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ABSTRACT

Polyhydroxybutyrate (PHB), a type of polyhyroxyalkanoate (PHA) bioplastic, is
an attractive alternative to traditional petrochemical-derived plastics, such as
polypropylene. However, PHB is costly to produce due to high feedstock and extraction
costs. Crude glycerol from biodiesel production is a potential economic carbon source for
PHA production, but crude glycerol often contains high levels of impurities, such as
sodium salts and methanol, which might inhibit microbial growth. This study investigated
the ability of Pseudomonas oleovorans to produce PHB when grown on glycerol and
glycerol impurities, followed by the application of bacteriophage to extract PHB from
PHB-bearing cells.

During growth on glycerol, P. oleovorans was able to accumulate up to 31.1 % of
cell dry weight (CDW) as PHB. The accumulation of PHB was influenced by molar
carbon:nitrogen ratios (C/N) in the growth media, with the highest accumulation of PHB
occurring at a C/N ratio of 21.5. Additionally, P. oleovorans was found to tolerate the
common glycerol impurities NaCl (0-2 g/L) and methanol (0-2 g/L) with no significant
loss of PHB accumulation. A bacteriophage, Kel4, targeting P. oleovorans was isolated
from soil samples in College Station, TX. Kel4 was found to be able to lyse PHB-bearing
cells once they were allowed to return to exponential growth stage.

We have shown P. oleovorans is an attractive candidate for PHB production due
to its ability to produce PHB in the presence of common glycerol impurities found in

biodiesel by-product crude glycerol with no adverse effect on PHB accumulation.



Bacteriophage facilitated lysis of glycerol containing P. oleovorans was observed. This

indicates that alternative methods to traditional PHB extraction methods may be feasible.
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1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) are biopolymers synthesized and stored in
intracellular granules by many microorganisms [1-5]. PHASs are attractive alternatives to
traditional petroplastics such as polypropylene [6, 7] due to their biodegradability and
biocompatibility. PHAs can also be widely used in medical applications [8]. However,
they are expensive to produce, with common PHAs such as [R]-3-hydroxybutryic acid
(PHB) costing between 3.1 and 4.4 USD/kg [9] compared to polypropylene costing less
than 1 USD/kg [10, 8]. PHB is typically removed from PHB producing cells through
extraction using solvents such as chloroform and dichloroethane or through hypochlorite
digestion [11, 12]. Because large-scale production cost of PHB is governed by costs of
feedstock (25-45% production cost) [9] and separation processes (30% production cost)
[13], more cost-effective production of PHB could be attained by utilizing better
separation methods and cheaper carbon sources, such as waste glycerol from biofuel
production.

Biofuels such as biodiesel are increasingly sought as alternatives to traditional
petroleum fuels and products due to their sustainability and decreased greenhouse gas
emission [14, 15]. The production of biodiesel through transesterification generates
significant levels of crude glycerol as a byproduct (1 kg of crude glycerol is produced per
kg of biodiesel) [16]. Increasing biodiesel production demands are expected to increase
the availability of crude glycerol; biodiesel production is expected to reach 37 billion

gallons per year in 2016, resulting in almost 4 billion gallons of crude glycerol [17].
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However, crude glycerol generated from the transesterification process (which requires
alkyl alcohols and catalysts such NaOH) contains high levels of impurities, such as sodium
and potassium, methanol, and soaps [18-20]. The toxicity and growth-inhibitory effects
of common crude glycerol impurities limit the productivity of some microorganisms when
used as a sole carbon source [20, 19]. Despite these limitations, there is significant interest
in utilizing crude glycerol as a low-cost feedstock to generate value-added products [20,
21,19, 22, 16] including PHB [22, 20].

Over 300 different microorganisms have been found to be capable of producing
PHAs such as PHB [23, 24, 1, 5, 25]. Production of PHB can be both growth- and non-
growth-associated [26, 25, 6, 27, 28], and occurs under nitrogen- limiting conditions [29,
24, 23]. While nitrogen-limiting conditions are necessary for PHB production, the
carbon/nitrogen ratio (C/N, moles of carbon per mole of nitrogen) of the media in which
microorganisms are cultured has been shown to affect both PHB accumulation and the
chain length of PHB produced [30-32]. Pseudomonas oleovorans is a well-studied, Gram
negative gammaproteobacteria, which is known to produce growth-associated PHB [27,
5, 33]. P. oleovorans has been found to tolerate high salt concentrations [34], and is
highly tolerant of organic solvents [35]. Additionally, P. oleovorans is capable of growth
with glycerol as the sole carbon source [36-39]. Because of these characteristics, P.
oleovorans was selected as an ideal candidate for PHB production using crude glycerol as
the sole carbon source.

Once the bacterium has accumulated PHB granules, disruption of the cells and

release of the product poses an additional challenge. Bacteriophage lysis is an enticing
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alternative extraction technique for removing PHA granules from cells without the need
for additional solvents or chemicals, thereby reducing the costs of PHB extraction [40, 41,
13, 42]. Previous studies have focused on extraction of PHA via cloning phage lysis
cassettes into PHB-producing strains which were cultured on rich media, or on the
utilization of glycerol for PHB production. These methods often require additional
chemicals or treatments to express the lysis plasmids, and must carefully balance cell
stability/viability and extraction facilitator [13, 41, 42]. No study has been conducted
using lysis of PHB-filled cells, which are typically in a stationary phase of growth, with
exogenously supplied phage. Further, the interactions of phages with their hosts while in
stationary phase is generally a well-studied area.

It has been found that some phages do not readily bind to or infect stationary phase
cells [43, 44]. Accordingly, this method requires controlled culture and growth conditions
in order to properly induce phage binding and cell lysis for PHB extraction. In this study,
P. oleovorans was selected to test the effects of glycerol impurities and C/N ratio on
growth and PHB accumulation, followed by phage-facilitated lysis of cells to release PHB.
To our knowledge, this is the first study to investigate glycerol as a sole carbon source to
cultivate PHB-accumulating bacterium, followed by phage-based PHB extraction.

The goals, specific tasks and hypotheses of this study were:

Goal 1: Determine culture conditions favorable to PHA production in Pseudomonas
oleovorans on biodiesel waste glycerol.

Hypothesis 1: Increased C:N ratio will result in higher PHB accumulation as

percent cell dry weight (% CDW)
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Task la: Develop and validate method to quantify PHB using
photospectroscopy.

Task 1b: Grow P. oleovorans at varying glycerol and ammonium
concentrations to control C:N ratio at fixed NaCl concentrations.

Extract and quantify PHB to determine PHB as % CDW

Hypothesis 2: Increased NaCl content will result in lower PHB accumulation as %

CDW
Task 1c: Grow P. oleovorans with varying NaCl concentrations and fixed
glycerol and ammonium concentrations to determine NaCl effects on

PHB accumulations as % CDW.

Hypothesis 3:  The presence of methanol at expected crude glycerol

concentrations will not inhibit PHB production.
Task 1d: Grow P. oleovorans with varying methanol concentrations and
fixed glycerol, ammonium, and salt concentrations to determine NaCl

effects on PHB accumulations as % CDW.

Goal 2: Characterize a bacteriophage capable of lysing P. oleovorans for PHB extraction.
Hypothesis 4: A lytic bacteriophage capable of infecting P. oleovorans can be
isolated from soil samples and characterized

Task 2a: Isolate P. oleovorans phage from soil samples collected at various

locations throughout College Station.
4



Task 2b: Perform adsorption velocity test to determine Kinetics of isolated
phage adsorption.

