells during growth. The aim of this was to determine the optimal
growth phase (i.e. the point at which the cell wall is the thinnest) for the harvesting of
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bacteria; no error was recorded for OD600.

from the mean cfu/mL of three 10 µL aliquots of

B, KM; and C, LB. Error bars represent ± 1 sample σ

OD600 (○) and cfu/mL (+) for cells grown in: A, BHI;

electrocompetent cell production. Panels represent

Figure 3.4: Growth of R. opacus PD630 for

electrocompetent cells. This is shown in Figure 3.5, with representative photographs
superimposed at key time points. Cells in mid-log phase growth appeared as long,
filamentous clusters of bacilli (Figure 3.5A), similar to those observed in lag phase. Late
exponential, and stationary phase cells, appeared as short cocco-bacilli with weaker
intercellular associations (Figure 3.5C). The Gram reaction was positive, though in late
exponential phase the stain appeared pinker, suggesting thinning of the cell wall during late
exponential growth (Figure 3.5B).

3.2.1.4. Inhibition of the growth of R. opacus PD630
The effect of glycine, isoniazid, penicillin and rifampicin on the growth of R. opacus
PD630 was examined over 48 hours (Section 2.6.3.1). Inhibition of growth is indicative of
compromisation of the cell wall, which has been linked to improved transformability [29].
Growth curves are shown in Figure 3.6.
Glycine (Figure 3.6A) caused negligible growth retardation at concentrations up to
12.5 mg/mL, moderate inhibition at 25 mg/mL (though progressively less so as the
incubation continued), and severe inhibition at 50 mg/mL. Isoniazid (Figure 3.6B) caused
negligible inhibition of growth up to concentrations of 0.65 mg/mL, severe inhibition at 1.25
mg/mL, near total inhibition at 2.5 mg/mL, and total inhibition at 5 and 10 mg/mL. Penicillin
(Figure 3.6C) caused moderate growth retardation at 0.032 mg/mL, which became more
pronounced at 0.065 mg/mL. Severe inhibition of growth occurred at 0.25, 0.5 and 1 mg/mL
concentrations of penicillin. Rifampicin (Figure 3.6D) had a slight negative effect on growth
at 0.085 and 0.17 mg/mL, with moderate inhibition at 0.325 mg/mL and severe inhibition at
0.65 mg/mL. Rifampicin caused total growth inhibition at concentrations exceeding 0.65
mg/mL.
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in morphology during three growth phases: A, mid-exponential phase; B, late exponential phase; and C, stationary phase.

Figure 3.5: Pleiomorphism during growth of R. opacus PD630. Superimposed photomicrographs are representative of changes

A

B

C
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Figure 3.6: Effect of glycine, isoniazid, penicillin and rifampicin on growth of R. opacus
PD630. Panels show: A, glycine; B, isoniazid; C, penicillin; and D, rifampicin. Symbols for
A represent concentrations (mg/mL) of: ○, 0; △, 0.17; ▽, 0.425; ◁, 0.83; ▷, 3.25; ◻, 6.75; ◇,
12.5; ☆, 25; ☓, 50; for B: ○, 0; △, 0.085; ▽, 0.17; ◁, 0.325; ▷, 0.65; ◻, 1.25; ◇, 2.5; ☆, 5; ☓,
10; for C: ○, 0.017; △, 0.032; ▽, 0.065; ◁, 0.125; ▷, 0.25; ◻, 0.5; ◇, 1; and for D: ○, 0; △,
0.085; ▽, 0.17; ◁, 0.325; ▷, 0.65; ◻, 1.25; ◇, 2.5; ☆, 5; ☓, 10. Error bars represent ± 1
sample σ from the mean OD600 of duplicate wells in a 96 well plate; no replicates were
performed for penicillin.
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Glycine was found to have the least effect on cells, requiring the greatest
concentrations of any of the tested chemicals to produce severe inhibition. Rifampicin was
found to have the strongest effect on the cell wall, requiring the lowest concentration to cause
severe inhibition. This suggests that the supplementation of growth media with glycine at 25
mg/mL, penicillin at 0.065 mg/mL, or rifamipicin at 0.325 mg/mL, may have a beneficial
effect upon the transformability of cells. Isoniazid was shown to either be weakly or strongly
inhibitive, though a concentration between 0.65 and 1.25 mg/mL, may result in moderate
inhibition. Supplementation with sucrose may improve the recoverability of cells for
transformation [29].

3.2.2. Selective conditions for transformants

This section is divided into two subsections. Section 3.2.2.1 reports the results of
testing to determine the antibiotic resistance of E. coli in liquid and on solid media. Section
3.2.2.2 reports the results of testing to determine the effects of inhibitory substances on the
growth of R. opacus, and its antibiotic resistance in liquid and on solid media.

3.2.2.1. E. coli
The inhibitory effects of ampicillin, chloramphenicol and tetracycline on the growth of E.
coli pBS305, E. coli DH5α, E. coli pDHA4VO and E. coli pTip QT1 were examined in liquid
and on solid media (Section 2.6.3.2). Figure 3.7 shows OD600 plotted against days of growth
and antibiotic concentration for liquid media containing ampicillin (A), chloramphenicol (B)
and tetracycline (C). Complete inhibition of E. coli DH5α occurred in the presence of at least
100 µg/ mL ampicillin, 7.5 µg/mL chloramphenicol, and 20 µg/mL tetracycline. E. coli
pBS305 grew in the presence of all tested concentrations of ampicillin. E. coli pDHA4VO
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Figure 3.7: Antibiotic susceptibility of E. coli DH5α in liquid media over seven days. Panels
show the OD600 of cultures grown in the presence of: A, ampicillin; B, chloramphenicol; and
C, tetracycline. Blue bars represent E. coli DH5α, red bars represent E. coli pBS305, yellow
bars represent E. coli pDHA4VO, and green bars represent E. coli pTip QT1.
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grew in all tested concentrations of chloramphenicol, and reached the highest OD600 of all
tested strains. E. coli pTip QT1 grew in all tested concentrations of ampicillin and
tetracycline, though at a noticeably slower rate in the presence of tetracycline than in the
presence of ampicillin. This suggests that tetracycline has a much stronger effect on the
growth of E. coli than ampicillin, even in the presence of an antibiotic resistance gene in the
high copy number vector, pTip QT1. Chloramphenicol was found to be the most selective
antibiotic in liquid media, requiring less than 10% of the concentration of ampicillin required
to achieve total growth inhibition.
Figure 3.8 shows the cfu/mL reached during the seven day incubation period versus
the concentration of antibiotic in solid media for ampicillin (A), chloramphenicol (B) and
tetracycline (C). Complete inhibition of E. coli DH5α occurred in the presence of at least 100
µg/mL ampicillin, 30 µg/mL chloramphenicol, and 20 µg/mL tetracycline. Very significant
inhibition occurred with at least 50 µg/mL ampicillin, 7.5 µg/mL chloramphenicol, and 10
µg/mL tetracycline.
E. coli pBS305 growth was not significantly affected by any concentration of
ampicillin, though the initial cell count displayed very significant difference compared with
that of E. coli DH5α (Figure 3.8A).
Growth of E. coli pDHA4VO was unaffected by increasing chloramphenicol
concentration, with no statistically significant difference between growth at any concentration
(Figure 3.8B). However, the initial cell count differed very significantly from that of E. coli
DH5α.
E. coli pTip QT1 was unaffected by changing ampicillin concentrations (Figure 3.8A),
though displayed signs of being affected in the presence of tetracycline (Figure 3.8C), with a
slight bias against growth in 0 µg/mL tetracycline. Extremely significant difference was
observed between the initial cell counts of E. coli DH5α and E. coli pTip QT1 in the
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Figure 3.8: Antibiotic susceptibility of E. coli DH5α on solid media over seven days. Panels
show the cfu/mL achieved over seven days of growth on LBA containing: A, ampicillin; B,
chloramphenicol; and C, tetracycline. Blue bars represent E. coli DH5α, red bars represent E.
coli pBS305, yellow bars represent E. coli pDHA4VO, and green bars represent E. coli pTip
QT1. Error bars represent ± 1 sample σ from the mean cfu/mL of three 10 µL aliquots of
bacteria. Significant difference (p <0.05) is denoted by: a, when compared to E. coli DH5α
grown in the absence of antibiotic, and; b, when compared to E. coli pTip QT1 grown in the
absence of antibiotic. Very significant difference (p < 0.005) is denoted by the suffix “*”, and
extremely significant difference (p < 0.0005) is denoted by the suffix “**”.
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ampicillin assay, and very significant difference was noted between the initial cells counts of
E. coli DH5α and E. coli pTip QT1 in the tetracycline assay. Very significant difference was
observed between growth of E. coli pTip QT1 in 0 µg/mL tetracycline, and all other
concentrations.
Chloramphenicol was found to be less effective at inhibiting E. coli DH5α cell growth
on solid media than it was in liquid media, though complete growth inhibition only required
30% of the antibiotic concentration compared with that required for complete inhibition of E.
coli DH5α grown in the presence of ampicillin. Tetracycline was found to be inhibitive to the
growth of E. coli DH5α at the same concentration of 20 µg/mL both on solid and in liquid
media. This demonstrates that these antibiotics are selective at the chosen experimental
concentrations.

3.2.2.2. R. opacus
The selective capabilities of chloramphenicol, tetracycline and thiostrepton were
examined in liquid (Figure 3.9) and on solid media (Figure 3.10) over the course of seven
days, using R. opacus PD630, R. opacus pBS305, R. opacus pDHA4VO and R. opacus pTip
QT1, as described in Section 2.6.3.2. The optical density of 10 and 20 µg/mL thiostrepton
broths (Figure 3.9C) is likely due to precipitation of the antibiotic in aqueous solution, rather
than bacterial growth.
Growth of R. opacus PD630 was completely inhibited by at least 15 µg/mL
chloramphenicol in both liquid and on solid media, with a significant reduction in viable
count evident at 7.5 µg/mL on agar. Growth in the 7.5 µg/mL chloramphenicol broth was
only evident after four days. Growth of R. opacus PD630 was observed in tetracycline at
concentrations up to 10 µg/mL in liquid, with noticeable inhibition in the presence of
antibiotic, and total inhibition at 20 and 40 µg/mL. Growth of R. opacus PD630 in
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Figure 3.9: Figure 3.5: Antibiotic susceptibility of R. opacus PD630 in liquid media over
seven days. Panels show the OD600 of cultures grown in the presence of: A, chloramphenicol;
B, tetracycline; and C, thiostrepton. Blue bars represent R. opacus PD630, red bars represent
R. opacus pBS305, yellow bars represent R. opacus pDHA4VO, and green bars represent R.
opacus pTip QT1.
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Figure 3.10: Antibiotic susceptibility of R. opacus PD630 on solid media over seven days.
Panels show the cfu/mL achieved over seven days of growth on LBA containing: A,
chloramphenicol; B, tetracycline; and C, thiostrepton. Blue bars represent R. opacus PD630,
red bars represent R. opacus pBS305, yellow bars represent R. opacus pDHA4VO, and green
bars represent R. opacus pTip QT1. Error bars represent ± 1 sample σ from the mean cfu/mL
of three 10 µL aliquots of bacteria. Significant difference (p <0.05) is denoted by: a, when
compared to R. opacus PD630 grown in the absence of antibiotic; b, when compared to R.
opacus pTip QT1 grown in the absence of antibiotic, and; c when compared to R. opacus
pBS305 grown in the absence of antibiotic. Very significant difference (p < 0.005) is denoted
by the suffix “*”, and extremely significant difference (p < 0.0005) is denoted by the suffix
“**”.
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tetracycline was apparent after four days in the 5 µg/mL broth, and six days in the 10 µg/mL
broth. On solid media containing tetracycline, R. opacus PD630 grew at all tested
concentrations, with significant inhibition of growth at 10 µg/mL of tetracycline and above.
Thiostrepton caused a significant reduction in viable count of R. opacus PD630 on agar at 2.5
µg/mL and above, with complete inhibition of growth at 10 and 20 µg/mL. Growth of R.
opacus PD630 in liquid was relatively unchanged in the presence of 2.5 µg/mL thiostrepton,
though completely inhibited at 5 µg/mL and above.
R. opacus pBS305 grew at all tested concentrations of thiostrepton on solid media,
though growth was very significantly inhibited in the presence of antibiotic, with the most
inhibition occurring at 10 and 20 µg/mL concentrations. In liquid culture, growth was seen at
concentrations of thiostrepton up to 5 µg/mL, though it took seven days for growth to occur
in the 5 µg/mL broth. It was found that it took seven days for growth of R. opacus pBS305 in
2.5 µg/mL of thiostrepton to exceed that of the wild type R. opacus PD630 strain.
R. opacus pDHA4VO grew at all tested concentrations of chloramphenicol in liquid
and on solid media. The initial cell count of R. opacus pDHA4VO on LBA differed
significantly from that of R. opacus PD630. No inhibition of growth was evident on solid
media, while in liquid media, a bias was seen in favour of growth at 30 and 60 µg/mL
concentrations of chloramphenicol, with the most bias in favour of the 30 µg/mL
concentration.
R. opacus pTip QT1 grew at all tested concentrations of tetracycline on agar, with
inhibition at 10 and 40 µg/mL, though to a lesser degree than seen for R. opacus PD630.
Initial cell counts differed significantly between R. opacus PD630 and pTip QT1 on LBA.
Very significant inhibition was seen on LBA containing 10 µg/mL of tetracycline, with
extremely significant inhibition at 40 µg/mL. Forty micrograms per millilitre of tetracycline
caused complete inhibition of growth of R. opacus pTip QT1 in liquid media. Growth of R.
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opacus pTip QT1 in the absence of tetracycline was slow compared with that of R. opacus
PD630. This trend was generally reversed in the presence of tetracycline, though after six
days, R. opacus PD630 exhibited marginally better growth than R. opacus pTip QT1. In the
presence of 10 and 20 µg/mL tetracycline in broths, it took four days for R. opacus pTip QT1
to exhibit growth.
Chloramphenicol and thiostrepton were found to be effective selective agents against
the growth of R. opacus PD630, both on solid media, and in liquid culture. However,
precipitation in aqueous solution made the characterisation of growth in liquid broths
containing 10 or 20 µg/mL of thiostrepton difficult. Tetracycline, by comparison, was
ineffective on solid media, though demonstrated good selective characteristics at a minimum
concentration of 20 µg/mL in liquid culture. With the exception of LBA containing
tetracycline, antibiotics were found to be effective at the chosen experimental concentrations.