Task 2c: Perform one-step grow test to determine phage latency period and
burst size. Add phage to glycerol-grown cells for lysis. Measure
phage and cell OD to see if cell lysis occurs for PHB containing cells.

Task 2d: Perform sucrose gradient ultracentrifugation to isolate extracted PHB
from cell debris after lysis. This data can then be compared to
unlysed control to determine efficiency of PHB release due to phage

treatment.



2. LITERATURE REVIEW

2.1 Biodiesel process

Biodiesel is a fuel composed of alkyl esters obtained from a variety of organic
sources of triacylglycerols including, but not limited to: vegetables oils, animal fats, or
microbial and algal lipids. Triacylglycerols lipids which are composed of three fatty acids
attached to a glycerol backbone (Fig. 1). To produce biodiesel triacylglycerols are reacted
with an alcohol, such as methanol or ethanol, in a transesterification (Fig. 2) process which
results in the formation of three alkyl esters (biodiesel) and one molecule of glycerol. This
process results in the formation of 1 kg of glycerol for every 10 kg of biodiesel produced.
As global biodiesel production is estimated to increase to 37 billion gallons per year by
the year 2016, this will mean that almost 4 billion gallons of crude glycerol will be
produced [17]. Accordingly, glycerol is increasingly being pursued as a value-added

byproduct from biodiesel production [22, 20].
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Figure 1. Typical triacylglycerol molecule structure. In this case composed of glycerol, palmitic acid,
oleic acid, and alpha-linolenic acid.
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Figure 2. Typical biodiesel reaction wherein triacyglycerol (1) is reacted with an alcohol (2) to produce
alkyl esters (3) and glycerol (4).

The transesterification reaction is typically catalyzed by the addition of strong
base, e.g. NaOH [45, 46]. Accordingly, the resultant crude glycerol waste stream is
characterized by the presence of residual methanol and salts [18, 20]. However, the exact
composition of crude glycerol can vary depending on the source and catalyst. Pyle et al.
[19] found that the methanol content of crude glycerol can vary from 12.8 to 28.3% (w/w).
The soap content was found to range between 15.3 and 25.17% (w/w). The ranges in soap
content are largely attributable to the difference in feedstock for biodiesel production.
These soaps can be split into free fatty acids and salt through the addition of strong acid
such as HCI [47, 19]. Pyle et al. also found the glycerol from KOH catalyzed sources to
contain up to 31,250 ppm of elemental potassium. Similarly, NaOH catalyzed sources
had elemental sodium levels of 12,550 ppm. Trace amounts of boron, calcium, and silicon
were also found. Similarly, Wijesekara et al. [21] found that crude glycerol could contain

up to 3% salts and 50% methanol (w/w). Rymowicz et al. [48] found up to 4% salt but



only 0.1% (w/w) methanol. This variation in methanol concentration is likely due to
differeing levels methanol recovery in various biodiesel/glycerol producing systems.
Accordingly, any system designed to use crude glycerol as a sole or primary carbon source
must utilize microorganisms capable of withstanding moderate concentrations of salts and

methanol.

2.2 Crude glycerol applications

An enticing option for utilization of waste crude glycerol is in the production of
chemicals through biotechnology [20]. Hiremath et al. have shown that Klebsiella
pneumoniae ATCC 15380 are capable of producing 56 g/L of 1,3-propanediol, a chemical
utilized in the synthesis of various polymers, using crude glycerol [49]. André et al. were
able to use crude glycerol-grown Aspergillus niger to produce 21.5 g/L of oxalic acid [50].
Similarly, Morgunov et al. were able use crude glycerol-grown Yarrowia lipolytica
NG40/UV7 to produce 115 g/L of citric acid [51]. Sabourin-Provost and Hallenbeck
found Rhodopseudomonas palustris to be capable of photochemically converting glycerol
to H, at 75% of the theoretical efficiency (6 mole of Hx/mole of glycerol) [52].
Additionally, Pyle et al. produced 1.63 g/L of docosahexaenoic acid, an omega-3
polyunsaturated fatty acid human diet supplement, using crude-glycerol grown
Schizochytrium limacinum [19]. Several studies have shown a variety of microorganisms
are capable of converting crude glycerol into ethanol at high yields, 25-27 g/L [53, 54].

Similarly, bioplastics such as polyhyhroxyalkanoates (PHAS) are attractive alternatives to



traditional petroleum derived plastics due to their biodegradability and biocompatibility

[55-57].

2.3 Bioplastics

Bioplastics are alternatives to traditional petroplastics which can be defined
according to European standard EN13432 as plastics which are biodegradable and
compostable. These bioplastics can be further divided into bio- or fossil based bioplastics
depending on the resources utilized in their production. Hereafter, bioplastic will refer to
bio-based bioplastics per EN13432. Bioplastics are a highly diverse field of desirable
products which are increasingly being pursued as alternative to due to their sustainability
and renewable sources [28].

Different bioplastics hold varying physical properties and applications. Common
bioplastics include starch-, cellulose-, and protein-based bioplastics, polylactic acid, and
PHA:s.

A common starch-based bioplastic is thermoplastic starch (TPS) [28]. TPS is
attractive due to its ready biodegradability and low cost and commonly used in food
packaging [58, 28]. Cellulose-based bioplastics range from wood pulp cartons used in
food and plant packaging to cellulose acetate membranes. Protein-based bioplastics
include formaldehyde-free adhesives for wood treatments such as Soyad® adhesive [59].
Polylactic acid is a polyester with high transparency and gloss that makes it an attractive

alternative food-packaging choice [28]. PHAs are another bioplastic with specific,



desirable characteristics that serves as both a biodegradable alternative to petroplastics,

such as polypropylene, and biocompatible medical material.

2.3.1 Polyhydroxyalkanoates (PHAS)

PHAs (Fig. 3) are compostable polyesters first discovered by Maurice Lemoigne
in 1926 [33]. PHAs accumulate in intercellular granules which functional as energy and
carbon storage for bacteria [60]. PHAS are desirable products due to their biocompatibility
for medical applications such as sutures, heart valves, urological stents, surgical meshes,
etc. [8]. PHAs are currently sold by Metabolix, Kaneka Corporation/Proctor & Gamble,
Mitisubishi Gas Chemical, and Biomer as Biopol®, Nodax®, Biogreen, and Biomer,
respectively. However, typical costs of glucose produced PHAs, such as [R]-3-
hydroxybutryic acid (PHB), are very high, between 3.1 and 4.4 USD/kg [9]. Because
substrate/materials costs can account for up to 20% of the total cost of PHB production

[9], it is crucial to utilize a low cost feedstock alternative such as crude glycerol.
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Figure 3. Structure of [R]-3-hydroxybutryic acid monomer, a typical bacterially produced PHA.
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2.3.2 Bacterial production of PHAs

Several bacterial strains have been found to be capable of producing PHB at
varying culture conditions and yield (Table 1) [23, 24, 1, 5]. Pseudomonas oleovorans is
a well-studied soil isolate that was known to produce PHB in nitrogen-limiting conditions
[5,27,33]. Lageveen etal. [5] found that nitrogen limited P. oleovorans grown on various
alkanes accumulated PHB up 24% cell dry weight (CDW). However, cells grown with
no nitrogen limitation produce approximately 5% PHB of CDW. Likewise, Brandl et al.
[27] found that alkanoate-grown P. oleovorans accumulated up to 35.6% PHA of CDW
when grown with 10 mM octanoate and 5 mM NH™ (C-N ratio of 16/1) [27]. They found
that lower C/N ratios led to decreased PHA content - 35.6% PHA and 24.2% PHA at C/N

ratios of 16/1 and 8/5, respectively.