3.2.3. Development of R. opacus PD630 protoplasts

The formation of R. opacus PD630 protoplasts was explored for the transfer of DNA
into R. opacus. This section reports the results of protoplast formation studies in R. opacus,
and is divided into three subsections. Section 3.2.3.1 reports the results of protoplast
preparations performed according to the protocol of Assaf and Dick [26]. Section 3.2.3.2
reports the results of developing an optimised method of protoplast formation for R. opacus
PD630, specifically, reporting the effect of the modifications made to the Assaf and Dick
protocol. Section 3.2.3.3 reports a comparison between the effects of osmotic stabilisation
agents in the maintenance of protoplasts.
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3.2.3.1. Assaf and Dick protocol
Protoplasts were initially made according to the Assaf and Dick method [26], as
outlined in Section 2.6.4.1.1. After mutanolysin digestion, the Gram stain was positive and
cells were largely filamentous in appearance (similar to undigested cells), though some did
appear as coccoid chains. The same cells appeared as filamentous coccoid chains when
stained with methylene blue. This suggests that, as reported by Assaf and Dick, mutanolysin
degrades the cell wall, without compromising cell viability [26].
Mutanolysin digested cells were subjected to a second digestion with lysozyme. After
lysozyme digestion, cells were Gram positive, though the filamentous appearance was less
prominent; when stained with methylene blue, they appeared as aggregations of coccoid
chains. Neither preparation was able to be visualised with Congo red, as the formation of
clumps in the stain precluded the identification of individual cells.
Gram staining suggests that following a mutanolysin digestion with a lysozyme
digestion, causes further degradation of the cell wall, as is shown in the decreased prevalence
of larger cells. Methylene blue staining also suggested changes, with cells tending to clump
more after digestion with mutanolysin and lysozyme, rather than mutanolysin alone. These
clumps suggested that protoplast fusion may have been occurring.
To establish the extent of protoplast formation, a sample of each treatment, plus a
nondigested control, were frozen at -20ºC and thawed. It was assumed that the freeze-thaw
process would cause the protoplasts, with their weakened cell wall, to burst, while having
little effect on the vegetative cell population. Figure 3.11 shows the results of colony counts
from the thawed samples. After mutanolysin digestion, there was a small, though extremely
significant, loss in viability of cells plated on LBA compared to the negative control cells
plated on LBA. Digestion with mutanolysin and lysozyme caused a very significant 2.5-fold
loss of viability between the negative control cells and treated cells plated on LBA.
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Figure 3.11: Viability of enzyme digested R. opacus PD630 after freeze-thaw treatment. The
viable counts of freeze-thaw treated cells are indicated by: blue bars, cells plated on LBA;
and red bars, cells plated on LBA plus 20% sucrose. Error bars represent ± 1 sample σ from
the mean cfu/mL of three 10 µL aliquots of bacteria. Significant difference (p <0.05) is
denoted by: a, when compared to undigested cells grown on LBA; b, when compared to
undigested cells grown on LBA plus 20% sucrose; c when compared to mutanolysin digested
cells grown on LBA; d, when compared to mutanolysin digested cells grown on LBA plus
20% sucrose; e, when compared to mutanolysin and lysozyme digested cells grown on LBA;
and f, when compared to mutanolysin and lysozyme digested cells grown on LBA plus 20%
sucrose. Very significant difference (p < 0.005) is denoted by the suffix “*”, and extremely
significant difference (p < 0.0005) is denoted by the suffix “**”.
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Interestingly, a loss of viability was seen between cells plated on LBA and cells plated on
LBA supplemented with 20% sucrose. The loss was insignificant for negative control cells,
though significant for cells treated with mutanolysin, and very significant for cells treated
with both mutanolysin and lysozyme. This may be due to reduced water activity in the media
inhibiting the growth of vegetative cells, or insufficient osmotic buffering of protoplasts.
A significant portion of the cell population was found to be damaged by digestion
with mutanolysin, more so by further digestion with lysozyme. This suggests that both
enzymes are required for the formation of protoplasts, with mutanolysin pre-digestion
required for effective digestion with lysozyme. This is in agreement with the mechanism of
action described by Assaf and Dick [26].

3.2.3.2. The optimised protocol for production of R. opacus PD5630 protoplasts
Noting that less than half (40%) of the cell population was converted to protoplasts, it
was decided to establish the trend of cell digestion over the course of 24 hours. It was also
decided that digestion might be improved if both enzymes were used simultaneously. The codigestions with mutanolysin and lysozyme were performed in ADRB and 20 mM Tris-HCl
with 1 mM MgCl2, to determine if one buffer was more suitable for co-digestion than the
other. Single digestions with lysozyme were performed in each buffer as a control treatment.
The largest reduction in viable count occurred within the first six hours of incubation, with
the viability of double digested cells below detectable limits after 12 hours of digestion. Cells
digested with lysozyme only, were countable over the full 24 hour period, with no further
decrease in viable count observed beyond 12 hours. OD600 was observed to differ between
buffers, though the likely cause was unable to be established. OD600 for all samples was
observed to increase during the first six hours of digestion. Based on these results, cell
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damage occurs primarily within the first six hours. Consequently, it was decided to
investigate the effects of enzyme digestion over a six hour time frame.
A six hour time frame was used to more precisely identify the minimum digestion
time required for the formation of protoplasts. All digestions were performed with
mutanolysin and lysozyme, in either ADRB or 20 mM Tris-HCl plus 1 mM MgCl2. Results
of this digestion are shown in Figure 3.12. The greatest decrease in viable count occurred
within the first two hours of digestion. Enzyme activity was observed to be greatest in
ADRB, with a loss of viability exceeding two orders of magnitude after two hours when
plated on either LBA or LBA plus 20% sucrose. In comparison, a 1.5 order of magnitude
reduction in the viability of cells digested in 20 mM Tris-HCl plus 1 mM MgCl2 and plated
on LBA or LBA plus 20% sucrose, was observed over the same two hour timeframe. OD600
differed between the two buffers, as observed during the 24 hour time course. However,
OD600 was observed to increase in ADRB, and remain relatively stable in 20 mM Tris-HCl
plus 1 mM MgCl2.
These results suggest that two hours is the minimum time required for the formation
of protoplasts, using a mutanolysin and lysozyme double digestion. ADRB was found to
support enzyme activity better than 20 mM Tris-HCl plus 1 mM MgCl2, with the increasing
OD600 of the digest performed in ADRB suggesting growth during incubation, or the
accumulation of debris from the successful digestion of the cell wall. The stability of the
OD600 in 20 mM Tris-HCl plus 1 mM MgCl2 may indicate a lack of growth during
incubation, or less accumulation of cellular debris, though this is not concordant with the
observed decrease in viable count.
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Figure 3.12: Enzyme digestion of R. opacus PD630 over six hours. R. opacus was digested
with mutanolysin and lysozyme in either ADRB or 20 mM Tris-HCl plus 1 mM MgCl2
buffer, and plated on LBA and LBA plus 20% sucrose. OD600 is represented by: ■, in ADRB;
and □, in 20 mM Tris-HCl plus 1 mM MgCl2. Viable counts (cfu/mL) are represented by: △,
for cells digested in ADRB and plated on LBA; ▲, for cells digested in ADRB and plated on
LBA plus 20% sucrose; ○, for cells digested in 20 mM Tris-HCl plus 1 mM MgCl2 and
plated on LBA; and ●, for cells digested in 20 mM Tris-HCl plus 1 mM MgCl2 and plated on
LBA plus 20% sucrose.
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3.2.3.3. Comparison of osmotic stabilisation agents and recovery media
In order to recover any protoplasts formed during the two hour double digestion,
osmotic buffering of the digestion media and recovery media required optimisation.
Thirty percent PEG-1000 was examined for its effectiveness as an osmotic
stabilisation agent (Figure 3.13) for double digested, highly concentrated cells grown in BHI.
An extremely statistically significant loss of viability, which exceeded two orders of
magnitude, was observed over the course of two hours when plated on LBA and LBA plus
20% sucrose. No significant difference was observed between cells plated on LBA and cells
plated on LBA plus 20% sucrose. The OD600 increased from 8.78 to 13.12 over the two hour
incubation period, which suggests the presence of protoplasts or damaged cells, or an
increase in the vegetative cell population during incubation. This may be indicative of a
protective effect being conferred upon protoplasts by 30% PEG-1000. Combined with the
decrease in observed viability, and the insignificant difference between LBA and LBA plus
20% sucrose, it is possible that protoplasts were formed, but that they die before forming
viable colonies on agar. This also suggests that 20% sucrose, in agar, is insufficient to prevent
the death of protoplasts.
Two percent, ninety nanometre polystyrene nanobeads were studies as an alternative
osmotic stabiliser to 30% PEG-1000, as their osmotic stabilisation effect on protoplasts had
previously been reported [77]. The interaction of 2% 90 nm nanobeads with the cell wall and
membrane was examined using TEM and Cryo-EM (Figure 3.14). Nanobeads were observed
to interact more closely with undigested cells (Figure 3.14C) than digested cells (Figure
3.14D), which, based on the lipid content of the rhodococcal cell envelope, suggests a
lipophilic mechanism for interaction [65]. However, nanobeads did appear to confer some
protective benefit, as mechanical damage was limited to blebbing in their presence (Figure
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Figure 3.13: Viability of enzyme digested R. opacus PD630 in PEG-1000. Bars represent
cfu/mL of digested cells when plated on LBA with (red) or without (blue) 20% sucrose. Error
bars represent ± 1 sample σ from the mean cfu/mL of three 10 µL aliquots of bacteria.
Significant difference (p <0.05) is denoted by: a, when compared to time-zero cells plated on
LBA; b, when compared to time-zero cells plated on LBA plus 20% sucrose; c, when
compared to cells after two hours of digestion, plated on LBA; and d, when compared to cells
after two hours of digestion, plated on LBA plus 20% sucrose. Very significant difference (p
< 0.005) is denoted by the suffix “*”, and extremely significant difference (p < 0.0005) is
denoted by the suffix “**”.
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Figure 3.14: Electron microscopy of R. opacus PD630 interacting with nanobeads. Electron
micrographs represent: A, TEM of untreated cells; B, TEM of digested, non-osmotically
stabilised cells; C, TEM of untreated cells in the presence of 2% 90 nm nanobeads; and D,
Cryo-EM of digested cells in the presence of 2% 90 nm nanobeads. Nominal magnification is
15,000x for A and B; and 60,000x for C and D.
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3.14D), rather than the shearing (Figure 3.14B) visible in their absence. Post-incubation, the
same samples were examined for viability using acridine orange staining (Figure 3.15).
Acridine orange differentiates between single stranded DNA (ssDNA) and double stranded
DNA (dsDNA). dsDNA is representative of intact and viable cells, while ssDNA is indicative
of damaged or non-viable cells. Differential staining was noted, with undigested cells
fluorescing yellow-green (Figure 3.15A), indicating the presence of dsDNA, and cells
digested without stabilisation fluorescing orange-red (Figure 3.15B), indicating the presence
of ssDNA. Strong green fluorescence was seen in the presence of nanobeads (Figure 3.15C),
indicating the presence of dsDNA. When digested in the presence of nanobeads, fluorescence
was strongly red (Figure 3.15D), indicating predominantly ssDNA. This suggests that 2% 90
nm polystyrene nanobeads confer little or no protective effect upon protoplasts, and that the
interaction of polystyrene nanobeads with cells may causes no apparent cell damage. While
increasing the concentration of nanobeads to 10% has been reported to improve their
stabilisation properties, insufficient quantities were available to do so [77].
After noting the limited success of 2% 90 nm nanobeads and 30% PEG-1000 as
osmotic stabilisers, an MgCl2-based buffer system was explored, as Mg2+ is an essential
cofactor for a number of enzymes. The rationale was that osmotic stabilisation agents could
be compared under identical digestion conditions, as opposed to the different digestion
conditions used between the Assaf and Dick method, examination of 30% PEG-1000, and
examination of 2% 90 nm nanobeads.
Using 1 mM MgCl2 as a buffer base, the osmotic stabilisation effects of 20% sucrose,
40% sucrose, 2% 90 nm nanobeads, and no stabilisation were examined. 30% PEG-1000 was
not examined using this buffer system. Viable counts (Figure 3.16) show a stable, slightly
increasing count in the absence of enzyme, with a three order of magnitude reduction after
one hour of digestion without osmotic stabilisation, and five order of magnitude viability loss
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A

B

C

D

Figure 3.15: Acridine orange staining of R. opacus PD630 interacting with nanobeads.
Photomicrographs represent: A, Untreated cells; B, digested, non-osmotically stabilised cells; C,
untreated cells in the presence of 2% 90 nm nanobeads; and D, digested cells in the presence of
2% 90 nm nanobeads. Nominal magnification is 800x for A, C, and D; and 320x for B.
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Figure 3.16: Viability of enzyme digested R. opacus PD630 in sucrose and nanobeads.
Symbols represent: ○, 1 mM MgCl2, no enzyme; △ , 1 mM MgCl2, enzyme; ▢, 1 mM MgCl2,
2% 90 nm nanobeads, enzyme; ◇, 1 mM MgCl2, 20% sucrose, enzyme; and ☆, 1 mM MgCl2,
40% sucrose, enzyme. Error bars represent ± 1 sample σ from the mean cfu/mL of three 10
µL aliquots of bacteria.
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after two hours, in cells plated on LBA. Ninety nanometre nanobeads had little osmotic
stabilisation effect, with a two order of magnitude reduction after one hour, and a four order
of magnitude reduction after two hours, in cells plated on LBA. Sucrose showed a
stabilisation effect, especially at 40% concentration, where there was less than half an order
of magnitude loss of viability after one hour, and only a 1.5 order of magnitude reduction
after two hours, in cells plated on LBA plus 40% sucrose. In the presence 20% sucrose, a
viability loss of one order of magnitude was seen after one hour, and a viability loss of two
orders of magnitude was seen after two hours, in cells plated on LBA plus 20% sucrose. The
protective effects of sucrose were confirmed by Gram staining (Figure 3.17), where a
uniform transition from Gram positive to negative was seen in digests stabilised by 40%
sucrose, compared with the presence of Gram positive cells in the untreated, 20% sucrose,
and nanobead-stabilised samples. No Gram stain change was observed for non-digested cells
after two hours of digestion. A morphological change was seen as well, with the presence of
rounder cells localised to the polar regions of bacilli; these are likely to be spheroplasts
interspersed with the protoplasts. However, these morphological changes could have been
better characterised by the use of phase contrast microscopy [26].
This indicates that the digestion of R. opacus PD630 by mutanolysin and lysozyme, in
1 mM MgCl2 plus 40% sucrose, results in strong cell wall damage, as evident by Gram stain
analysis. When plated on LBA plus 40% sucrose, a decrease in viable count of 1.5 orders of
magnitude, the least of all tested osmotic stabilisers, was observed. The evidence of cell wall
damage, and lowest decrease in viable count of all tested osmotic stabilisers, suggests that
40% sucrose is an optimal osmotic buffer for the production and recovery of protoplasts of R.
opacus PD630.
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two hour incubation; E, digested cells, two hour incubation; and F, digested cells with 40% sucrose, two hour incubation.

cells, pre-incubation; B, cells and enzyme, pre-incubation; C, cells and enzyme with 40% sucrose, pre-incubation; D, untreated cells,

Figure 3.17: Gram staining of enzyme digested R. opacus PD630 with and without sucrose. Photomicrographs represent: A, untreated

3.2.4: Transformation protocols

This section reports the results of transformation of R. opacus by electroporation and
sonoporation. The results of similar transformations, conducted in E. coli, are reported as a
positive control for transformation. This section is divided into two subsections. Section
3.2.4.1 reports the results of electroporations and the development of an optimised protocol
for the electroporation of R. opacus, while section 3.2.4.2 reports the results of sonoporations.