Table 1. Known PHB accumulating bacterial strains capable of growth using glycerol as sole carbon source
shown with associated PHB accumulation, nutrient conditions, and glycerol impurity tolerances

PHB Cell
Accumulation Carbon Nitrogen Dry Salt Methanol
Strain (% CDW) Concentration Concentration ~ Weight  Tolerance Tolerance Study
0.5g/L .
5 g/L Glycerol This
Pseudomonas 31 (NHo)oHPO,  089L g1 200 iy
oleovorans 25 20% (v/v) n- 35 g/L 2g/L ) ;
octane NaNHHPO; [5]
Zobellella
denitrificans 87 20 g/L Glycerol  0.53 g/L NH4«Clz 4.8 g/L 50 g/L - [61]
Bacillus
megaterium 60 20 g/L Glycerol ~ 1g/L (NH4)2SO4 7.7 g/L - - [9]
Ralstonia 5% (W/v) 0.36-7.2 g/L ) )
eutropha 60 Glycerol NH4Cl2 18glL [62]
Cupriavidus 0.95 g/l
necator 41-10 10 g/L Glycerol (NH )gSO 50 g/L 3-20 g/L - [63]
IMP 134 Kane
Paracoccus 0.95 g/L
denitrificans 38-13 10 g/L Glycerol (NH2)2S04 50 g/L 3-20 g/L - [63]
Cupriavidus
necator 38-13 50 g/L Glycerol 0.5 g (NH4)2SO4 - - 0-125 g/L [64]
DSM4058
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P. oleovorans has also been shown to be capable of growth with glycerol as a sole
carbon source [36-38]. Freitas et al. [36] cultivated P. oleovorans on glycerol in a fed-
batch reactor in nitrogen limiting conditions while maintaining a small nitrogen
concentration in the bioreactor. They found that P. oleovorans could accumulate biomass
up to nearly 20 g/L while producing 8.11 g/L of extracellular polysaccharide. Likewise,
P. oleovorans has been shown to accumulate up to 1.9 g/L cell weight in when grown with
glycerol in shake flasks [38]. Ashby et al. [39] were able to grow P. oleovorans on pure
glycerol in order to synthesize mixed chain-length PHAs. They found that P. oleovorans
could accumulate up to PHB up to 40% CDW. Additionally, P. oleovorans has been
found to tolerate up to 20% NaCl concentrations [34], and is highly tolerant of organic
solvents [35]. As discussed in Section 2.1, crude glycerol from biodiesel production is
typically high in salts and methanol. Accordingly, P. oleovorans is an ideal candidate for

production of PHB in crude glycerol.

2.4 Bacteriophage applications

Bacteriophage, or phage, are viruses that specifically infect and lyse various
bacteria. Phage specificity and lytic affects are desirable characteristics in multiple
agricultural, medical, and biotechnological fields [65, 66]. Accordingly, it is important to
determine phage characteristics for lysis. Relevant phage characteristics include the
adsorption velocity and associated constants [67]. The adsorption rate constant (often
reported in units of mL/min) is a measure of the rate at which phage in media will bind to

the surface of host cells. It is also known that the presence of divalent cations, such as
12



Ca?" and Mg?*, can affect the adsorption Kinetics [68, 69]. Additionally, it is useful to
determine the burst, the average number progeny created by a single phage, and the latent
period, the time between phage infection and the release of progeny. These characteristics
are crucial in determining phage application concentration, media characteristics, and

efficacy for controlled lysis.

2.4.1 Agricultural applications

In agricultural applications, bacteriophage have been investigated to induce lysis
in Lactococcus lactis bacteria for the development of cheese [70, 71]. Genes from the
phages ®US3 [71] and ®31 [70] were expressed in order to lyse L. lactis ceels to release
various intracellular enzymes such as -galactosidase which aid in the ripening and falvor
formation of cheeses. Similarly, phage can be utilized to protect crops either though
application or the development of transgenic plants capable of utilizing phage endolysin
genes. T4 lysozyme containing transgenic potato plants were found to be capable of
disrupting phytopathogenic bacteria such as Erwinia carotovora by Vries et al .[72]. In
similar food production applications, Hughes et al. [73] isolated bacteriophage SF153b
which was capable of lysing Enterobacter agglomerans 53b which had been isolated from
a food processing factory. SF153b was able to excrete polysaccharide depolymerase to
disrupt biofilm formation. Depolymerase expression and cell lysis were combined to

actively disrupt strain 53b biofilms.
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2.4.2 Medical applications

Phage have also been studied for medical applications in both animals and humans
[74, 75]. Phage therapy, the treatment of bacterial infections via phage, has been utilized
since the 1900s [75]. The high specificity of phage in host selection make them ideal
candidates for targeting specific anti-biotic resistant bacterial strains. However, there is
currently a lack of understanding and scientific study in the efficacy of phage therapy[75].
As a result of the lack of scientific understanding of phage efficacy, there is substantial
hesitancy to utilize phage therapy in human medicine. However, there are numerous
emerging studies observing the use of phage cocktails, mixtures of multiple phage

exhibiting multiple host ranges [76-78].

2.4.3 Biotechnological applications

Within biotechnology, phage and phage lysis genes have been utilized to facilitate
PHB extraction and cell lysis [13, 42, 41, 40]. Fidler and Dennis [40] found that
recombinant Escherichia coli strain could be used to grown PHB to high concentrations.
The cells could then by lysed with a bacteriophage to release the accumulated PHB. Due
to the limitations of infecting/lysing cells during stationary phase, they also investigated
an intracellular plasmid containing T4 phage lysozyme genes. They were able to
successfully lyse E. coli cells containing high concentrations (15 g/L) of PHB. Similarly,
Yu et al. [42] were able to clone A phage lytic genes (SRRz) and PHB biosynthetic genes
(phbCAB) into E. coli strain JM105. The resultant strain (VG1) was able to autolyse and

release stored PHB. Growth in batch cultured on glucose resulted in PHB accumulation
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of 8.54 g/L while batch-fed culture reached PHB yields of 26 g/L. In addition to
recombinant E. coli strains capable of autolysis and expression of PHAS, phage-based
lysis of several naturally high PHA-expressing bacteria has been studied.

Hori et al. [41] found that gram-positive Bacillus megaterium could be modified
by inclusion of Bacillus amyloliquefaciens phage holing and endolysin genes. The
resultant strain contained xylose-inducible autolysing features. They were able to confirm
through sucrose gradient centrifugation and Sudan black B staining that the autolysis
successfully separated the PHB granules from the cell debris. Similarly, Martinez et al.
[13] were about to construct a strain from Pseudomonas putida KT2440 which was
capable of controlled autolysis. Endolysin (ejl) and holing (ejh) coding genes were cloned
into P. putida KT2440 to allow for 3-methylbenzoate induced lysis. They also were able
to determine successful extraction of PHA through sucrose gradient centrifugation.
Unlike the recombinant E. coli strains, P. putida expressed far lower levels of PHA, 1 g/L.
However, Martinez et al. utilized a two-step fermentation process wherein cells were
grown in rich media before being resuspended in minimal media for PHB accumulation

as opposed to a fed-batch cultivation technique.
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3. MATERIALS AND METHODS

3.1. Strains and culture conditions

P. oleovorans was purchased from America Type Culture Collection (ATCC
number # 29347). All experiments were performed in a 30°C incubator while shaken at
150 rpm in 250-mL Erlenmeyer flasks. PHB accumulation occurred in modified P1
ammonium mineral salts media (5.0 g of K;HPO4, 0.5 g of NaSOsand 0.4 g of
MgSOs-7H-0 per 1 liter of solution) amended with varying concentrations of glycerol and
(NH4)2HPO4 and 0.1% (vol/vol) trace mineral solution (1 liter of trace mineral solution
contains 2.78 g of FeSO4-7H20, 1.98 g of MnCl»-4H>0, 2.81 g of CoSO4-7H20, 1.47 g of
CaClz -2H20, 0.17 g of CuCl2-2H20, and 0.29 g of ZnSO4-7H,0) [79, 5]. P. oleovorans
was pregrown in Reasoner’s 2A (R2A) broth medium in a 30°C incubator while shaken
at 150 rpm for approximately 12 hrs to provide inocula for samples. Cells were
centrifuged at 10,000xg for 10 min to pellet before resuspension in modified P1 media
amended with glycerol to ODeoo = 0.9-1.0. The resuspended P. oleovorans was added to
test samples at a ratio of 1:25 by volume. Cells were incubated for 48 hrs to reach
stationary phase at ODgoo ~ 1.2.