3.2.4.1. Electroporation
E. coli electroporations were performed according to the protocol described in Section
2.8.1.1. Viable counts pre- and post-electroporation are displayed in Table 3.3, while
efficiencies of transformation are displayed in Table 3.4. Electroporations occurred at a mean
voltage of 1.784 kV, with a mean time constant of 4.43 ms, and a mean killing rate of
99.65%. These values fall within the expected range reported for E. coli [38]. pBS305
transformed E. coli more efficiently than pTip QT1, with 1.570% of recipient cells
transformed by pBS305 in the presence of ampicillin, whilst only 0.878% of recipient cells
were transformed by pTip QT1 in the presence of ampicillin. This is mirrored in the number
of transformants per µg of DNA plated (7.16 x106 and 2.69 x105 for pBS305 and pTip QT1,
respectively), suggesting a higher metabolic load may be placed upon the cell by pTip QT1,
which is to be expected, given its larger size (8.2 versus 7.9 kb). Tetracycline had a negative
effect on the selection of pTip QT1 transformants, with a 100-fold reduction in transformants
per microgram of DNA plated and percentage of recipient cells transformed, compared with
ampicillin. This confirmed the results reported in Section 3.2.2, which suggested that
tetracycline is a more powerful selective antibiotic than ampicillin in E. coli. pDHA4
produced the highest number of transformants per microgram of DNA plated, though the
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Table 3.3: Viable counts of E. coli electroporated with pBS305, pDHA4 and pTip QT1
E. coli electroporated with:

Selection
conditions^:

Viable count (cfu/mL)
Pre-electroporation

No DNA

pBS305

No antibiotic

0

0

Chloramphenicol

0

0

Tetracycline

0

0

No antibiotic

No antibiotic
Chloramphenicol

pTip QT1

1.887x108

Ampicillin

Ampicillin

pDHA4

3.667x1010

Post-electroporation

No antibiotic

6.730x109
0

3.500x1010
0

1.567x1010

3.567x106
5.600x104

1.597x108
2.542x105

3.267x107

Ampicillin

0

2.867x105

Tetracycline

0

2.560x103*

^ Electroporated cells were plated on LBA supplemented with either: no antibiotic, 100
µg/mL ampicillin, 30 µg/mL chloramphenicol, or 20 µg/mL tetracycline.
* pTip QT1 transformant colonies isolated on tetracycline were smaller than those isolated
on ampicillin.
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Table 3.4: Transformation rates for E. coli electroporated with pBS305, pDHA4 and pTip
QT1
Plasmid:
pBS305

Transformation efficiency
determined:
per µg DNA plated
as percentage of recipients

pDHA4

per µg DNA plated
as percentage of recipients

pTip QT1 (ampicillin)

per µg DNA plated
as percentage of recipients

pTip QT1 (tetracycline)

Value:
7.158x106
1.570%

1.798x107
0.108%

2.686x105
0.878%

per µg DNA plated

2.398x103

as percentage of recipients

0.00784%
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second lowest number of recipient cells transformed. This suggests that the large (28.1 kb)
size of the plasmid has a negative effect on transformation rate, as suggested in the literature
[38].
Electroporation of R. opacus was performed as outlined in Section 2.8.2. To establish
the efficiency of transformation with previously reported methods, transformations were
performed using protocols developed by: Arenskötter (Section 2.8.2.1.1); Desomer (Section
2.8.2.1.2); and Kalscheuer (Section 2.8.2.1.3). Viable counts are shown in Table 3.5, and
transformation efficiencies are shown in Table 3.6. Mean voltages of 1,988, 2.489, and 1.983
kV were obtained for the Arenskötter, Desomer, and Kalscheuer methods, respectively. Of
the established methods in R. opacus, the Kalscheuer and Desomer methods were found to be
the most effective, with the highest numbers of transformants recovered per µg of DNA
(25.62 and 81.15, respectively) and as a percentage of recipient cells (0.003 and 0.001%,
respectively) when electroporated with pBS305. Mean time constants of 6.4, 7.02, and 7.61
ms were obtained for the Arenskötter, Desomer, and Kalscheuer methods, respectively.
Arenskötter and Desomer did not report time constants in their publications [30, 31].
Kalscheuer, however, reported a range of 3-5 ms, which we were unable to achieve under the
same conditions: electroporating cells at a field strength of 10 kV/cm in d. H2O in a 2 mm
gapped cuvette [29]. This suggests that trace amounts of salts, which were not accounted for,
were present in the electroporations performed by Kalscheuer. This would cause decreased
resistance, leading to a decreased time constant [38]. Compared with E. coli electroporated
with pBS305, the efficiency of electroporation in R. opacus was poor, and the time constant
was routinely higher. Mean killing rates, at 94.86% for the Arenskötter method and 65.93%
for the Desomer method, were lower than those observed for E. coli, although the killing rate
of 98.49% observed for the Kalscheuer method is close to the 99.65% observed for E. coli.
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5.550

4.620
1.000

5.223
5.464

6.356

7.322
0

7.420
NT

0

7.696
2.816

7.740
1.845

3.114

NT
0

NT
NT

1.000

5.778
0

5.477
1.000

NT

NT
NT

NT
NT

Tetracycline

No antibiotic
Thiostrepton

No antibiotic
Tetracycline

pBS305

pTip QT1

NT, not tested
Colonies with abnormal morphology (i.e. pinprick, filamentous) were excluded from counts.
^ Electroporated cells were plated on LBA supplemented with either: no antibiotic, 10 µg/mL thiostrepton or 20 µg/mL tetracycline.

5.528
0

7.348
0

8.195
0

8.663
0

5.238
0

6.527
0

No antibiotic
Thiostrepton

No plasmid

After

Before

After

Kalscheuer

Before

Desomer
After

Arenskötter

Viable count (log cfu/mL) pre- and post-electroporation using method:
Before

Selection
conditions^:

R. opacus
electroporated
with:

Table 3.5: Viable counts of R. opacus electroporated with pBS305 and pTip QT1

Table 3.6: Transformation rates for R. opacus electroporated with pBS305 and pTip QT1
Transformation efficiency for
plasmids determined:

Transformation method tested:
Arenskötter

Desomer

Kalscheuer

pBS305 transformants
per µg DNA

0

81.15

25.62

as percentage of recipients

0

1.319x10-3

2.966x10-3

18.02

126.1

6404

3.000x10-3

1.273x10-4

>100%

pTip QT1 transformants
per µg DNA
as percentage of recipients
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Whilst pTip QT1 putative transformants were recovered for all methods, antibiotic
resistance to tetracycline on solid media (Figure 3.10B, Table 3.5) suggested that a number of
these colonies may have been recalcitrant wild type cells. Transformation was confirmed by
plasmid extraction from a random sample of ten transformants, all of which were found to
have been transformed with pTip QT1.
None of the established methods from the literature gave consistent results between
repeats. This suggested that the cell growth conditions were not weakening the cell wall
sufficiently to reduce this barrier to transformation, or that the electroporation conditions
themselves may not have been sufficient to induce the formation of transient pores in the cell
wall.
To overcome the low efficiencies encountered with established methods of
transforming Rhodococcus spp., work was undertaken to develop a new protocol, which
would provide improved repeatability, and significantly improved efficiency. If the efficiency
of electroporating R. opacus were similar to that of electroporating E. coli, this would
improve the chances of obtaining a transformant with a large construct, such as pDHA4. The
development of this method is described in Section 2.8.1.2.4. Two methods were developed,
prior to development of the final method. The first method involved growing cells in LB or
BHI, and electroporating them in 30% PEG-1000 at a field strength of 12.5 kV/cm. This gave
a mean time constant of 3.55 ms at a mean voltage of 2.476 kV for cells grown in BHI, and a
mean time constant of 1.3 ms at a mean voltage of 2.657 kV for cells grown in LB. Killing
rates were 62.8 and 91.19% for cells grown in BHI and LB, respectively. The finalised
method used cells grown in LB, and electroporated in 1 mM MgCl2 at a field strength of 10
kV/cm, which gave a mean time constant of 2.09 ms at a mean voltage of 1.988 kV, with a
mean killing rate of 98.64%. The viable counts of these three methods are reported in Table
3.7, and the efficiency of transformation with pBS305 is reported in Table 3.8.
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No antibiotic
Chloramphenicol
Thiostrepton

No antibiotic
Thiostrepton

No antibiotic
Chloramphenicol

No plasmid

pBS305

pDHA4VO

8.804
2.602

8.845
0

8.540
2.000
0

7.699
2.000*

8.290
1.301

8.207
1.301
0

7.462
1.824

8.155
0

8.083
1.519
0

4.935
1.845*

6.1644
0

5.890
2.041
0

9.126
0

9.302
0

9.273
0
0

7.010
1.000

7.355
2.951

7.345
1.301
0

Viable count (log cfu/mL) pre- and post-electroporation using growth medium, buffer and
voltage:
BHI in 30% PEGLB in 30% PEGLB in 1 mM MgCl2
1000 at 2.5 kV
1000 at 2.5 kV
at 2 kV
Before
After
Before
After
Before
After

^ Electroporated cells were plated on LBA supplemented with either: no antibiotic, 10 µg/mL thiostrepton or 30 µg/mL
chloramphenicol.
* Reported numbers represent the post-electroporation viable count on chloramphenicol, multiplied by the percentage of a sample of
ten putative transformants which were confirmed to be carrying plasmid pDHA4VO.

Selection
conditions^:

R. opacus
electroporated
with:

Table 3.7: Development of a new R. opacus electroporation protocol - viable counts

Table 3.8: Development of a new R. opacus electroporation protocol - efficiencies of
transformation
Transformation efficiency for
plasmids determined:

BHI in 30%
PEG-1000
at 2.5 kV

LB in 30%
PEG-1000
at 2.5 kV

LB in 1 mM MgCl2
at 2 kV

41.67

0

5.317x104

1.026x10-5

0

1.339x10-3

427

299

150

2x10-4

8.14x10-2

9.775x10-6

pBS305 transformants
per µg DNA
as percentage of recipients

pDHA4VO transformants
per µg DNA
as percentage of recipients
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Efficiency was found to improve when the buffer was changed from 30% PEG-1000 to 1 mM
MgCl2, and was also found to improve when LB (instead of BHI) was used as a growth
medium. The final method, with LB-grown cells in 1 mM MgCl2, was found to yield
consistent results across more than three trials, both with freshly prepared cells and cells
which were snap-frozen and thawed. Efficiencies of transformation with pBS305, when
compared to established methods (Table 3.9), were found to be higher for the method
developed in this study, with 5.317x104 transformants per µg of DNA plated for the most
efficient self-developed method, versus 81.15 transformants per µg of DNA for the Desomer
method, the most efficient of the established methods.
During optimisation, attempts were made to transform R. opacus with pDHA4 and
pDHA4VO. Transformation was successful with pDHA4VO in all study generated methods,
with efficiencies of transformation rates ranging from 150 to 427 per µg of DNA plated. To
confirm the identity of putative transformants, especially in the presence of growth on the
negative control plates, plasmid extractions were performed from a sample of ten colonies, to
determine the approximate percentage of putative transformants carrying pDHA4VO.
Unexpected chloramphenicol resistance was encountered when cells were suspended in 30%
PEG 1000, suggesting that 30% PEG 1000 may interfere with the bioavailability of
chloramphenicol. pDHA4VO was transformed least efficiently in LB-grown cells in 1 mM
MgCl2 at 2 kV, with 150 transformants per µg of DNA plated, and was transformed most
efficiently in BHI-grown cells in 30% PEG 1000 at 2.5 kV, with 427 transformants per µg of
DNA plated. This is the opposite of pBS305, where the most efficient method was
transformation of LB-grown cells in 1 mM MgCl2 at 2 kV, and the least efficient method to
yield transformants used BHI-grown cells in 30% PEG 1000 at 2.5 kV. The mean time
constants were lower than observed for E. coli, with the most efficient method of pBS305
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2.09

5.317x104
1.339x10-3

98.64

1.3

0
0

91.19

3.55

41.67
1.026x10-5

62.8

7.607

25.62
2.966x10-3

98.49

7.02

81.15
1.319x10-3

65.93

6.4

0
0

94.86

Mean time constant (ms)

pBS305 transformants
per µg DNA
as percentage of recipients

Killing rate (%)

1.988

1.983

2.489

1.988

Mean voltage (kV)

LB in 1 mM
MgCl2 at 2 kV

LB in 30%
PEG-1000
at 2.5 kV
2.657

BHI in 30%
PEG-1000
at 2.5 kV
2.476

Kalscheuer
method

Desomer
method

Arenskötter
method

Variable measured

Table 3.9: Comparing the study-generated and established electroporation methods

transformation developed having a mean time constant of 2.09 ms, versus 4.43 ms for E. coli.
This suggests that shorter time constants, in contradiction of the literature, may be beneficial
to electroporation of R. opacus, and that media and electrical parameters require modification
on a plasmid-by-plasmid basis for optimal transformation efficiencies. Protoplasts were
electroporated alongside vegetative cells using the study-generated methodology. No
transformants were successfully recovered, suggesting that either protoplasts are unsuitable
for electroporation, or that they require markedly different conditions from vegetative cells.

3.2.4.2. Sonoporation
Sonoporation was attempted, as an alternative approach to electroporation for
transformation.
E. coli sonoporations were performed according to Section 2.8.1.2. Initial trials were
performed with pBS305 and pTip QT1 in the absence of CaCl2 (Figure 3.18). Over the course
of three repeats using three different cell cultures, no transformants were recovered on
selective media. The mean killing rate was 68.92%, which is substantially lower than that of
electroporation (99.65%), but represented a significant difference between pre and post
sonication cells. This suggests that sonoporation is a less aggressive means of inducing
transient pores to allow for the passage of DNA into a recipient cell. However, the less
forceful nature of pore formation may prevent sonoporated cells from receiving DNA as
efficiently as electroporated cells.
Sonoporation of E. coli with and without the addition of CaCl2 was tested using
plasmids pDHA4VO and pTip QT1, with cells grown at 37ºC rather than 28ºC (Figure 3.19).
An 86.76% killing rate was observed, with significant differences before and after
sonoporation. Colonies did appear on selective media. This suggested that an elevated growth
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Figure 3.18: Viability of E. coli sonoporated in the absence of CaCl2. Bars indicate cfu/mL
pre- (blue) and post-sonication (red). Significant difference (p <0.05) is denoted by: a, when
compared to pre-sonication cells in the absence of DNA; b, when compared post-sonication
cells in the absence of DNA; c, when compared to pre-sonication in the presence of
pDHA4VO; d, when compared to post-sonication cells in the presence of pDHA4VO; e,
when compared to pre-sonication cells in the presence of pTip QT1; and f, when compared to
post-sonication cells in the presence of pTip QT1. Very significant difference (p < 0.005) is
denoted by the suffix “*”, and extremely significant difference (p < 0.0005) is denoted by the
suffix “**”.
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Figure 3.19: Viability of E. coli sonoporated with CaCl2. Bars represent viable counts of
cells, either: pre- (light and dark blue) and post-sonication (red and green), and either: with
(dark blue and green) or without (light blue and red) CaCl2. Error bars represent ± 1 sample σ
from the mean cfu/mL of three 10 µL aliquots of bacteria. Significant difference (p <0.05) is
denoted by: a, when compared to pre-sonication cells in the absence of DNA and CaCl2; b,
when compared pre-sonication cells in the absence of DNA and presence of CaCl2; c, when
compared to pre-sonication cells in the presence of pDHA4VO and absence of CaCl2; d,
when compared to pre-sonication cells in the presence of pDHA4VO and CaCl2; e, when
compared to pre-sonication cells in the presence of pTip QT1 and absence of CaCl2; and f,
when compared to pre-sonication cells in the presence of pTip QT1 and CaCl2. Very
significant difference (p < 0.005) is denoted by the suffix “*”, and extremely significant
difference (p < 0.0005) is denoted by the suffix “**”.
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temperature, and the addition of CaCl2 to the sonoporation media, was beneficial to
transformation efficiency. However, these colonies were less than half the size of those on
non-selective media, and were unable to be subcultured for verification; they are assumed to
be false positives. No statistically significant difference in survival was observed between
cells sonicated with CaCl2 and those sonicated in its absence. This suggests that, contrary to
the paper by Song et al., CaCl2 has no beneficial effect to cell survival, or electroporation
efficiency.
To determine the effect of sonoporation on R. opacus PD630, the survival of
sonoporated R. opacus PD630 was examined using cultures grown for 24 (Figure 3.20) and
48 hours (Figure 3.21). Sonoporation for ten seconds did produce a significant effect on cell
survival in the 24 hour culture, however, no significant difference was noted between postsonoporation viable counts with and without CaCl2. Conversely, a significant difference was
seen when the 48 hour culture was sonoporated for ten seconds, with a significant reduction
in the viable count in the absence of CaCl2, but no significant difference in the presence of
CaCl2. Viability was significantly lower in the presence of CaCl2.
Thirty seconds of sonoporation led to a significant decrease in the viable count for the
48 hour culture sonoporated without CaCl2. No significant difference was observed in the
presence of CaCl2. Significant difference was seen with and without CaCl2 in the 24 hour
culture cells, both in the pre- and post-sonoporation counts, and in the number of presonication cells counted in the presence or absence of CaCl2.
No significant differences in viable count were observed for a one minute
sonoporation of the 48 hour culture. An extremely significant difference was noted between
pre- and post-sonication viability of the 24 hour culture in the presence of CaCl2, though no
significant difference was noted between cells sonicated without CaCl2. Again, a significant
difference was noted in the between the pre-sonoporation counts with and without CaCl2. A
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is denoted by the suffix “*”, and extremely significant difference (p < 0.0005) is denoted by the suffix “**”.