Experiments were performed at C/N ratios (the ratio of input molar carbon to input
molar nitrogen) ranging from 10.8 to 143.3. The C/N ratio was determined by comparing
the molar concentration of glycerol and ammonium-nitrogen in the minimal media. To
test the effects of common glycerol impurities, NaCl was added to P1 media for PHB

accumulation samples at concentrations of 0.1, 0.3, 0.5, 1, and 2 g/L. All tests were
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conducted at 0.5 g/L of NaCl unless otherwise stated. Likewise, methanol was added to
samples at concentrations of 0.5, 1, and 2 g/L (0-40% (w/w) of glycerol per typical crude

glycerol concentration [19]) to determine its effects on PHB accumulation.

3.2 Bacteriophage methods
3.2.1 Bacteriophage isolation

Soil samples were taken from four locations in College Station, TX. Soil samples
were taken from 5-10 cm below the soil surface. 50 g of each soil sample was added to
250-mL Erlenmeyer flasks containing100 mL of R2A media. Flasks were shaken at 150
rpm at 30 °C for 1 hr. The R2A/soil mixture was then centrifuged for 10 min at 10,000xg.
The resulting supernatant was filter sterilized through a 0.22 pm syringe filter. P.
oleovorans cultured in R2A media was added to the filtrate and incubated for 24 hrs at 30
°C. The enrichment was then centrifuged for 10 min at 10,000xg, and the supernatant was
again filter sterilized through a 0.22 um syringe filter. The filtrate was titered using
standard methods [80] to determine phage concentration as PFU/mL. Pickates were
collected from plaques and resuspended in 500 pL of fresh R2A media. The resulting
suspension was then plated and titered. New pickates were collected and titered again to
purify phage. Phage were stored in R2A media at 4 °C. Titer was periodically monitored

and no decay was detected over 6 months.
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3.2.2 Bacteriophage adsorption

All adsorption assays were performed in a 30 °C incubator while shaken at 150
rpm. P. oleovorans was cultured in R2A to mid-log growth (ODgoo ~0.5) before pelleting
at 10,000xg for 10 min and resuspension in fresh R2A media to ODeoo = 1.0 (4.3 x 10%°
CFU/mL). Bacteriophage Kel4 was added to resuspended P. oleovorans at an input
multiplicity of infection (MOI) of 0.005 - MOl is the ratio of phage to host bacteria. Input
MOI was determined by the final ODegoo Of the resuspensions and the final input
concentration of phage as from lysate as PFU/mL. Twenty puL samples were taken at time
intervals and diluted 100X in R2A media precooled on ice to 0 °C. The resulting dilution
was centrifuged at 12,000xg for 2 min and the supernatant plated. Plaques were counted
to determine free phage measured as plaque forming units (PFU) per mL. Because it is
known that the presence of divalent cations (such as Ca?* and Mg*") can affect the
adsorption kinetics of some phages [68, 69], absorption kinetics were also measured at 1,
2, 5, and 10 mM each Ca?* and Mg?* concentrations. All adsorption velocity tests were

replicated at least 3 times.

3.2.3 One-Step growth analysis

P. oleovorans cultured in either R2A media to ODeoo ~0.5 or glycerol media to
accumulated PHB at ODeoo ~1.2 were pelleted at 10,000xg for 10 min and resuspended in
fresh R2A media amended with 1 mM of Ca?* and Mg?* to ODsoo ~5. Kel4 was added to
the resuspended cells at MOI of 0.001. The mixture was incubated at 30 °C while shaking

at 150 rpm for 10 and 20 min for R2A- and glycerol-grown cells, respectively. Samples
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were then centrifuged at 5,000xg for 4 min and resuspended in fresh R2A medium
amended with 1 mM of Ca®* and Mg?*. The resuspension was diluted by 1000X with
fresh R2A media in a 250-mL Erlenmeyer flask and placed in a 30 °C incubator with
shaking at 150 rpm. At each time interval, 100 pL was removed from the suspension and
mixed with 100 pL of mid-log-phase P. oleovorans and plated. An additional 500 pL
sample was taken immediately following culture dilution (0 min) and mixed with 5 pL of
chloroform to determine adsorbed and free phage. The samples were vortexed for 30
seconds and the centrifuged at 5,000 x g for 4 min before 100 pL of the supernatant was
removed for plating. All measurements from 60 min after dilution and onwards were also

prepared on 100X dilution plates.

3.2.4 Cell lysis

Cells were cultured to accumulate PHB in modified P1 + 5% (w/v) glycerol media
for 48 hrs to a final ODgoo 0f ~1.2. Cells were pelleted at 10,000xg for 10 min resuspended
to ODsoo = 0.20 (~10% CFU/ mL) in fresh R2A media amended with 1 mM Ca?* and Mg?*
and 0.5 g/L (NH4)2HPOs. The growth of the resuspension was monitored via absorbance
at 600 nm to determine when cells reentered exponential growth. At various time
intervals, 5 mL of cells was removed from the resuspension, diluted to ODeggo = 0.20, and
amended with bacteriophage at MOI = 10. Corresponding controls received equal
volumes of R2A medium instead of phage for comparison with phage-added samples. The
ODsoo of each sample was monitored for 120 min to measure cell mass. After 120 minutes,

samples were centrifuged for 5 min at 5,000xg to pellet cells. The resultant supernatant
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was plated to determine free phage as PFU/mL. The pellet was then resuspended in fresh

R2A and plated to determine viable cell count as CFU/mL.

3.3 PHB quantification

PHB was quantified though photospectroscopy via conversion of PHB to crotonic
acid as described previously [18, 81, 82]. Briefly, 25 mL of PHB containing cells were
pelleted at 10,000xg for 10 min and resuspended in 1 mL of deionized water. The
resuspension was vacuum concentrated and weighed to determine cell dry weight. One
mL of concentrated sulfuric acid was added to hydrolyze the cells and convert the PHB to
crotonic acid. Acid/cell mixture was heated at 70 °C for 4 hrs and brought to room
temperature. The mixture was then neutralized by the addition of 7 mL of 4N NaOH. The
mixture was then centrifuged at 13,000xG for 4 min. The supernatant was then diluted in
DI to 25% and measure at A23s. Known concentrations of PHB (from 115 to 1250 mg/L)

were treated similarly and measured to create a standard curve.

3.4 Transmission electron microscopy

Electron microscopy of bacteriophage was performed with high titer lysate (10°
PFU/mI). Phages were applied to 400-mesh carbon-coated Formvar grids and negatively
stained with 2% (wt/vol) uranyl acetate. After being allow to air dry, specimens were
observed on a JEOL 1200EX transmission electron microscope operating at an

acceleration voltage of 100 kV. At least three virions were measured to determine mean
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head and tail size where mentioned. Magnification was calibrated using a carbon grating

replica (Electron Microscopy Sciences No. 80051).