in the presence of CaCl2; and d, when compared to post-sonication cells in the presence of CaCl2. Very significant difference (p < 0.005)

cells in the absence of CaCl2; b, when compared post-sonication cells in the absence of CaCl2; c, when compared to pre-sonication cells

mean cfu/mL of three 10 µL aliquots of bacteria. Significant difference (p <0.05) is denoted by: a, when compared to pre-sonication

The blue asymptote represents the viable count of an LB culture which were not sonicated. Error bars represent ± 1 sample σ from the

either: pre- (grey and green) or post- (blue and pink) sonoporation, and either: with (green and pink) or without (grey and blue) CaCl2.

Figure 3.20: Viability of a 24 hour R. opacus PD630 culture sonicated with and without CaCl2. Bars represent viable counts of cells,
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is denoted by the suffix “*”, and extremely significant difference (p < 0.0005) is denoted by the suffix “**”.

in the presence of CaCl2; and d, when compared to post-sonication cells in the presence of CaCl2. Very significant difference (p < 0.005)

cells in the absence of CaCl2; b, when compared post-sonication cells in the absence of CaCl2; c, when compared to pre-sonication cells

mean cfu/mL of three 10 µL aliquots of bacteria. Significant difference (p <0.05) is denoted by: a, when compared to pre-sonication

The red asymptote represents the viable count of an LB culture which were not sonicated. Error bars represent ± 1 sample σ from the

either: pre- (grey and green) or post- (blue and pink) sonoporation, and either: with (green and pink) or without (grey and blue) CaCl2.

Figure 3.21: Viability of a 48 hour R. opacus PD630 culture sonicated with and without CaCl2. Bars represent viable counts of cells,

significant difference in the pre-sonication cell count was observed in the two minute
sonoporation of a 24 hour culture. This was not observed for the 48 hour culture. No
significant differences in viability were observed between pre- or post-sonoporation cells for
either the 24 or the 48 hour culture, either with or without CaCl2. The post-sonoporation
viability of 48 hour cells sonoporated without CaCl2 differed very significantly from the presonication count of cells in the presence of CaCl2.
This suggests that under certain conditions, sonoporation is capable of affecting the
rhodococcal cell wall, causing a decrease in viability. However, when transformations with
pBS305 were attempted under conditions observed to result in decreased viability, no
transformants were able to be recovered. The effect of CaCl2 on viable count appeared to
vary depending upon the sonication time, which suggests that under certain conditions it is
beneficial, whilst under others, it is not. Overall, sonoporation was found to be highly
ineffective, even when compared to the least efficient electroporation protocol.

3.3. The construction of pDHA4VO and rhodococcal vectors carrying the
pfa genes

This section of the results has been divided into three subsections. Section 3.3.1
reports the results of experiments used to optimise the extraction of plasmid or chromosomal
DNA from the various bacterial strains used in this study. Section 3.3.2 reports the
construction of pDHA4VO from pDHA4VO. Section 3.3.3 reports the construction of
rhodococcal vectors carrying the pfa genes, namely pTip pfaE, pTip pfaA-E, and pDHA4-R.
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3.3.1. The extraction of DNA from bacterial strains

This section has been divided into two subsections. Section 3.3.1.1 reports the results
of DNA extractions from E. coli and S. baltica. Section 3.3.1.2 reports the results of DNA
extractions from R. opacus.

3.3.1.1. E. coli and S. baltica
Plasmid DNA was extracted from E. coli as described in Section 2.7.1. This was
performed to identify the best method of DNA extraction to obtain DNA for the construction
of pDHA4VO and rhodococcal vectors carrying the pfa genes, as well as to confirm the
identity of putative transformants. Additionally, DNA extracted from E. coli was used to act
as a size reference and positive control for plasmid DNA extracted from R. opacus (Section
6.2). The results of DNA extractions from E. coli are displayed in Table 3.10.
DNA concentration varied between plasmids for all methods, with pTip QT1
returning the highest (304.1 ng/µL by miniprep), and pDHA4VO the lowest (4.6 ng/µL by
miniprep). This is most likely due to differences in the molecular weights and copy numbers
of each plasmid. In the case of pDHA4 and pDHA4VO, higher (substantially in the case of
pDHA4VO) concentrations were obtained using a midiprep kit, which combined with an
elution volume of 1000 µL versus 50 µL, gave a substantially higher total yield of DNA,
exceeding that of a pTip QT1 miniprep. The pDHA4 maxiprep (Section 2.7.1.2), performed
according to Untergasser’s protocol, returned the highest concentration of DNA of any
plasmid, in an elution volume of 1000 µL. However, when run on a gel (Figure 3.22), it was
found that these readings had been influenced by RNA contamination, with the band
corresponding to the expected size of uncut pDHA4 on the gel out-fluoresced by a band of
low molecular weight RNA. In some instances (Figure 3.22A), the plasmid was not able to be
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Table 3.10: Plasmid DNA extraction yields from E. coli
Plasmid

Extraction method

DNA Concentration

DNA Purity (260-/-280)

(ng/µL)
pBS305

Miniprep

152.10

1.82

pDHA4

Miniprep

41.40

1.93

Midiprep

47.43

1.98

Maxiprep

3680.80

1.85

Maxiprep gel extraction

4.70

1.40

Miniprep

4.60

1.73

Midiprep

17.13

1.99

Miniprep

304.10

1.83

pDHA4VO

pTip QT1

Yield and DNA purity values are the means of all extractions performed
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Figure 3.22: Alkaline lysis maxiprep of pDHA4 from E. coli. A: MWS, Invitrogen 1 kb DNA
Extension Ladder; 1, BsaI digest of extract; and 2, SalI digest of extract. The single 28 kb
band expected for the BsaI digest is not present, nor are the 2.6 and 25 kb bands expected for
the SalI digestion. The low molecular weight band at the end of lanes 1 and 2 is indicative of
RNA contamination. B: MWS, Invitrogen 1 kb DNA Extension Ladder; and 1, undigested
maxiprep of pDHA4. High molecular weight DNA, corresponding to pDHA4, is visible,
though fluorescence is weaker than that of a low molecular weight band, indicative of RNA
contamination.
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visualised by gel electrophoresis. To obtain a clean preparation of pDHA4 from the
maxiprep, a gel extraction was performed, using the large band shown in Figure 3.22B. The
extracted DNA concentration was lower than that of a pDHA4 miniprep, in the same 50 µL
extraction volume.
These results suggest that the use of a midiprep kit is desirable for the preparation of
plasmid DNA from E. coli for cloning purposes, as it provides a substantially higher yield, at
a greater concentration than a miniprep. An alkaline lysis maxiprep using Untergasser’s
protocol was found to be ineffective for the preparation of pDHA4, due to the large amount
of low molecular weight nucleic acids which were not removed during the purification
process.
Genomic DNA was isolated from S. baltica as described in Section 2.7.3, to provide a
source of pfa genes. A concentration of 1413.1 ng/µL was obtained at a 260/280 of 2.19. This
extraction provided an excellent yield of genomic DNA for use in LT-PCR for isolation of
the pfa gene cluster.

3.3.1.2. R. opacus
Plasmid preparations were made from R. opacus primarily to confirm the identity of
putative transformants. Plasmid preparations were performed as detailed in Section 2.7.2,
with DNA concentrations and 260/280 values summarised in Table 3.11.
pBS305 was successfully extracted and visualised on a 1% agarose gel (Figure 3.23A)
by alkaline lysis with bead beating, and blood and tissue kit pre-treatment in concert with
either a QIAshredder or bead beating. The bands of the extracts from R. opacus corresponded
to the molecular weight of pBS305 extracted from E. coli. Two lower molecular weight
bands were also visible, indicative of DNA shearing during extraction. pBS305, pDHA4VO
and pTip QT1 were extracted from R. opacus by protoplast midiprep, though only
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Table 3.11: Plasmid DNA extraction yields from R. opacus
Plasmid

Extraction method

DNA Concentration

DNA Purity

(ng/µL)

(260-/-280)

Alkaline lysis with bead beating

295.50

1.89

Alkaline lysis with QIAshredder

0

-

Blood and tissue kit with bead beating

39.30

2.03

Blood and tissue kit with QIAshredder

58.70

1.96

Midiprep

1.47

1.59

pDHA4VO Midiprep

10.03

1.53

pTip QT1

20.30

1.80

pBS305

Midiprep
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Figure 3.23: Agarose gel analysis of plasmid DNA extracted from R. opacus. (A) Lane MWS
contains 500 ng of the Invitrogen 1 kb Plus DNA ladder. Lanes 1-4 contain pBS305 extracted
by: lane 1, blood and tissue kit pre-treatment with bead beating; lane 2, blood and tissue kit
extraction with a QIAshredder; lane 3, alkaline lysis with bead beating; and lane 4, pBS305
extracted from E. coli. Sizing corresponds to that of the control DNA, and is consistent with
the 8 kb molecular weight standard, as expected. Extra bands, visible in lane 3, are most
probably due to shearing of plasmid DNA. (B) Lane MWS contains 500 ng of the Invitrogen
1 kb Plus DNA ladder. Lanes 1-4 show: lane 1, pDHA4VO extracted from E. coli; lane 2,
pDHA4VO midiprep from R. opacus; lane 3, pTip QT1 extracted from E. coli; and lane 4,
pTip QT1 extracted from R. opacus (outlined in white). pTip QT1 has run as a relaxed coil,
appearing above the expected 8 kb band of the molecular weight standard. pDHA4VO has
run in a slightly supercoiled form, approximately 500 bp below the expected 3 kb band of the
molecular weight standard. Sizing of R. opacus extracts corresponds with that of control
DNA extracted from E. coli.
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pDHA4VO and pTip QT1 were able to be visualised on a 1% agarose gel (Figure 3.23B).
The concentrations and 260/280 values of DNA extracted by protoplast midiprep
were all lower than those obtained by alkaline lysis with bead beating, and blood and tissue
kit pre-treatment with either bead beating or a QIAshredder.
Alkaline lysis and bead beating were observed to be the most effective extraction
method from R. opacus; pBS305 was extracted at 295.5 ng/µL with a 260/280 of 1.89 by
alkaline lysis and bead beating, versus 1.47 ng/µL at a 260/280 of 1.59 for extraction by
protoplast midiprep. However, alkaline lysis and bead beating did cause the presence of
unexpected bands which were most probably due to DNA shearing. Bands suggesting the
shearing of extracted DNA were not evident for either of the midipreps. This suggests that
extracted DNA, especially large constructs, may be better preserved by midiprep extraction
from protoplasts. Optimisation of DNA extraction from protoplasts, by changing harvest
conditions to reflect those used by commercially available kits, could improve the DNA
yield, and perhaps rival that of commercial kits.

3.3.2. The construction of pDHA4VO

To establish whether or not R. opacus is capable of expressing the pfa genes in
pDHA4 without cloning the genes to a Rhodococcus spp. compatible vector, or modifying
pDHA4 for rhodococcal compatibility, pDHA4VO was made. pDHA4VO is a derivative of
pDHA4, containing all plasmid maintenance genes, but lacking all pfa genes.
DNA for the development of pDHA4VO, a vector-only derivative of pDHA4, was
amplified from pDHA4 (Section 2.9.3). A single PCR product was obtained at the expected 3
kb size (Figure 3.24), with a very intense product band indicative of high yield. The PCR
product was sequenced, and found to match the predicted sequence of pDHA4VO.
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Figure 3.24: Amplification of pDHA4VO from pDHA4. Lane MWS contains 500 ng of
Invitrogen 1 kb Plus DNA ladder. Lane 1 contains the PCR amplification reaction for
pDHA4VO from pDHA4, and lane 2 contains the pDHA4 DNA negative control. A large
amount of a single product was amplified at the expected 3 kb size.
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The PCR product was purified and circularised as described in Section 2.11.1. After
blunt ending of the PCR product, 3.91 µg of DNA was circularised by ligation, and the
ligation mixture was electroporated into E. coli. Putative E. coli transformants were
recovered on selective media. Plasmid DNA, which was the expected size on an agarose gel,
was extracted from putative transformants. The extracted plasmid DNA was sequenced and
confirmed to be pDHA4VO. A map of pDHA4VO is shown in Figure 3.25.

3.3.3. The construction of rhodococcal vectors carrying the pfa genes

Three different approaches were taken to the construction of rhodococcal vectors
carrying the pfa genes. The first approach was to obtain the pfa gene cluster from S. baltica,
and clone it into pTip QT1, generating pTip pfaA-E. The results of this approach are reported
in Section 3.3.3.1.1. The second approach was to: first, clone pfaE from pDHA4 into pTip
QT1 to generate pTip pfaE, followed by cloning of pfaA-D from pDHA4 into pTip pfaE to
create pTip pfaA-E. The results of this approach are reported in Section 3.3.3.1.2. The third
approach was to modify pDHA4 to include rhodococcal plasmid maintenance and expression
genes from pTip QT1, thereby enabling it to replicate in R. opacus PD630. The results of this
approach are reported in Section 3.3.3.2.

3.3.3.1. The construction of pTip pfaA-E
The construction of pTip pfaA-E was attempted by two methods: the sourcing of pfa
genes from S. baltica (Section 3.3.3.1.1), and the sourcing of pfa genes from pDHA4 (Section
3.3.3.1.2).
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Figure 3.25: Map of pDHA4VO. Unique 6+ restriction enzyme cutting sites and their
locations (expressed as base pairs from the origin) are indicated. CDS (light green and
purple), promoters (white), protein binding sites (blue) and origins of replication (yellow) are
indicated. cmR is the CDS for chloramphenicol acetyltransferase; cat promoter is the
promoter for cmR; p15a ori is a low copy number E. coli origin of replication; partial ORF 12
is a vestigial ORF from M. marina MP-1; lacZα is a vestigial segment of the LacZα fragment
of β-galactosidease in the original cloning vector; lac operator is a lac prepressor protein
binding site from the original cloning vector; lac promoter is an E. coli lac operon promoter
from the original cloning vector; and CAP binding site is a cAMP-activated transcription
factor from the original cloning vector.
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3.3.3.1.1. Obtaining the pfa gene cluster from S. baltica
Prior to cloning, the strain identity of S. baltica needed to be confirmed. PCR was
used to amplify the 16S sequence of S. baltica (Section 2.9.1). Amplification was confirmed
by use of a 1% agarose gel (Figure 3.26), which showed a pure PCR product of the expected
size. In order to obtain a positive strain identification, the PCR product was sequenced. A
BLAST search was conducted, and an alignment was performed with the 16S rDNA
sequence from the original characterisation of the strain prior to its deposition at DSMZ. The
strain was positively identified as S. baltica DSM9439 [52]. No genome sequence, or pfa
gene cluster sequence, was available for S. baltica DSM9439. This led to the design of PCR
primers for the consensus sequence of the pfa gene cluster for all S. baltica strains for which
sequences were available.
Isolation of the 20 kb pfa gene cluster of S. baltica was attempted by LT-PCR
(Section 2.9.2). Primers OS155F and OS155R were used, yielding a 5 kb product, with
secondary products between 500 bp and 10 kb in size (Figure 3.27). Attempts with primers
SB3F, SB3R, SB5F and SB5R led to poor results, with only the combination of SB5F and
SB3R yielding products (Figure 3.27). The product amplified with SB5F and SB3R was in
the 10-20 kb range, with a secondary 5 kb band, and tertiary products down to 500 bp in size.
The largest product from the SB5F-SB3R amplification was gel extracted and re-amplified
(Figure 3.28A), though no product was seen, even under template-saturating conditions
(Figure 3.28B). Re-amplification of the unpurified PCR product resulted in all amplification
products re-appearing (Figure 3.29). Due to the level of non-target amplification seen,
amplification was attempted with the higher melting temperature primers, SB pfa forward
and reverse. A 3.5 kb product was amplified (Figure 3.30A), with substantial streaking,
though no other visible bands. No specific bands were seen when the annealing temperature
was lowered by 5ºC and extension time lengthened by six minutes. (Figure 3.30B). The
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Figure 3.26: Amplification of the 16S RNA sequence from S. baltica. Lane MWS contains
500 ng of Invitrogen 1 kb plus DNA ladder. Lane 1 contains the 16S rDNA amplification
from S. baltica. A single product, corresponding to the expected 850 bp size for rDNA, was
amplified.
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Figure 3.27: Amplification of the pfa gene cluster from S. baltica by LT-PCR. Lane MWS
contains 500 ng of the Invitrogen 1 kb DNA extension ladder. Lanes 1-5 contain PCR
product obtained using primer pairs: lane 1, SB5F and SB5R; lane 2, SB3F and SB3R; lane 3,
SB5F and SB3R; lane 4, SB3F and SB5R; and lane 5, OS155F and OS155R. Lane 6 contains
the S. baltica chromosomal DNA negative control. Amplification was seen in lane 3 and lane
5, though only lane 3 produced a fragment in the 20 kb region of interest. Multiple bands
were visible for all reactions, especially with the primer pair OS155F and OS155R.
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Figure 3.28: Amplification of a gel extracted LT-PCR product from S. baltica. Unless otherwise
stated, amplifications were performed with the primer pair SB5F and SB3R. (A) Amplification
under regular reaction conditions. Lane MWS contains 500 ng of Invitrogen 1 kb DNA extension
ladder. Lanes 1-3 contain: lane 1, amplification from gel the gel extracted fragment; lane 2,
amplification from chromosomal DNA; and lane 3, the gel extracted fragment. (B) Amplification
under template saturating conditions. Lane MWS contains 500 ng of Invitrogen 1 kb DNA
extension ladder. Lanes 1-5 contain: lane 1, amplification from the gel extract; lane 2,
amplification from chromosomal DNA; lane 3, the gel extracted fragment; lane 4, amplification
from chromosomal DNA with OS155F and OS155R; and lane 5, the template DNA negative
control. No amplification occurred from the gel extract, and a corresponding product was only
amplified using primers OS155F and OS155R, though in a trace amount.

136

MWS

1

20 kb
15 kb
10 kb

Figure 3.29: Amplification of unpurified LT-PCR products from S. baltica. Lane MWS
contains 500 ng of Invitrogen 1 kb DNA extension ladder. Lane 1 contains the PCR product
amplified, using primers SB5F and SB3R, from the unpurified PCR product of a
chromosomal DNA amplification using primers SB5F and SB3R. Re-amplification of the
unpurified PCR product resulted in the same bands on the gel, though an additional (faint) 15
kb band has become visible. The wider ladder spacing of this gel has revealed that the
product previously thought to be 20 kb, is in fact 12 kb.
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Figure 3.30: LT-PCR of pfa genes from S. baltica using higher specificity primers. (A)
Amplification using the standard LT-PCR cycle. Lane MWS contains 500 ng of Invitrogen 1 kb
DNA extension ladder. Lanes 1-4 contain: lane 1, amplification with SB pfa forward and reverse;
lane 2, the chromosomal DNA negative control; lane 3, blank; and lane 4, pDHA4 as a size
reference. A faint, single band is visible in the 3-4 kb range. (B) Amplification with 5°C lower
annealing temperature and six minute longer extension time. Lane MWS contains 500 ng of
Invitrogen 1 kb DNA extension ladder. Lanes 1-2 contain: lane 1, amplification with SB pfa
forward and reverse; and lane 2, the chromosomal DNA negative control. No products were
amplified, and there is a substantial amount of low molecular weight DNA in both the template
positive and negative reactions.
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inability to successfully isolate the pfa gene cluster from S. baltica meant that the
construction of pTip pfaA-E was not feasible using this method.

3.3.3.1.2. Obtaining the pfa genes from pDHA4
The first approach to making pTip pfaA-E using the pfa genes from pDHA4 was to
amplify pfaE from pDHA4, and ligate it to pTip QT1, to make pTip pfaE. pfaE was obtained
by PCR, using pDHA4 as a template, for ligation into pTip QT1, as described in Section
2.11.2.1. Amplification of pfaE from pDHA4 resulted in a single band of the expected 850 bp
size, which was subsequently purified for use for cloning into pTip QT1. The digestions of
pTip QT1 and pfaE for cloning were poorly resolved (Figure 3.31A) due to the low amounts
of DNA in use, though the ligation appeared to be successful, producing a band
corresponding to the expected 9 kb construct (Figure 3.31B). The ligation product was unable
to be electroporated into E. coli due to arcing caused by a high salt concentration. A gel
extraction and cleanup was performed, resulting in 94.5 ng of DNA at a 260/280 of 1.89. The
gel extracted DNA failed to produce any transformants when electroporated into E. coli,
although the purified ligation product was kept for use as a vector for the construction of pTip
pfaA-E.
pTip pfaA-E was initially to be constructed by ligating a restriction fragment from
pDHA4, containing ORF7 and pfaA-D into pTip pfaE (Section 2.11.2.2.1). The restriction
fragment from pDHA4 was successfully isolated (Figure 3.32A), though the quantity was
poor. Ligation to pTip pfaE was attempted, but the reaction product was unable to be
resolved on a 0.7% agarose gel (Figure 3.32B). A second approach to isolate a restriction
fragment containing all pfa genes was undertaken, and this successfully yielded a 25 kb band
(Figure 3.33). However, after cleanup of the fragment of interest, only 15 ng of DNA was
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Figure 3.31: Digestion and ligation of pTip QT1 and pfaE from pDHA4. (A) Digested and
undigested DNA of interest for ligations. Lane MWS contains 500 ng of Invitrogen 1 kb Plus
DNA ladder. Lanes 1-4 contain: lane 1, pfaE from pDHA4; lane 2, NdeI-XhoI digest of pfaE; lane
3, pTip QT1; and lane 4, NdeI-XhoI digest of pTip QT1. The presence of two bands in the pTip
QT1 digest suggests incomplete digestion. (B) 0.7% agarose gel of pTip QT1-pfaE ligation. Lane
MWS contains 500 ng of Invitrogen 1 kb DNA extension ladder. Lanes 1-2 contain: lane 1, pTip
QT1; lane 2, blank; and lane 3, pTip QT1-pfaE ligation. pTip QT1 has run as a relaxed coil, while
the putative ligation product has run in supercoiled form.
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Figure 3.32: Digestion and ligation of ORF7-pfaA-D into pTip pfaE. (A) Restriction digestion of
pfaA-D from pDHA4. Lane MWS contains 500 ng of Invitrogen 1 kb DNA extension ladder.
Lanes 1-4 contain: lane 1, 25 kb fragmnnet from SalI digest of pDHA4; lane 2, blank; lane 3,
PacI-BasI digest of pDHA4; and lane 4, PacI-BsaI digest of pDHA4. A scant amount of the
desired fragment was isolated. (B) Ligation of pfa gene fragment from pDHA4 to pTip QT1. Lane
MWS contains 500 ng of Invitrogen 1 kb DNA extension ladder. Lanes 1-2 contain: lane 1, pTip
QT1 size reference; lane 2, pDHA4 size reference; and lane 3, pTip QT1-pfaA-E ligation. The
ligation reaction was unable to be resolved on the gel.
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Figure 3.33: Isolation of all pfa genes from pDHA4 by restriction digestion. Lane MWS
contains 500 ng of Invitrogen 1 kb DNA extension ladder. Lanes 1-3 contain: lane 1, BsaI
digest of pDHA4 for size reference; lane 2, blank; and lane 3, SbfI-OliI digest of pDHA4.
The 25 kb band containing the pfa genes was successfully isolated by restriction digestion.
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available, which was insufficient to provide the molar excess required for effective blunt-end
ligation of the fragment into pTip QT1.
To overcome the low quantity of DNA obtained from pDHA4 by restriction digestion,
amplification of the 25 kb region containing genes pfaEA-D from pDHA4 was attempted
using LT-PCR as described in Section 2.9.5, using primer set pDHA4 pfaEA-D. A strong
band was seen in the 20-40 kb region, with smearing throughout the rest of the lane, and the
strongest signal at approximately 35 kb (Figure 3.34). After removal of vector DNA using
DpnI, purification with the Macherey-Nagel NucleoTrapCR kit was performed, and the
purified PCR product was sequenced. The sequencing data indicated that the PCR product
contained the gene sequence of interest. This sequence was suitable for restriction cloning
into pTip QT1, however, no transformants of E. coli were able to be recovered. It was
decided to modify pDHA4, so that it carried rhodococcal plasmid maintenance and
expression genes.

3.3.3.2. The modification of pDHA4 to include rhodococcal plasmid maintenance genes
To improve the likelihood of pDHA4 expressing in R. opacus, the 6 kb sequence of
pTip QT1 containing the rhodococcal plasmid maintenance and expression genes was
amplified from pTip QT1 by PCR, for cloning into pDHA4. Initial attempts were made using
Roche Taq DNA polymerase. However, as this enzyme was unable to amplify sequences of
the desired length, subsequent attempts were made using Takara LA-Taq DNA polymerase.

3.3.3.2.1. PCR from pTip QT1 using Roche Taq DNA polymerase
Rhodococcus spp. expression genes from pTip QT1 were amplified as described in
Section 2.9.5, initially in two fragments, F1 and F2, using primer sets pTip F1 and pTip F2
(Figure 3.35A). Amplification with each primer set yielded two pure PCR products, with F1
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Figure 3.34: Amplification of pfa genes from pDHA4. Lane MWS contains 500 ng of the
Invitrogen 1 kb DNA extension ladder. Lane 1 contains the amplification of pDHA4 using
the primer set pDHA4 pfaEA-D. Lane 2 contains the template DNA negative control for the
primer set pDHA4 pfaEA-D. Whilst there was smearing, a large amount of product was seen
spanning a region which includes the 25 kb product size of interest.
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Figure 3.35: Amplification of Rhodococcus spp. genes from pTip QT1 using Roche Taq
DNA polymerase. (A) Amplification of pTip F1 and F2 using primer sets pTip F1 and F2.
Lane MWS contains 500 ng of the Invitrogen 1 kb Plus DNA ladder. Lanes 1-4 contain the
following PCR amplifications from pTip QT1: lane 1, amplification with primer set pTip F1;
lane 2, template DNA negative control for primer set pTip F1; lane 3, amplification with
primer set pTip F2; and lane 4, template DNA negative control for primer set pTip F2. The
espected 2.2 kb product was seen for primer set pTip F1, but the product for primer set F2
appeared 1 kb larger than expected, at 4.5 kb. (B) Amplification of fragment pTip R.o.1’,
using primer set pTip R.o. Lane MWS contains 500 ng of the Invitrogen 1 kb DNA plus
ladder. Lane 1 contains the product of amplification from pTip QT1 with primer set pTip R.o.
Lane 2 contains the template DNA negative control for amplification with primer set pTip
R.o. Three products, of 8, 1.6, and 0.2 kb were seen; the expected product was 6 kb.
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corresponding to the expected 2.2 kb fragment, and F2 approximately 1 kb longer than
expected (at 4.5 kb). Ligation of fragment F1 to fragment F2, to produce the desired 6.0 kb
fragment, R.o.1, failed (Figure 3.36). Primers F1 forward and F2 reverse gave 8 kb, 1.6 kb
and 650 bp products when used to try and isolate fragment R.o.1 in a single reaction.
Primers pTip R.o. forward and reverse were used to try and isolate all the genes of
interest in a single fragment, R.o.1’ (Figure 3.35B). The expected 6 kb fragment was not seen
on the gel, though three distinct products of 8 kb, 1.6 kb and 200 bp lengths were amplified.
It is thought that the 8 kb band represents template DNA, as pTip QT1 is 8.2 kb long.
To improve reaction specificity, new primer sets (pTip R.o.2 and pTip R.o.2C) were
designed, with a focus on minimising possible primer dimerisation. The product profile was
unchanged when using primer set pTip R.o.2C (Figure 3.37A). Primer set pTip R.o.2
produced the 8 and 1.6 kb products, plus a 1 kb product (Figure 3.37B). The 200 bp product
was not visible in this case. Due to the failure of a fragment of the expected length to be
isolated using Roche Taq DNA polymerase, it was decided to re-attempt amplification using
Takara LA-Taq DNA polymerase. Since the primer set R.o.2C added restriction enzyme
recognition sites for SbfI, a sticky end cutter, to the ends of the DNA sequence being
amplified, it was decided to use this primer set with LA-Taq, as the sticky ended ligation had
a higher chance of success, and would ensure correct orientation of the DNA insert.