3.5 Sucrose density-gradient centrifugation

PHB-containing granules in media after lysis were separated from cell debris
through sucrose density-gradient centrifugation [41, 83, 13]. Briefly, after lysis 50% of
sample was treated to determine total PHB as described above. The remaining 50% was
placed on sucrose layers prepared by overloading at 20% and 15% (w/w) sucrose
solutions. Samples were centrifuged at 150,000xg for 1.5 hrs. The PHB remaining in cell
debris was measured by collecting the sediment after centrifugation. The PHB released
from cells was determined indirectly by measuring difference in PHB reaming in cell

debris and total PHB of sample after lysis [13].
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4. RESULTS AND DISCUSSION

4.1 Culture effects on PHB accumulation
4.1.1 Effects of impurities on PHB accumulation

To determine the effects of common crude glycerol impurities on P. oleovorans
growth, samples were prepared at methanol and NaCl concentrations ranging from 0-2.0
g/L in the presence of 5 g/L glycerol (equivalent to 0-40% (w/w) NaCl contamination of
crude glycerol). P. oleovorans was capable of growth in the presence of common glycerol
impurities at all observed concentrations (Table 2). The common impurities of crude
glycerol observed in this study do not adversely affect PHB accumulation in P. oleovorans

(Table 2).

Table 2. The effects of impurities on PHB accumulation and concentration.

NaCl Glycerol Methanol PHB PHB Final Cell
Concentration Concentration Concentration Accumulation Concentration  Dry Weight

@) @) @) (% CDW) (mg/L) (mg/L)
0.0 5.0 0.0 32.3+3.8 243+38 752+64
0.1 5.0 0.0 31.8435 24227 762+14
0.3 5.0 0.0 33.4+0.7 240+2.2 71045

0.5 5.0 0.0 31.1+35 202427 643459
1.0 5.0 0.0 31.7+3.6 241444 758460
2.0 5.0 0.0 28.0+1.8 206+16 727441
0.5 5.0 0.5 36.1+6.4 249+43 690+36
0.0 32.1+6.2 204430 638154
0.5 5.0 1.0 38.1+9.3 233448 633442
0.0 30.5+3.3 203423 665+13
0.5 5.0 2.0 31.146.2 222+52 712+73
0.0 32.1+45 200+37 627+99

P. oleovorans is capable of accumulating up to 28% PHB as CDW when grown in

the presence of 2.0 g/L of NaCl (Table 2). While cells accumulated slightly less PHB at
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higher NaCl concentrations, the differences were not found to be statistically significant
via two-sample t-tests at p < 0.05. The maximum tested NaCl levels fall within expected
salt concentrations in crude glycerol (3-4% (w/w)) [21, 48]. This suggests that P.
oleovorans is an ideal candidate for PHB production utilizing crude glycerol as a sole
carbon source due to its tolerance for saline conditions. Other PHB accumulating strains
have displayed comparable salt tolerance within the tested range (Table 1).

To determine the effects of methanol on PHB accumulation in glycerol-grown P.
oleovorans, parallel samples were grown with glycerol only, methanol only, and
glycerol/methanol mixtures in the presence of NaCl. Similarly to NaCl, P. oleovorans
demonstrated no statistically significant decrease in PHB accumulation when grown in the
presence of methanol, via paired sample t-tests at p < 0.05 (Table 1). P. oleovorans
exhibited no growth when grown in media containing only methanol as a carbon source.
This suggests that while methanol does not inhibit the growth of P. oleovorans on glycerol
as a carbon source, methanol itself cannot be utilized by P. oleovorans as a sole carbon
source. As methanol concentrations have been found to vary from 12.8 to 28.3% (w/w)
in crude glycerol [19], it is necessary to utilize methanol tolerant bacterial strains when
producing PHB. While one other PHB accumulating strain, Cupriavidus necator
DSM4058, was found to be methanol tolerant (Table 1), this is the first study to our

knowledge that has observed the effects of methanol on PHB accumulation.
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4.1.2 Effects of C/N ratio on PHB accumulation

In order to determine the effects of varying C/N ratios on the accumulation of PHB
by P. oleovorans, samples were prepared with varying input concentrations of glycerol as
a carbon source and (NH4)2HPO4 as a nitrogen source. Under all observed nutrient
conditions P. oleovorans was able to grow to comparable maximum densities ODggo ~1.2
after 48 hrs (Table 3). Further, there were no significant variations in growth
characteristics across applied C/N ratios (Fig. 4). However, as glycerol concentrations
increased, the final pH decreased. Other studies have shown that PHB production is linked
to acidity generation [61, 84]. Accordingly, acid generation at higher glycerol
concentrations may limit the maximum biomass formation. While there were not
significant differences between different C/N ratios on cell growth rates, differences in

PHB accumulation were observed.

Table 3. The effects of C/N ratio on cell growth

(NH4)2HPO4 Glycerol
Concentration Concentration C/N Ratio
(g/L) (g/L) (mol/mol) ODsoo Final pH
10 23.9 1.3+0.04 6.63+0.09
0.3 15 35.8 1.1+0.03 6.60+0.07
20 47.8 1.0+0.05 6.54+0.06
5 7.2 1.2+0.05 7.05+0.07
05 10 14.3 1.1+0.04 6.67+0.09
' 15 21.5 1.1+0.02 6.65+0.08
20 28.7 1.2+0.01 6.50£0.04
10 7.2 1.1+0.03 6.70+0.05
1.0 15 10.8 1.3+0.06 6.64+0.03
20 14.3 1.2+0.06 6.59+0.05
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P. oleovorans accumulated PHB in all observed culture conditions (Fig. 5). PHB
accumulation ranged from 31.1% CDW as PHB to 14.7% CDW as PHB at C/N ratios of

21.5 and 143.3, respectively (Fig. 5).
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Figure 4. Effects of carbon (A) and nitrogen (B) concentrations on growth. (A) (NH4):HPO.
concentration fixed at 0.5 g/L. Glycerol concentrations shown in legend as g/L. (B) Glycerol concentration
fixed at 15 g/L. (NH.),HPO. concentrations shown in legend as g/L.
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The highest observed PHB accumulation corresponds with the lowest C/N ratio
under which nitrogen is growth-limiting. Generally, PHB accumulation decreases as the
C/N ratio is increased under nitrogen-limiting conditions. This corresponds to previous
work observing the effect of C/N ratio on PHB accumulation in other growth-associated
PHB accumulating strains Pseudomonas resinvorans [30] and Cupriavidus taiwanensis
[31]. Both strains similarly saw peak PHB accumulation at lower nitrogen-limited C/N
ratios, and displayed similar trends of decreasing PHB accumulation as the C/N ratio
increased. Additionally, the decrease in PHB accumulation as C/N ratio increases may be

due to formation of different chain length PHASs.
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Figure 5. PHB accumulation and yield for cells cultivated at varying C/N ratios. (e) values shown as %
CDW (mass of PHB/total cell cry mass), (A ) values shown as PHB Concentration (mass of PHB per volume
culture). All samples grown in aerobic conditions at 30 °C while shaken at 150. All samples contain 0.5
g/L NacCl.
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Kato et al. [32] found that increasing C/N ratio led to a greater accumulation of
larger chain length PHAs such as 3-hydroxyoctanoate and 3-hydroxydecanoate. P.
oleovorans is known to accumulate PHAs at chain lengths other than PHB, such as
polyhydroxyvalerate (PHV) [85, 86]. Because our method measures PHB as opposed to
other chain length PHAs, the reported PHB accumulation in this study might

underrepresent the total PHAs accumulated by P. oleovorans at higher C/N ratios.