3.3.3.2.2. PCR from pTip QT1 using Takara LA-Taq DNA polymerase
LA-Taq DNA polymerase was used with primer set R.o.2C to increase the reliability
of amplifying the desired 6 kb fragment. As with Taq polymerase, three products of 8 kb, 1
kb and 200 bp lengths were visualised on a 1% agarose gel (Figure 3.38), though the 1 kb and
200 bp products were present in a much lower amount when amplification was performed
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Figure 3.36: Ligation of fragments F1 and F2 from pTip QT1. Lane MWS contains 500 ng of
the Invitrogen 1 kb Plus DNA ladder. Lanes 1-3 contain: lane 1, F1 only (size reference); lane
2, F2 only (size reference, outlined in white); and lane 3, F1-F2 ligation. Bands were visible
in the ligation lane corresponding to F1 and F2 (outlined in white). No band corresponding to
the predicted F1-F2 ligation product was present.
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Figure 3.37: Amplification of Rhodococcus spp. genes from pTip QT1 using Roche Taq
DNA polymerase and low dimerisation primers. (A) Amplification of fragment R.o.2C. Lane
MWS contains 500 ng of the Invitrogen 1 kb Plus DNA ladder. Lane 1 contains amplification
of pTip QT1 using primer set R.o.2C. Lane 2 contains the template DNA negative control for
primer set R.o.2C. Compared with the dimerisation-prone primer set R.o (Figure 3.35B),
there was no change in product profile. (B) Amplification of fragment R.o.2. Lane MWS
contains 500 ng of the Invitrogen 1 kb Plus DNA ladder. Lane 1 contains the product of
amplification of pTip QT1 using primer set R.o.2. Lane 2 contains the template DNA
negative control for primer set R.o.2. A 1 kb product was visible in addition to the 8 and 1.6
kb products, although the 200 bp product was not seen.
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Figure 3.38: Amplification of Rhodococcus spp. genes from pTip QT1 using Takara LA-Taq
DNA polymerase and low dimerisation primers. Lane MWS contains 500 ng of the
Invitrogen 1 kb Plus DNA ladder. Lane 1 contains the product of amplification with primer
set R.o.2C. Lane 2 contains the template DNA negative control for primer set R.o.2C.
Compared with Figure 3.37A, the sizes of amplified products are the same, though the use of
LA-Taq has biased amplification towards the larger 8 kb product.
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with LA-Taq. Vector DNA was removed from the LA-Taq reaction by digestion of the
reaction mixture with DpnI (Figure 3.39). Vector-free R.o.2C was sequenced, and revealed
to be carrying the Rhodococcus spp. genes of interest. Based on this evidence, a sticky ended
ligation was performed between SbfI-digested R.o2C and SbfI-digested pDHA4 (Figure
3.40). A map of an in silico prediction of the construct is shown in Figure 3.41. Based on the
appearance of a high molecular weight band corresponding to the predicted transgenic vector,
the ligation appeared to work. However, no transformants were recovered, and the
dephosphorylated vector was re-ligated, which was not expected. This suggests a failed
dephosphorylation reaction, which would reduce the likelihood of successful ligation
between R.o2C and pDHA4.
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Figure 3.39: Vector removal from LA-Taq amplification of R.o.2C from pTip QT1. Lane
MWS contains 500 ng of the Invitrogen 1 kb Plus DNA ladder. Lane 1 contains the DpnI
digest of a purified R.o.2C amplification of pTip QT1. The presence of low molecular weight
DNA at the bottom of the lane is indicative of DpnI digesting the methylated vector DNA.
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Figure 3.40: Ligation of R.o.2C to pDHA4. Lane MWS contains 500 ng of the Invitrogen 1
kb DNA extension ladder. Lanes 1-3 contain: lane 1, pDHA4 size reference; lane 2, pDHA4R.o.2C ligation; and lane 3, SbfI digested and dephosphorylated pDHA4 (vector only ligation
control). Some product (circled in white) was visible in the upper size range of lane 2,
suggesting that the ligation worked. However, dephosphorylated pDHA4 was successfully religated, suggesting that dephosphorylation failed.
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Figure 3.40: Map of predicted pDHA4-R construct incorporating R.o.2C. Binding sites for
pTip R.o. 2C forward and reverse primers are indicated in purple text, with their binding
locations in parentheses.
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4. Discussion
This discussion is divided into five subsections. The first four subsections address the
first four study objectives, namely: the identification of potential sources of pfa genes and
suitable E. coli - Rhodococcus spp. shuttle vectors (Section 4.1); the cloning of pfa genes in
E. coli (Section 4.2); the development of protocols for the transfer of large DNA constructs to
R. opacus PD630 (Section 4.3); and the transformation of R. opacus with pfa genes (Section
4.4). The fifth subsection, Section 4.5, discusses the implications of this research project to
the field, and future directions for this research.

4.1. Potential pfa gene sources and E. coli - Rhodococcus spp. shuttle vectors

Plasmids acting as potential pfa gene sources were identified through a literature
search, and are reported in Table 3.1. As a result of this search, the 28 kb long E. coli
expression vector, pDHA4, was selected as a source of pfa genes [41]. pDHA4 carries all five
pfaA-E genes, and is capable of synthesising DHA. While other vectors, such as fEPA/DHA
from Amiri-Jami and Griffiths produced both EPA and DHA, they produced DHA at lower
concentrations than those reported by Orikasa and colleagues [16, 17]. The pfa gene cluster in
fEPA/DHA is derived from S. baltica MAC1, which differs from that of M. marina MP-1 (as
is found in pDHA4), and was reported to produce ω-3 FA in heterologous hosts at a higher
rate than other pfa clusters [15, 16, 17, 18, 19]. However, due to a pending patent application,
fEPA/DHA was unable to be obtained.
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Whilst pDHA4, on its own, is only capable of DHA synthesis, Orikasa found that coexpression with the pfaB gene from an EPA producing organism resulted in the production of
both EPA and DHA [41]. Based on this, and the results of expressing S. baltica - derived pfa
genes reported by Amiri-Jami and Griffiths, S. baltica DSM 9439 was obtained as a second
potential source of pfa genes [52]. The whole genome sequence has yet to be assembled for
this strain, which made the design of accurate PCR primers difficult. However, whole
genome sequences were deposited in GenBank for eight other S. baltica strains. Consensus
sequences of the eight S. baltica strains deposited in GenBank were used to guide cloning
work for S. baltica DSM9439, as it was felt this would result in primers for the pfa gene
cluster that would be accurate in any S. baltica strain.
A literature search identified potential E. coli - Rhodococcus spp. shuttle vectors, the
results of which are reported in Table 3.2. Of the vectors identified, the 8.2 kb plasmid, pTip
QT1, was selected as a suitable shuttle vector for use with E. coli and R. opacus. pTip QT1,
along with other pTip vectors, has been fully sequenced. Unlike the similar pNit vectors,
pTip vectors have inducible, rather than constitutive, expression of heterologous genes, based
on the induction of the thiostrepton resistance gene transcriptional promoter using
thiostrepton [28]. While chloramphenicol resistant variants of pTip were available, it was
decided to select a tetracycline resistant shuttle vector, as this selection system differed from
that used in pDHA4 [28, 41]. The pTip family of vectors has been successfully used by
multiple research groups to transform Rhodococcus spp., including the expression of
heterologous proteins [28, 53, 54, 55]. pTip vectors have also been found to be highly stable,
even in the presence of other plasmids [28, 53].
The 7.9 kb long pBS305, which was already present in our culture collection, was
used in the development of new transformation methods [27]. Unlike pTip QT1, expression
of insert DNA from pBS305 is constitutive, the MCS contains fewer recognition sites for
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restriction enzymes, and a full sequence is unavailable [27, 28]. However, pBS305 is the
vector with which the largest construct reported to date (16.2 kb) has been used to transform
Rhodococcus spp. strains; the maximum size of pTip constructs to date has not been reported,
although there are more reports of pTip-based constructs than pBS305-based constructs [27,
28, 32, 53, 54, 55]. The effect of increasing DNA construct size on the metabolism of R.
opacus PD630 have not been reported to date, although it is assumed that larger DNA
constructs will cause a greater metabolic burden. This makes the inducible expression system
of pTip QT1 highly desirable, as it allows for the induction of heterologous gene expression
close to stationary phase, when the metabolic burden would not unduly compromise cellular
growth.

4.2. Cloning of pfa genes in E. coli

4.2.1. Cloning of pfa genes from S. baltica
Prior to transferring pfa genes from S. baltica to an E. coli - Rhodococcus spp. shuttle
vector, the genes had to be isolated from the genome (Section 3.3.3.1). It was decided to
isolate the cluster in its entirety using LT-PCR, as theoretically, the entire cluster could be
isolated in a single step, unlike the mechanical shearing or restriction cloning typically used
for the isolation of long DNA sequences [16, 17, 41, 45]. The error rate in reassembly of the
sequence in an expression vector should be reduced using LT-PCR, and the metabolic burden
on the host cell minimised by exclusion of unnecessary ORFs flanking the pfa gene cluster
[16, 17, 41]. Multiple non-target amplification products may result from LT-PCR reactions,
though these may be removed by size selection on an agarose gel [45].
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LT-PCR was hampered by primer specificity, primer dimerisation, and below
expected product size. Primer specificity was initially compromised by a low primer
annealing temperature, which forced the reduction of thermocycler annealing temperatures to
the 40-55°C range. The specificity of amplification, especially of long DNA sequences, is
known to be compromised at low annealing temperatures [56]. The low annealing
temperatures resulted in multiple bands being visible on a 0.7% agarose gel, with the largest
band (15 kb long) being 5 kb shorter than expected for the pfa gene cluster of S. baltica. In an
attempt to overcome this issue, new primers (SB pfa) were designed. These primers
incorporated the leading and trailing 25 bp of the pfa cluster, and 25 bp of pfa cluster flanking
DNA, from a consensus sequence of all eight S. baltica strains for which genomic DNA
sequences had been deposited in GenBank. The melting temperature of these 50 bp long
primers allowed the annealing temperature of the PCR reaction to be increased to 65°C.
Under these reaction conditions, a single, 3.5 kb long product was amplified. As this is
considerably shorter than was expected, the annealing temperature was lowered to 60°C to
relax the specificity of the reaction, and the extension time was increased by six minutes, to
allow for the accumulation of a longer product. Using the decreased temperature and
increased extension time, no products were able to be amplified.
Gene functions and sequences are highly conserved within the AT-rich pfa gene
cluster [16]. This suggests that some of the primer specificity issues encountered may relate
to primers annealing to non-target sites with sequence similarity to the termini of the pfa gene
clusters, such as the termini of individual genes. The incorporation of flanking DNA in the
SB pfa primer set was intended to reduce the likelihood of this happening. Since only a single
PCR product was able to be obtained, it may be argued that the primers were successful in
increasing product specificity. However, the shorter than expected product length of 3.5 kb
suggested there were still priming issues. Due to the sequence similarity between primers, it
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is plausible that dimerisation between the primers occurred. Primer dimerisation
compromises PCR specificity and product accumulation [57]. One possible means of
overcoming this is the amplification, and subsequent ligation of, individual genes from the
pfa gene cluster. This eliminates the advantage of reduced handling which LT-PCR has over
mechanical shearing and restriction cloning, although it maintains the advantage of sequence
specificity [16, 17, 45]. A further option is PCR utilising nested oligonucleotides [58].
Compared to LT-PCR, PCR with nested oligonucleotides is more labour intensive, with long
fragment synthesis taking a week, rather than hours [45, 58]. To function effectively, the use
of nested oligonucleotides also requires an accurate knowledge of the gene sequence to be
amplified [58]. The most likely way of successfully isolating the pfa gene cluster appears to
be gene-by-gene amplification by PCR. However, due to the uncertainty of success involved
in the gene-by-gene amplification of the pfa gene cluster from S. baltica and the ready
availability of pfaA-E in pDHA4, PCR of the pfa gene cluster from S. baltica was abandoned.

4.2.2. Cloning of pfa genes from pDHA4
Two methods were attempted to clone the pfa genes from pDHA4 into an E. coli Rhodococcus spp. shuttle vector: cloning of pfa genes from pDHA4 to pTip QT1 (Section
3.3.3.1), and the cloning of Rhodococcus spp. plasmid maintenance and expression genes
from pTip QT1 to pDHA4 (Section 3.3.3.2).
Initially, a combination of PCR and restriction digestion was used to isolate the pfa
genes from pDHA4. The pfaE gene was successfully amplified from pDHA4 by PCR, and
ligated into pTip QT1, to form pTip pfaE. Agarose gel electrophoresis of the ligation reaction
indicated that the ligation was successful, so the ligation mixture was used to electroporate E.
coli. However, no transformants were recovered. pfaE encodes a phosphopantetheinyl
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transferase (PPTase) protein, which is functionally similar to the entD gene of E. coli, which
is involved in siderophore biosynthesis [59]. It is possible that the introduction of the second,
functionally similar gene, may have had a toxigenic effect upon the cell.
Based on the visualisation on a 0.7% agarose gel of a 22 kb band corresponding to the
expected length of genes pfaA-D, pfaA-D was successfully isolated by restriction digestion
with BsaI and PacI. However, pTip pfaE, the intended vector for the insertion of pfaA-D, was
unable to transform E. coli. If the inability of pTip pfaE to transform E. coli was due to a
toxigenic effect resulting from the expression of pfaE in the absence of other pfa genes, it
may have been overcome by inserting pfaA-D into the pTip pfaE prior to transforming E.
coli. Due to losses during DNA purification steps in the ligation protocol, the amounts of
pTip pfaE and pfaA-D were 235 ng and 240 ng, respectively. While it is possible that ligation
between pTip pfaE and pfaA-D may have worked, the expected losses during clean up steps
suggested that less than 100 ng of the desired ligation product would be able to be isolated for
transformation into E. coli. Due to the low predicted yield of the desired ligation product, this
approach was not pursued.
To overcome the issues with the construction of pTip pfaE, and subsequent ligation
with pfaA-D, the pfa genes were isolated as a single fragment using the restriction enzymes
SbfI and AleI. Sequential digestion with these enzymes resulted in a 25 kb fragment
corresponding to pfaA-E from pDHA4, which suggested that the restriction digests were
successful in isolating the pfa gene cluster from pDHA4. The restriction enzyme recognition
sites of the MCS of pTip QT1 were present in multiple positions within the pfa gene cluster,
which forced the investigation of blunt-end ligation to assemble the vector. Since only 153 ng
of insert was recovered from the SbfI – AleI digest of pDHA4, obtaining a molar excess of
insert for ligation would have necessitated diluting pTip QT1 by at a factor of 30 or more. It
was felt that this would result in such a low concentration of pTip QT1 (at most, 50 ng/µL),
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that pipetting the required volumes for the ligation reaction would be inaccurate, or that the
recoverable amount of ligation product would be miniscule. To obtain a sufficient amount of
pfaA-E DNA for cloning into pTip QT1, the sequence was amplified by PCR. A single band
of the expected size range was seen, and confirmed by sequencing to be carrying the genes of
interest. The PCR product yield was sufficient to provide the molar excess of insert DNA
required for the blunt-end ligation. At this point, it was noted that the absence of an antibiotic
resistance gene in the amplified fragment meant that little or no selective pressure could be
applied to favour growth of the desired transformant. The insertion of pfa genes from pDHA4
into pTip QT1 was abandoned at this point, in favour of inserting the Rhodococcus spp.
plasmid maintenance and expression genes from pTip QT1 into pDHA4.
The Rhodococcus spp. plasmid maintenance and regulation genes of pTip QT1
include two antibiotic resistance markers: one for thiostrepton (to induce gene expression),
and the other for tetracycline (to select for the plasmid) [28]. It was felt that the presence of
these markers would allow the Rhodococcus spp. - pDHA4 (pDHA4-R) construct to be
selected for when transformed into E. coli as a ligation mixture of the two fragments. Due to
the incompatibility of the unique restriction sites between the Rhodococcus spp. genes of
pTip QT1 and the unique restriction sites of pDHA4, PCR was used to obtain the
Rhodococcus spp. genes from pTip QT1. Primers were designed to add pDHA4-compatible
restriction sites to the ends of the Rhodococcus spp. gene fragment from pTip QT1. Initially,
amplification of a 3.8 kb and a 2.2 kb fragment, to be ligated together to form fragment R.o,
was attempted. A single band appeared on an agarose gel at the expected size for each PCR
reaction, suggesting that amplification of the desired fragments was successful. However, the
ligation of the fragments failed to produce the expected 6 kb fragment. To overcome this,
amplification of all the genes as a single fragment was attempted. Initial attempts failed to
produce a product of the expected length. Modification of the primers, with a focus on

160

reducing the likelihood of primer dimerisation, and use of a Taq DNA polymerase optimised
for the amplification of long fragments, resulted in the amplification of a DNA fragment,
R.o.2C, which was of the expected size. Sequencing of R.o.2C indicated that the desired
genes had been amplified. R.o.2C was ligated to SbfI-digested pDHA4, and the ligation
mixture was run on an agarose gel, revealing a large amount of DNA in the size region of
interest. The ligation mixture, when electroporated into E. coli, failed to produce any
transformants. However, the pDHA4 vector only control ligation reaction, resulted in the
growth of more than 300 E. coli colonies at a 10-3 dilution on selective media. Since T4 DNA
ligase requires 5’-phosphorylated DNA to function, this suggests that the dephosphorylation
to prevent re-ligation of the vector failed to work correctly [60]. Incomplete or failed
dephosphorylation of the vector may have impeded ligation of R.o.2C to pDHA4, or resulted
in the accumulation of spurious high molecular weight products; this is a possible explanation
for the non-specific band in the size range of interest on the agarose gel.
None of the cloning methods attempted were successful in producing the desired pTip
pfaA-E or pDHA4-R constructs. One limiting factor was the size of DNA inserts being used,
which resulted in significant DNA losses during clean up steps, which left impractically low
amounts of DNA for subsequent cloning or transformation. This could have been overcome
by cloning with multiple smaller sequences, which would have resulted in fewer losses, and
made the molar excess of insert required for ligation easier to obtain. However, this process is
confounded by the presence of multiple similar sequences within the pfa gene cluster. The
presence of multiple similar sequences means that when attempting to assemble pTip pfaA-E,
the MCS of pTip QT1 would have to be modified to carry additional restriction enzyme
recognition sites, and the genes themselves would likely require modification by PCR so that
each of them carries unique restriction sites which facilitate insertion of the genes in the
desired order. When attempting to assemble pDHA4-R, this left very few restriction sites for
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the insertion of rhodococcal plasmid maintenance and expression genes without perturbing
the genes already present in the vector. A logical means of overcoming this is to clone the
gene cluster into multiple vectors, e.g. pfaA-C in one vector, and pfaD-E in another vector.
Based on initial reports by Orikasa et al., it is known that the pfa gene cluster in pDHA4 is
capable of being expressed when divided across two plasmids [16]. It has been reported that
pTip vectors may stably co-exist in cells, which suggests this approach may work in R.
opacus [28, 53]. However, there have been no reports of this approach being used with pTip
vectors carrying insert DNA, which leaves doubts regarding whether or not two or more
vectors carrying insert DNA could stably co-exist in R. opacus. Further investigation is
required to validate this approach.

4.2.3. De novo DNA synthesis
An alternative to traditional cloning methods, for the assembly of E. coli Rhodococcus spp. shuttle vectors carrying pfa genes, is de novo DNA synthesis. Multiple
methods exist, ranging from the assembly of short oligonucleotides into longer fragments, to
the homologous recombination of oligonucleotides in yeast. Established de novo synthesis
methods, such as the T4 DNA ligase mediated annealing of oligonucleotides to construct
large fragments, are still prone to the same errors as traditional cloning methods, requiring
complete sequencing to ensure the absence of mutations. The process of oligonucleotide
annealing is labour intensive and difficult to automate [61]. An alternative method of in vitro,
de novo DNA synthesis is based around single molecule PCR (smPCR). This method is based
around the recursive combination of oligonucleotides in vivo. Error-free regions are identified
by cloning and sequencing; these regions are utilised as the targets for subsequent rounds of
PCR amplification. Length and accuracy of the synthesised DNA increases with each
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iteration, though it is reported that a single iteration is generally sufficient to provide an errorfree clone. However, this method was developed to assemble a 1.8 kb long fragment, so its
scalability (and the associated labour inputs) to produce the expected 34 kb construct
containing the genes pfaA-E and expression and plasmid maintenance genes for both E. coli
and R. opacus are unknown [62].
A method which overcomes the limitations of ligase-mediated oligonucleotide
annealing is homologous recombination of oligonucleotides in yeast [61, 63]. Yeast based
homologous recombination exploits the ability of yeast to anneal homologous DNA
sequences in vivo. The correct orientation of oligonucleotides during assembly can be assured
by the homology at the recombination sites, which may be designed to ensure that
oligonucleotides can only be assembled in the desired order. This system is relatively error
free due to DNA proof-reading by the yeast during assembly. Commercial kits based around
yeast homologous cloning are available, and optimisation of the process has resulted in the
development of a yeast-based cloning protocol with low levels of background recombination.
Due to the fact that multiple oligonucleotides can be assembled simultaneously, this process
may be more rapid and less labour intensive than others [63]. Yeast-based homologous
recombination of de novo oligonucleotides based on the sequence of the predicted pDHA4-R
construct, or that of the predicted pTip pfaA-E construct, could be an effective means of
assembling the desired construct, without incurring the problems experienced with traditional
cloning methods.
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4.3. Development of transformation protocols for R. opacus

Transformation of R. opacus PD630 was attempted by two methods, as reported in
Section 3.2: sonoporation, and electroporation of both vegetative cells and protoplasts. This
section of discussion is divided into three subsections: Section 4.3.1 discusses selective
conditions and electroporations; Section 4.3.2 discusses sonoporations; and Section 4.3.3
discusses alternative transformation methods and their suitability for the transformation of R.
opacus.

4.3.1. Electroporation
To date, the largest reported construct electroporated into R. opacus is 16.2 kb in
length, though constructs as large as 50 kb have been reported to have been successfully
electroporated into R. fascians [30, 32]. Considering that pfa gene clusters are typically 16-21
kb long, any transgenic constructs carrying a pfa gene cluster would range from 24-35 kb in
length [12, 15, 16, 17, 18, 19, 27, 28, 41, 45]. Therefore, before a construct carrying the pfa
gene cluster can be transformed into R. opacus, electroporation protocols capable of carrying
constructs 50-100% larger than any that have successfully been transformed into R. opacus,
need to be developed.

4.3.1.1. Evaluation of established electroporation methods
E. coli was electroporated to act as a positive control for R. opacus electroporations.
E. coli was transformed with pBS305 at an efficiency of 7.16 x106 transformants per µg of
DNA plated, and with pTip QT1 at an efficiency of 2.69 x105 transformants per µg of DNA
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plated on ampicillin and 2.40 x103 transformants per µg of DNA plated on 20 µg/mL
tetracycline. E. coli electroporations had a 99.7% killing rate, suggesting significant cell
porosity during the pulse, which correlates with high transformation efficiency. The mean
time constant of 4.43 ms also correlates with reports of high transformation efficiency [35].
Initially, R. opacus electroporations were performed by the Arenskötter, Desomer and
Kalscheuer methods, and compared with those performed in E. coli, as reported in Section
3.2.3 [29, 30 31]. The Arenskötter method failed to produce any pBS305 transformants, while
the Desomer method produced 81.15 transformants per µg of DNA plated, and the
Kalscheuer method produced 25.62 transformants per µg of DNA plated. Plasmid DNA
corresponding to the 7.9 kb size of pBS305 was able to be extracted from R. opacus putative
transformants but not from the wild type strain, indicating cellular uptake of pBS305. All
three methods produced pTip QT1 transformants, with 18.02, 126.1, and 6404 transformants
per µg of DNA plated for the Arenskötter, Desomer and Kalscheuer methods, respectively.
However, the presence of growth on the negative control LBA plates containing 20 µg/mL of
tetracycline means that no conclusions on the success of transformation with pTip QT1 could
be interpreted from these results. Transformation was confirmed for pTip QT1 by the
Kalscheur method by subculturing of putative transformants in LB with 20 µg/mL of
tetracycline, and subsequently extracting a plasmid of the same size as pTip QT1. The wild
type R. opacus strain failed to grow in LB with 20 µg/mL of tetracycline, and is not known to
carry any plasmids that are 8.2 kb (corresponding to pTip QT1) in size. However, resistance
to tetracycline is not unexpected, as R. opacus PD630 carries tetracycline genes within its
chromosome [64]. Tetracycline uptake occurs via passive diffusion across membranes, or
active transport utilising a pH gradient [66, 67]. It is possible that these mechanisms function
less effectively on solid media than they do in liquid media, or that the pH of the
electroporation buffer is less conducive to cellular tetracycline uptake. Moreover, it is likely
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that tetracycline bioavailability is decreased on solid media, effectively lowering its
concentration. Interestingly, R. opacus PD630 also carries chloramphenicol resistance genes
on its chromosome [64]. Unlike tetracycline, chloramphenicol caused total wild type
inhibition at the same concentration (of 15 µg/mL) both in LB and on LBA, suggesting that
bioavailability of chloramphenicol is less affected by media type than that of tetracycline.
However, cells suspended in 30% PEG-1000 were observed growing on solid media
containing 30 µg/mL of chloramphenicol, which suggests that either its bioavailability is
diminished, or the expression of resistance genes is upregulated, in the presence of PEG.
.
The reduced efficiency of transformation of R. opacus with pBS305 compared with E.
coli is not unexpected, and is probably attributable to the relatively more complex
rhodococcal cell wall impeding the passage of DNA into the cell [35, 66]. This is reflected in
the killing rates of 94.86, 65.93 and 98.49%, and mean time constants of 6.40, 7.02 and 7.61
ms for the Arenskötter, Desomer and Kalscheuer methods, respectively. Decreased killing
rate and increased time constants typically correlate with low electroporation efficiency [35].
The Arenskötter method was the least desirable, producing the least number of transformants,
with the second highest loss of cellular viability. The Desomer and Kalscheuer methods were
more efficient; interestingly, despite having the lowest killing rate (65.93%), the Desomer
method returned the highest number of pBS305 transformants. It was decided to use these
protocols as a starting point for the development of a new, more efficient protocol.

4.3.1.2. Development of a new electroporation protocol
The new protocol was developed based around the transformation of R. opacus
pBS305, as it was used as the base vector for development of the largest construct
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transformed into Rhodococcus spp. to date, and was able to be selected for reliably on solid
media, which in turn facilitated the calculation of efficiencies of transformation to compare
the newly developed protocols to established protocols. Cell harvest times were based on the
observation that the bacterial cell wall is thinner in late-exponential phase growth, which is in
turn beneficial to electroporation efficiency [35]. Chemical modification of the cell wall has a
similar effect [29], and was investigated in this study with glycine, isoniazid, penicillin and
rifampicin. These compounds were found to have inhibitory effects upon growth of R.
opacus. However, due to time constraints, optimisation of the chemical modification of the
rhodococcal cell wall was not pursued in this study. That being said, it still exists as a viable
avenue of enquiry for future investigations into optimising the electroporation of R. opacus.
In the first trials during the development of a new electroporation protocol, 30% PEG1000 was used as an electroporation buffer, with cells grown in BHI and a nominal field
strength of 12.5 kV/cm. These parameters, with the exception of the growth media, are the
same as those used in the Desomer method, and were chosen for the development of a new
protocol due to the fact that, in our trials of the Desomer method, they were observed to
provide the best balance between cell viability and the efficiency of transformation. This is
thought to be due to 30% PEG-1000 acting as an osmotic stabiliser, improving cell viability,
while also localising DNA to the cell surface, improving the likelihood of cellular uptake of
DNA. BHI was selected as it allowed for growth to higher cell densities, which results in a
larger population of potentially competent cells. The mean time constant was 3.55 ms, which
compares favourably with that observed in E. coli. However, the transformation efficiency
with pBS305 was 41.67 transformants per µg of DNA plated, which compares favourably
with the 25.62 transformants per µg of DNA plated observed using the Kalscheuer method in
our trials, but was less efficient than observed using the Desomer method (81.15
transformants per µg of DNA plated) in our trials. The killing rate of 62.8% was lower than
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the 65.9% killing rate observed using the Desomer method, which suggests that growth in
BHI may confer a slight advantage to cells in terms of structural integrity when compared to
those grown in LB.
In an attempt to further improve the efficiency of transformation, cells were grown in
LB rather than BHI, while all other parameters were held constant. This resulted in a decrease
of the time constant to 1.30 ms, which falls outside of the optimum theoretical range of 4-6
ms [35]. This very short time constant probably accounts for the fact that no pBS305
transformants were obtained. Subsequently, the nominal field strength was decreased to 10
kV/cm, in an effort to increase the time constant. At the same time, the buffer was changed
from 30% PEG-1000 to 1 mM MgCl2, as this would allow for the protocol to be more readily
adapted for use with protoplasts, since 1 mM MgCl2 is required for the function of lysozyme
and mutanolysin [26]. A one hour pre-incubation at 37°C was also added to improve
adaptability of the protocol for use with protoplasts, as this incubation time and temperature
were found in this study to provide the optimal balance between protoplast formation and
retention of viable count. These changes caused the time constant to increase to 2.09 ms, with
a killing rate of 98.64%. While the time constant remained outside of the theoretical optimal
range, the killing rate suggested that electroporation had a strong effect upon the cells. This
supposition was borne out by an efficiency of transformation of 5.317 x 104 transformants per
µg of DNA plated, which is 1000-fold higher than observed for any of the established
Rhodococcus spp. electroporation methods tested in this study, and only two orders of
magnitude lower than observed in E. coli in this study. The results of the method developed
in this study compare favourably to Kalscheuer’s reported result of up to 1.5 x 105
transformants per µg of DNA plated, Arenskötter’s reported efficiency range of 102 to 104
transformants per µg of DNA plated, and Desomer’s reported range to 103 to 104
transformants per µg of DNA plated [29, 30, 31]. However, it should be noted that none of
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these three groups used the same plasmids, and none used the plasmids which were used in
this study [29, 30, 31]. This suggests that, as well as the cell preparation and electroporation
conditions, the DNA being electroporated affects the efficiency of electroporation in R.
opacus. The increased transformation efficiency observed in this study between the studygenerated methods and the published methods in the literature is thought to be due to the preincubation, during which slight growth was observed over the period of one hour at 37°C. It
is possible that this cellular growth led to thinning of the cell wall, making it less of a barrier
to transformation. This is supported by Kalscheuer and Arenskötter, who reported that preincubation in the form of heat-shock at 40-46°C had a positive effect on transformation
efficiency [29, 31]. Another likely factor in pre-incubation improving transformation
efficiency is a phase transition which occurs in the mycolic acids of the closely related
species to R. opacus at temperatures above routine growth temperature, with the transition
temperature determined by the length of the carbon chains in the mycolic acids [68]. This
would contribute to a weakened cell wall, from which electroporation would benefit, if it
were undertaken before decreases in cell temperature trigger a reversion to the natural state of
the cell wall [68]. However, further investigation is required to determine the specific
temperature at which this occurs in R. opacus, as all reported work on mycolic acid phase
shifts to date has been reported in Mycobacterium spp.
Repeating the protocols with pDHA4VO revealed a different trend in efficiency.
Using LB grown cells in 1 mM MgCl2 with a one hour pre-incubation at 37°C and a nominal
field strength of 10 kV/cm, 150 transformants per µg of DNA plated were recovered. Using
LB grown cells in 30% PEG-1000 and a field strength of 12.5 kV/cm, 299 transformants per
µg of DNA plated were recovered. Using BHI grown cells in 30% PEG-1000 and a field
strength of 12.5 kV/cm, 427 transformants per µg of DNA plated were recovered.
Interestingly, the method by which pBS305 was electroporated most efficiently, was the