4.2 Phage isolation and adsorption kinetics
A phage capable of lysing P. oleovorans has been isolated — Kel4 (Fig. 6). Kel4
is a tailed phage, characteristic of a siphophage. Kel4 was isolated in June of 2014 from

soil samples near railroad tracks in College Station, TX.

Figure 6. Bacteriophage Kel4 at 50K magnification. Scale bar 100 nm.
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Kel4 was observed to bind to mid-log, R2A-grown cells at a rate of 3.6 x 10%° +

3.3 x 10" mL/min at a confidence of 95% (Fig. 7A).
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Figure 7. Kel4 adsorption kinetics. The y-axis represents natural log of the ratio of free phage at time t
divided by the initial free phage as CFU/mL. Amount of P. oleovorans measured as CFU/mL at which test
shown in legend. (A) Adsorption of R2A-grown cells without the presence of divalent cations. (B)
Adsorption in R2A-grown cells in the presence of 1 mM of Ca2+ and Mg2+ each. (C) Adsorption in
Glycerol-grown cells in the presence of 1 mM of Ca2+ and Mg2+ each.
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This rate is approximately five fold slower than E. coli A phage adsorption, which
occurs at a rate of ~5 x 10”° mL/min [68]. Because it is known that the presence of divalent
cations (such as Ca®* and Mg?*) can affect phage adsorption kinetics [68, 69], absorption
Kinetics were also measured at varying Ca?* and Mg?* concentrations (Fig. 8). The fastest
adsorption constants were measured in the presence of 1 mM each of Ca?* and Mg?*, with
absorption occurring ~2.5-fold faster than without any cations, 8.5 x 100 +4.3 x 101!
mL/min for R2A-grown cells at a confidence of 95% (Fig. 7B). However, when P.
oleovorans was grown to saturation in glycerol media (the state in which PHB
accumulation is optimal) in the presence of 1 mM each of Ca?* and Mg?*, the adsorption
rate was approximately ten times slower than that of cells cultured in R2A, 9.0 x 10! +4.9

x 102 mL /min at a confidence of 95% (Fig. 7C).
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Figure 8. Effects of divalent cations Mg?* and Ca?* on phage adsorption. The units on the y-axis represent
percent remaining free phage in solution as free phage in solution normalized to the free phage at time zero
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Figure 9. Kel4 one-step growth for R2A- and glycerol-grown P. oleovorans. Time zero is measured at
start of 1000X dilution after phage adsorption at MOI of 0.001. Initial samples were treated with and without
10 uL of chloroform to differentiate free phage and bound phage. (A) One-step growth for mid log phase
R2A-grown cells. (B) One-step growth for stationary phase Glycerol-grown cells performed in both glycerol
and R2A media.

While the exact reason for the decreased absorption rate constants found in

glycerol as opposed to R2A-grown cells was not determined, it may be due to changes in
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the availability of binding sites and the configuration of the cell wall [87-89]. Hadas et al.
[43] found that the adsorption of phage T4 was linked to the physiological state of its host,
E. coli. Specifically, they found that as the growth rate () decreased, absorption occurred
at a lower rate. Similarly, Sillankorva et al. [44] found that phage ®S1 absorbed to
Pseudomonas fluorescens at a lower rate when cells were in stationary as opposed to
exponential growth phase. In this study, PHB-bearing P. oleovorans cells were cultured
in glycerol media for 48 hrs until they reached stationary phase at ODgoo ~1.2. These
previous studies correspond to our finding that the rate at which Kel4 absorbs to PHB-
bearing P. oleovorans cells would be lower than the rate at which it absorbs to exponential
growth stage cell.

Kel4 was also evaluated for burst size (the number of progeny phage per initial
bound phage) and latent period (the time between infection and the release of progeny
phage). Kel4 demonstrated a burst size of 110 and a latent period of 40 minutes when
infecting mid-log phase cells cultured in R2A medium (Fig. 9A). This burst size is
comparable to other well-studied phages such as T4 or lambda [90-92]. Similarly, the
latent period is comparable to wild-type phage T4 optimal latent period when grown in
LB media (19-46 min) [92]. While Kel4 was readily capable of infection and lysis of P.
oleovorans cells grown under “optimal” conditions of R2A medium, Kel4 was not able
to lyse glycerol-grown P. oleovorans (PHB-bearing cells cultured to stationary phase in
glycerol media) immediately after resuspension in either R2A or fresh glycerol media
(Fig. 9B). Hadas et al. [43] found that T4-infected E. coli cultured on glycerol as the sole

carbon source displayed lower burst size and a greater latent period than those cell culture
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in Luria-Bertani broth containing glucose (LBG). However, the infection observed by
Hadas et al. occurred in log phase E. coli whereas our study observed infection in
stationary phase. Accordingly, our expected latent period and burst size exhibit greater
disparity to those observed in rich media. Similar trends regarding the effect of minimal
media on lysis were observed by Sillankorva et al. when P. fluorescens was grown in
minimal vs rich glucose-containing media [44]. Additionally, nitrogen-starved E. coli
cells infected with phage MS2 were found to be incapable of lysis even after additional
nitrogen was added to the culture [93]. Likewise, MS2-infected E. coli at stationary
growth phase were unable to release progeny phage [94]. Culture of P. oleovorans on
glycerol media results in hosts which are inferior to exponential growth phase host, i.e.
glycerol-grown cells have differing cell morphology, cell wall surface characteristics, and
metabolic processes. Accordingly, the lack of observed lysis in glycerol-grown cells

might be due to poor host quality.

4.3 Lysis of PHB accumulated cells

In order to achieve lysis of PHB-bearing cells, P. oleovorans was cultured in
glycerol-containing media until stationary phase. The PHB-containing cells were then
pelleted at 10,000xg for 10 min, resuspended in fresh R2A medium to ODeoo = 0.2, and
placed in a 30 °C incubator, shaking at 150 rpm. After resuspension, an extended lag
phase was observed, followed by a return to exponential growth after approximately 4 hrs
(Fig. 10A). When phage was added to samples immediately after resuspension in R2A,

no lysis was observed for up to 3 hrs of observation (Fig. 10). Similarly, phage added to
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samples 120 min after resuspension showed no detectable lysis. However, once the cells
moved into exponential growth, lysis was observed in samples taken at 240 and 300 min
(Figs. 10D and 10E). All cells lysis observations were confirmed through plating samples
to determine viable cells as CFU/mL. Samples were centrifuged at 5,000xg and

resuspended in fresh media to remove free phage.
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Figure 10. Lysis of PHB containing cells. x-axis corresponds to time from dilution. Test samples were
removed from resuspension of PHB-containing cells to receive phage addition for lysis. Corresponding
controls which received R2A media addition instead of phage. x-axis corresponds to time from dilution.
Test samples receiving phage are marked with circles and solid lines. Controls receiving R2A instead of
phage are marked with x and dotted line. Arrows indicate sampling point for phage addition. (A) Growth
of R2A-resuspended, PHB-containing cells from which lysis samples were removed. (B) 0 min phage
addition. (C) 120 min phage addition. (D) 240 min phage addition. (E) 300 min phage addition.
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Figure 10. Continued.
In samples taken at 300 min, no CFU were detected above the measurement
threshold of 10® CFU/mL - compared to the control samples’ viable cell concentration,

approximately 108 CFU/mL (Fig. 11).
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Figure 11. Viable cells (A) and free phage (B) in cultures of PHB-accumulated cells following return to
rich medium and addition of phage to induce cell lysis. Solid bars indicate test samples and patterned bars
indicate controls receiving no phage. Viable cells measured CFU/mL and free phage are measured as
PFU/mL.