169

method by which pDHA4VO was electroporated least efficiently. This provides further
evidence that optimisation of electroporation conditions may be dependent upon the plasmid
DNA, as well as the recipient cell.
A highly efficient transformation protocol for R. opacus was successfully developed,
and produced consistent results across multiple trials with different batches of cells. The
method has the potential to be further improved by chemically weakening the cell wall. It is
predicted that this could potentially increase the efficiency of transformation to match that
observed in E. coli. This method complements those previously reported, by allowing highly
efficient transfer by electroporation of DNA which is unable to be efficiently electroporated
into rhodococcal cells with pre-existing methods. However, attempts to electroporate R.
opacus with pDHA4 failed, meaning further work is required to optimise its suitability for the
transfer of large DNA constructs, such as those electroporated by Desomer into R. fascians
[30]. That being said, it is possible that factors besides electroporation were responsible for
the failure to recover any pDHA4 transformants of R. opacus, as discussed in Section 4.4.

4.3.1.3. Electroporation of protoplasts
Protoplasts are produced by controlled enzymatic digestion of the cell wall, and were
traditionally employed by researchers to study intracellular components, including DNA [26,
69]. After some time, protocols were developed to utilise protoplasts fused with PEG for
cellular transformation, though these protocols are more labour intensive than those typically
required for the more recently developed electroporation, and are highly inefficient compared
to electroporation [25, 35, 70]. An extension of protoplast fusion has been the development of
electroporation protocols for use with protoplasts. Electroporation has been successful in
transforming protoplasts of undomesticated strains of the Gram positive bacterium Bacillus
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subtilis. When B. subtilis protoplasts were electroporated with a 12 kb plasmid, 160
transformants per µg of DNA plated were able to be recovered in strains which were not
transformable by traditional electroporation methods [71]. Based on this report, it was
decided to pursue the electroporation of R. opacus protoplasts in an attempt to improve
transformation efficiency.
An existing method for generating Rhodococcus spp. protoplasts was modified for use
with R. opacus PD630, and is described in Section 2.6.4.1.2. Protoplasts were found to be
formed most effectively in 1 mM MgCl2 plus 40% sucrose, as viable counts were affected by
only 1.5 orders of magnitude after two hours of digestion, whilst Gram staining indicated
significant thinning or loss of the cell wall. Protoplasts were electroporated in 1 mM MgCl2
plus 40% sucrose, at a nominal field strength of 10 kV/cm after one hour of digestion, as it
was felt that there would be a higher chance of recovering transformants of protoplasts taken
from an earlier time point in the digestion. Viable cells were recovered pre-electroporation on
LBA plus 40% sucrose, which is expected, based on the protoplasts recovery experiments
performed in this study, which showed that LBA plus 40% sucrose is the best recovery
medium for protoplasted cells. However, no viable cells were recovered on LBA plus 40%
sucrose post-electroporation, which strongly suggested that electroporation was killing the
protoplasted cells. This may be due to the field strength of 10 kV/cm, which is higher than
the 3.5 kV/cm field strength used in the electroporation of B. subtilis protoplasts [71]. The
recovery time may also represent an issue: B. subtilis protoplasts were recovered for 12
hours, which is three times longer than the recovery time for the electroporation of vegetative
R. opacus cells [29, 30, 31, 71]. A shorter digestion time of 30 minutes was used for the
protplasting of B. subtilis, although it should be noted that the lysozyme and mutanolysin
were used in concentrations 100x and 3x greater, respectively, than those used in this study
[71]. This suggests that full protoplasts of B. subtilis were formed earlier than those of R.
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opacus, though a shorter incubation time when protoplasting R. opacus would result in cells
with greater structural integrity, i.e. cells which would be easier to recover. Decreasing the
incubation time to form R. opacus protoplasts, increasing the recovery time, and decreasing
the electroporation field strength, may facilitate the recovery of transformant colonies of
R.opacus protoplasts.

4.3.2. Sonoporation
Sonoporation involves subjecting cells to ultrasonic waves to induce transient pores,
to allow the passage of DNA into the cell. Very few reports exist of the use of sonoporation
to transform bacterial cells. However, sonoporation has been reported to work in E. coli
DH5α, and a Gram positive, anaerobic thermophile. Cells are able to be sonoporated in their
native growth medium, and with significantly less loss of viability than observed for
electroporation [33, 36]. The post-sonoporation recovery time for E. coli sonicants, at two
hours, is longer than the post-electroporation recovery time for E. coli electroporants, at 45
minutes, and the reported transformation efficiency of 1.16 x 10-6 transformants per cell is
lower than observed in E. coli electroporated with pTip QT1 and recovered on tetracycline
(7.84 x10-5 transformants per cell) [33]. To act as a positive control for the sonoporation of R.
opacus, E. coli was sonoporated with pDHA4VO, pBS305, and pTip QT1. No transformants
were recovered for any of these plasmids in E. coli, and no significant effects were observed
on cell viability after sonoporation, meaning that E. coli was unable to be used as a positive
control for the sonoporation of R. opacus. Although the sonoporation of E. coli failed, the
sonoporation protocol was repeated in R. opacus with pBS305, to determine if R. opacus was
more suitable for sonication than E. coli. No R. opacus transformants were able to be
recovered, and no significant effect on cell viability was observed.
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To date, the size of the largest molecule successfully delivered by sonoporation has
not been reported, although 70 kDa Texas red-conjugated dextran has been successfully
sonoporated into Thermoanaerobacter. However, even pDHA4VO, a 3 kb plasmid, is 1,847
kDa, which is 26 times larger than the 70 kDa Texas red-conjugated dextran reported in the
literature [36]. Due to the much smaller size of the dye compared to the smallest plasmid
used in this study, it was decided that dye would be unsuitable for use as a positive control
for the sonoporation of R. opacus. Based on the relatively small constructs that have been
reported to have been successfully used, the lower reported efficiency of transformation and
reportedly longer transformant recovery time compared with electroporation, and failure to
obtain any transformants in the E. coli intended as a positive control, sonoporation was not
pursued any further [29, 33, 36].

4.3.3. Alternative transformation methods
Biolistic transformation involves the forcible delivery of DNA into cells using
nucleic-acid coated nanoparticles, and is widely used for the transformation of eukaryotic
cells, notably plant tissue which possess strong structural walls [34, 72]. Due to a lack of
suitable equipment, and a dearth of relevant literature on its application to prokaryotic
systems, we have been unable to explore this transformation method. Theoretically, it would
allow large plasmids to be reliably inserted into R. opacus, though the actual range of
prokaryotic application is not characterised [34, 72]. As with sonoporation, more work is
required to optimise biolistic transformation before it becomes a viable alternative to
electroporation of R. opacus.
Phage transduction utilises bacteriophage infection to deliver DNA to a host cell. This
is a naturally occurring process which has proven to be effective, although it is not always
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conducive to the stable maintenance of the introduced DNA, and requires the use of cosmids
for transformation of cells with large DNA constructs [72, 78]. Rhodococcus erythropolis has
been successfully transformed by phage transduction, though the bacteriophage used, Q4, has
a specific host-bacteriophage interaction with R. erythropolis [73]. By comparison, shuttle
vectors for electroporation, such as pBS305 are more versatile, as they have a broader host
range, encompassing E. coli and a range of rhodococci, and they are capable of carrying
larger DNA inserts [27]. However, phage transduction with cosmid vectors is reported to
transform cells with large DNA constructs more effectively than they may be transformed
with large plasmid constructs [78]. At this time, there are no bacteriophages reported to
interact with R. opacus. Until such a bacteriophage is found, and able to be modified for use
as a transducing phage, phage transduction is not a possible means of transforming R. opacus.
Conjugation is initiated by a donor cell donating DNA to a recipient cell, and requires
cell-to-cell contact [74]. Efficiency of transformation and stability of introduced DNA are,
like phage transduction, reduced compared to other methods [72]. However, there is a
broader scope of application amongst Rhodococcus spp. for conjugation than for phage
transduction [49, 54, 75].
pB264 is a conjugative plasmid which acts between Rhodococcus spp. strains. While
capable of carrying insert DNA, the maximum insert size is unknown, the MCS is
uncharacterised, and there is no antibiotic selective marker. pB264 is selected for by
temperature, as its maintenance and replication are inhibited above 37°C; since temperature
fluctuations may cause variations in expression of, or loss of the insert DNA, this is not a
desirable cloning vector [49].
Megaplasmids, ranging in length from less than 50 kb, to more than 1 Mb in length,
are present in Rhodococcus spp., and were originally transferred between strains by
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conjugation. The conjugative elements may be utilised in the creation of novel conjugative
cloning vectors [75]. However, transformation efficiency and stability of transgenic
expression are still compromised compared with other methods, such as electroporation. It is
also probable that the host range of conjugative vectors is limited compared to the host range
of shuttle vectors used for electroporation [27, 28, 75]. There are no reports on the efficiency
of megaplasmid transfer between cells, and it is unknown how easily they may be
manipulated for the insertion of novel genes.
Conjugative gene transfer has been reported to work in R. opacus PD630, though a
helper plasmid was required to facilitate conjugation when transferring a mobilisable plasmid
of unreported size from E. coli to R. opacus: this is not required for electroporation. Cells,
grown to OD600 0.5, had to be incubated together for 16 hours, followed by three to five days
of incubation for transconjugants to appear on solid selective media [54]. The 16 hour
incubation is longer than the 12 hour post-electroporation incubation required for protoplasts
of B. subtilis, but the three to five day transformant recovery time is comparable to that
required for electroporated R. opacus [29, 30, 31, 54, 71]. While electroporation was reported
to lead to more illegitimate recombination than conjugation, this references insertional
mutations, and is not representative of the behaviour of a replicative plasmid. The
questionable stability and efficiency of conjugative transfer to R. opacus makes
electroporation a more desirable option for transformation.

4.4. Transfer of pfa genes to R. opacus

To establish whether or not R. opacus was capable of expressing pfa genes from
pDHA4, rather than from an E. coli - Rhodococcus spp. shuttle vector, a pfa gene free
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derivative, pDHA4VO, was made. R. opacus was successfully electroporated with
pDHA4VO, as indicated by the growth of putative transformants on concentrations of
chloramphenicol that inhibited the wild type, and the successful extraction of the plasmid
from transformed R. opacus. By contrast, R. opacus pDHA4 transformants were not
recovered. A possible explanation for this is the difference in GC content of the DNA
between R. opacus, pDHA4VO, and pDHA4, with R. opacus genomic GC content
approximately 67%, compared to 50% for pDHA4VO, and 44% for pDHA4 [41, 64]. The
GC content of genomic DNA has a linear correlation with codon usage in prokaryotes, with
differences greater than 12% indicative of heterologous DNA sequences [76]. Based on this,
both pDHA4VO and pDHA4 represent sequences which are heterologous to R. opacus.
Despite this, the expression of the chloramphenicol resistance gene carried in pDHA4VO
suggests that R. opacus is capable of expressing heterologous DNA without modification of
the sequence, or the use of a Rhodococcus spp.promoter sequence. However, the failure to
recover pDHA4 transformants suggests that either pDHA4 failed to electroporate into R.
opacus, or was able to be electroporated into R. opacus, but fell outside of the range of codon
compatibility of R. opacus. This suggests that DNA in the 45-50% GC range may be the most
heterologous DNA which R. opacus can express.

4.5. Implications to the field and future research directions

4.5.1. Implications to the field
This project has resulted in the development of a new, highly efficient transformation
protocol for R. opacus, which provided consistently reproducible results with plasmids
ranging in size from 3 to 7.9 kb. This protocol improves the ability of R. opacus to be
176

genetically modified, which in turn unlocks more of its potential as a biotechnological
producer strain.
A protocol for the generation and recovery of R. opacus PD630 protoplasts was
successfully developed. While these protoplasts were unable to be transformed by
electroporation, they were successfully used for the extraction of plasmid DNA to confirm
transformant identity. Further applications may include studying the cell wall structure of R.
opacus, by generating protoplasts and monitoring the regeneration of the cell wall.
The vector pDHA4VO was developed and successfully transformed into R. opacus by
electroporation. The expression of the chloramphenicol resistance gene contained in
pDHA4VO demonstrates that R. opacus is capable of expressing heterologous DNA
sequences, even when they are not under the control of a Rhodococcous spp. promoter
sequence. The success of this, and the failure of pDHA4 to express, indicates that the
minimum GC content of DNA, required for heterologous expression in R. opacus, is in the
range of 45-50%.

4.5.2. Future research directions
De novo synthesis of pfaA-E genes will be investigated, with the intention of
constructing a vector which will allow for their expression, and the production of ω-3 FA, in
R. opacus. Due to the customisation available with de novo synthesis, codon optimisation will
be performed, to improve the likelihood of pfa gene expression in R. opacus. The results of
pDHA4VO suggest that a GC content of 50% should be sufficient to achieve expression. This
GC content is similar to that of the pfa gene clusters of some Shewanella spp. deposited in
GenBank, meaning that in addition to (or in lieu of) de novo synthesis, PCR amplification of
individual pfa genes from Shewanella spp. remains an option for sourcing pfa genes.
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To determine if there is a maximum vector size with which R. opacus may be
transformed, multiple vectors, ranging in size from 5-35 kb, should be constructed and used
to transform R. opacus, to determine the relationship between plasmid size and efficiency of
transformation. This will also give an indicated target size for transgenic vectors carrying pfa
genes. Based on plasmid stability studies reported in the literature, the use of two smaller
transgenic vectors to carry all of the pfaA-E genes is plausible, and should be explored.
If R. opacus is successfully transformed with the genes pfaA-E, the expression of the
pfa genes will need to be characterised by q-PCR. The fatty acid profile of R. opacus pfaA-E
transformants will also require characterisation, to determine if ω-3 FA is being produced,
and if so, which types of ω-3 FA are being produced.
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