To determine the effects of returning cells to exponential growth in rich medium

on the PHB accumulated by P. oleovorans, samples were taken to measure the PHB
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concentration over time. The PHB content of cells did decrease after resuspension and
dilution in R2A medium, from 31% PHB as CDW at 0 min to 22% PHB as CDW at 120
min (Fig. 12). Franz et al. [95] modeled the production and consumption of PHB in
Ralstonia eutropha when cells were allowed to accumulate PHB before ammonium
chloride was added to stimulate biomass formation. They found that PHB was consumed
in order to produce biomass. Similarly, Bacillus megaterium has been shown to consume
internally stored PHB to produce biomass [96]. It is probable that the decrease in PHB
content of glycerol-grown P. oleovorans is likely due to consumption of internal PHB as
the cells reenter exponential growth. However, the amount of PHB consumed by the cells
while returning to a phage-susceptible state is only ~20% of the total PHB accumulated,

suggesting that this strategy may be viable for PHB extraction.
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Figure 12. Changes of PHB content in glycerol-grown P. oleovorans after dilution and resuspension in R2A
over six hours. Percent of cell dry weight as PHB is indicated by bars and corresponding cell growth shown
by (o) with dotted line.
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The efficacy of PHB extraction by phage was measured through sucrose-gradient
density ultracentrifugation. This method separates the PHB-containing granules released
into the media from those granules still contained in cell debris.  After 120 min of
incubation/lysis, samples receiving bacteriophage addition at 300 min (Fig. 10E) were
placed on sucrose-gradients alongside corresponding controls which received no phage
addition. Phage-facilitated lysis resulted in the release of approximately two thirds of
accumulated PHB (Fig. 13). The non-negligible amount of PHB contained in cell debris
after cell lysis may be potentially due to failure of PHB granule release despite disruption
of the cell envelopes. Martinez et al. [13] found that P. putida cells lysed through the
expression of an auto-lysing cassette released only 9% of the total PHB produced. Hori
et al. [41] were also able to release about two thirds PHB accumulated in B. megaterium
after self-disruption.  While not evaluated in this study, incomplete release of PHB-
containing granules may be affected by the hydrophobic interactions between PHB-
containing granules and cell debris [41]. Accordingly, effective methods need to be

developed to maximize PHB release in phage-facilitated extraction.
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Figure 13. Release of PHB due to bacteriophage-facilitated lysis. After addition of phage to samples at 300
min, cells were placed on sucrose-gradients to separate intra- and extra-cellular PHB. Total PHB was
measured in cells receiving phage treatment and controls receiving corresponding amount of R2A. After
ultracentrifugation, PHB remaining in cell debris was measured to determine amount of PHB extracted
through lysis.

38



5. CONCLUSIONS

In this study, P. oleovorans was found to be capable of utilizing crude glycerol as
a sole carbon source while being unaffected by common crude glycerol impurities, sodium
salts and methanol, in order to produce PHB. In addition, P. oleovorans is able to
accumulate PHB at a range of C/N ratios with maximum PHB accumulation, 31.1% PHB
as CDW, occurring at C/N ratio of 21.5. This study also isolated P. oleovorans targeting
bacteriophage Kel4. Kel4 was found to be able to lyse cells cultured in rich medium and
PHB-containing cells cultured on glycerol, but only after these cells were returned to a
rapidly growing state in rich medium. These results provide examples of how PHB
production costs can potentially be reduced through utilization of cheaper feedstocks and

extraction techniques.

39



REFERENCES

1. Ibrahim MH, Steinbiichel A. Poly (3-hydroxybutyrate) production from glycerol by
Zobellella denitrificans MW via high-cell-density fed-batch fermentation and simplified
solvent extraction. Applied and Environmental Microbiology. 2009;75(19):6222-31.

2. Davis R, Kataria R, Cerrone F, Woods T, Kenny S, O’Donovan A et al. Conversion of
grass biomass into fermentable sugars and its utilization for medium chain length
polyhydroxyalkanoate (mcl-PHA) production by Pseudomonas strains. Bioresource
technology. 2013;150:202-9.

3. Morgan-Sagastume F, Valentino F, Hjort M, Cirne D, Karabegovic L, Gerardin F et al.
Polyhydroxyalkanoate (PHA) production from sludge and municipal wastewater
treatment. Water Science & Technology. 2014;69(1):177-84.

4. Suriyamongkol P, Weselake R, Narine S, Moloney M, Shah S. Biotechnological
approaches for the production of polyhydroxyalkanoates in microorganisms and plants—
a review. Biotechnology Advances. 2007;25(2):148-75.

5. Lageveen RG, Huisman GW, Preusting H, Ketelaar P, Eggink G, Witholt B. Formation
of polyesters by Pseudomonas oleovorans: effect of substrates on formation and
composition of poly-(R)-3-hydroxyalkanoates and poly-(R)-3-hydroxyalkenoates.
Applied and Environmental Microbiology. 1988;54(12):2924-32.

6. Anderson AJ, Dawes EA. Occurrence, metabolism, metabolic role, and industrial uses
of bacterial polyhydroxyalkanoates. Microbiological Reviews. 1990;54(4):450-72.

7. Zafar M, Kumar S, Kumar S, Dhiman AK. Modeling and optimization of poly
(3hydroxybutyrate-co-3hydroxyvalerate)  production from cane molasses by
Azohydromonas lata MTCC 2311 in a stirred-tank reactor: effect of agitation and aeration
regimes. Journal of Industrial Microbiology & Biotechnology. 2012;39(7):987-1001.

8. Zinn M, Witholt B, Egli T. Occurrence, synthesis and medical application of bacterial
polyhydroxyalkanoate. = Advanced Drug Delivery Reviews. 2001;53(1):5-21.
doi:http://dx.doi.org/10.1016/S0169-409X(01)00218-6.

9. Naranjo JM, Posada JA, Higuita JC, Cardona CA. Valorization of glycerol through the
production of biopolymers: The PHB case using Bacillus megaterium. Bioresource
Technology. 2013;133(0):38-44. doi:http://dx.doi.org/10.1016/j.biortech.2013.01.129.

10. Choi J-i, Lee SY. Process analysis and economic evaluation for poly (3-
hydroxybutyrate) production by fermentation. Bioprocess Engineering. 1997;17(6):335-
42.

40


http://dx.doi.org/10.1016/S0169-409X(01)00218-6
http://dx.doi.org/10.1016/j.biortech.2013.01.129

11. Valappil SP, Misra SK, Boccaccini AR, Keshavarz T, Bucke C, Roy I. Large-scale
production and efficient recovery of PHB with desirable material properties, from the
newly characterised Bacillus cereus SPV. Journal of Biotechnology. 2007;132(3):251-8.
doi:http://dx.doi.org/10.1016/j.jbiotec.2007.03.013.

12. Heinrich D, Madkour MH, Al-Ghamdi MA, Shabbaj 11, Steinblchel A. Large scale
extraction of poly (3-hydroxybutyrate) from Ralstonia eutropha H16 using sodium
hypochlorite. AMB Express. 2012;2(1):59-.

13. Martinez V, Garcia P, Garcia JL, Prieto MA. Controlled autolysis facilitates the
polyhydroxyalkanoate recovery in Pseudomonas putida KT2440. Microbial
Biotechnology. 2011;4(4):533-47. d0i:10.1111/j.1751-7915.2011.00257 .x.

14. Ma F, Hanna MA. Biodiesel production: a review. Bioresource Technology.
1999;70(1):1-15.

15. Hill J, Nelson E, Tilman D, Polasky S, Tiffany D. Environmental, economic, and
energetic costs and benefits of biodiesel and ethanol biofuels. Proceedings of the National
Academy of Sciences. 2006;103(30):11206-10.

16. Johnson DT, Taconi KA. The glycerin glut: Options for the value-added conversion
of crude glycerol resulting from biodiesel production. Environmental Progress.
2007;26(4):338-48.

17. Anand P, Saxena RK. A comparative study of solvent-assisted pretreatment of
biodiesel derived crude glycerol on growth and 1,3-propanediol production from
Citrobacter freundii. New Biotechnology. 2012;29(2):199-205.
doi:http://dx.doi.org/10.1016/].nbt.2011.05.010.

18. Almeida JR, Favaro LC, Quirino BF. Biodiesel biorefinery: opportunities and
challenges for microbial production of fuels and chemicals from glycerol waste.
Biotechnology for Biofuels. 2012;5(1):1-16.

19. Pyle DJ, Garcia RA, Wen Z. Producing docosahexaenoic acid (DHA)-rich algae from
biodiesel-derived crude glycerol: effects of impurities on DHA production and algal
biomass composition. Journal of Agricultural and Food Chemistry. 2008;56(11):3933-9.

20. Yang F, Hanna MA, Sun R. Value-added uses for crude glycerol-a byproduct of
biodiesel production. Biotechnol Biofuels. 2012;5(13):1-10.

21. Wijesekara R, Nomura N, Sato S, Matsumura M. Pre-treatment and utilization of raw
glycerol from sunflower oil biodiesel for growth and 1, 3-propanediol production by
Clostridium butyricum. Journal of Chemical Technology and Biotechnology.
2008;83(7):1072-80.

41


http://dx.doi.org/10.1016/j.jbiotec.2007.03.013
http://dx.doi.org/10.1016/j.nbt.2011.05.010

22. Pagliaro M, Ciriminna R, Kimura H, Rossi M, Della Pina C. From glycerol to value-
added products. Angewandte Chemie International Edition. 2007;46(24):4434-40.

23. Wang F, Lee SY. Poly (3-Hydroxybutyrate) production with high productivity and
high polymer content by a fed-batch culture of Alcaligenes latus under nitrogen limitation.
Applied and Environmental Microbiology. 1997;63(9):3703-6.

24. Suzuki T, Yamane T, Shimizu S. Mass production of poly-p-hydroxybutyric acid by
fed-batch culture with controlled carbon/nitrogen feeding. Applied Microbiology and
Biotechnology. 1986;24(5):370-4.

25. Lee SY, Choi J-i, Wong HH. Recent advances in polyhydroxyalkanoate production by
bacterial fermentation: mini-review. International Journal of Biological Macromolecules.
1999;25(1-3):31-6. doi:http://dx.doi.org/10.1016/S0141-8130(99)00012-4.

26. Bormann E-J. Stoichiometrically calculated vyields of the growth-associated
production of polyhydroxybutyrate in bacteria. Biotechnology letters. 2000;22(18):1437-
42,

27. Brandl H, Gross RA, Lenz RW, Fuller RC. Pseudomonas oleovorans as a source of
poly(B-hydroxyalkanoates) for potential applications as biodegradable polyesters. Applied
and Environmental Microbiology. 1988;54(8):1977-82.

28. Song J, Kay M, Coles R. Bioplastics. Food and Beverage Packaging Technology.
Wiley-Blackwell; 2011. p. 295-3109.

29. Haywood G, Anderson A, Dawes E. The importance of PHB-synthase substrate
specificity in polyhydroxyalkanoate synthesis by Alcaligenes eutrophus. FEMS
Microbiology Letters. 1989;57(1):1-6.

30. Ramsay BA, Saracovan |, Ramsay J, Marchessault R. Effect of nitrogen limitation on
long-side-chain poly-beta-hydroxyalkanoate synthesis by Pseudomonas resinovorans.
Applied and Environmental Microbiology. 1992;58(2):744-6.

31. Wei Y-H, Chen W-C, Huang C-K, Wu H-S, Sun Y-M, Lo C-W et al. Screening and
evaluation of polyhydroxybutyrate-producing strains from indigenous isolate Cupriavidus
taiwanensis strains. International Journal of Molecular Sciences. 2011;12(1):252-65.

32. Kato M, Bao HJ, Kang CK, Fukui T, Doi Y. Production of a novel copolyester of 3-
hydroxybutyric acid and medium-chain-length 3-hydroxyalkanoic acids by Pseudomonas
sp. 61-3 from sugars. Applied Microbiology and Biotechnology. 1996;45(3):363-70.
d0i:10.1007/s002530050697.

33. Rudnik E. Compostable polymer materials. Elsevier; 2010.

42


http://dx.doi.org/10.1016/S0141-8130(99)00012-4

34. Malkawi HI, Fatmi LM, Al-deeb TM. Mutational analysis of oil degrading genes in
bacterial isolates from oil contaminated soil at the Jordanian oil refinery. World Appl Sci
J. 2009;6(2):208-20.

35. Heipieper HJ, Neumann G, Cornelissen S, Meinhardt F. Solvent-tolerant bacteria for
biotransformations in two-phase fermentation systems. Applied Microbiology and
Biotechnology. 2007;74(5):961-73.

36. Freitas F, Alves VD, Pais J, Costa N, Oliveira C, Mafra L et al. Characterization of an
extracellular polysaccharide produced by a Pseudomonas strain grown on glycerol.
Bioresource Technology. 2009;100(2):859-65.

37. Alves VD, Ferreira AR, Costa N, Freitas F, Reis MA, Coelhoso IM. Characterization
of biodegradable films from the extracellular polysaccharide produced by Pseudomonas
oleovorans grown on glycerol byproduct. Carbohydrate Polymers. 2011;83(4):1582-90.

38. Zhu C, Nomura CT, Perrotta JA, Stipanovic AJ, Nakas JP. Production and
characterization of poly-3-hydroxybutyrate from biodiesel-glycerol by Burkholderia
cepacia ATCC 17759. Biotechnology Progress. 2010;26(2):424-30.

39. Ashby RD, Solaiman DK, Foglia TA. Synthesis of short-/medium-chain-length poly
(hydroxyalkanoate) blends by mixed culture fermentation of glycerol.
Biomacromolecules. 2005;6(4):2106-12.

40. Fidler S, Dennis D. Polyhydroxyalkanoate production in recombinant Escherichia
coli. FEMS Microbiology Reviews. 1992;9(2-4):231-5.

41. Hori K, Kaneko M, Tanji Y, Xing X-H, Unno H. Construction of self-disruptive
Bacillus megaterium in response to substrate exhaustion for polyhydroxybutyrate
production. Applied Microbiology and Biotechnology. 2002;59(2-3):211-6.

42. Yu H, Yin J, Li H, Yang S, Shen Z. Construction and selection of the novel
recombinant Escherichia coli strain for poly(B-hydroxybutyrate) production. Journal of
Bioscience and Bioengineering. 2000;89(4):307-11. doi:http://dx.doi.org/10.1016/S1389-
1723(00)88950-1.

43. Hadas H, Einav M, Fishov |, Zaritsky A. Bacteriophage T4 development depends on
the physiology of its host Escherichia Coli. Microbiology. 1997;143(1):179-85.
d0i:10.1099/00221287-143-1-179.

44. Sillankorva S, Oliveira R, Vieira MJ, Sutherland I, Azeredo J. Pseudomonas

fluorescens infection by bacteriophage ®S1: the influence of temperature, host growth
phase and media. vol 1. 2004.

43


http://dx.doi.org/10.1016/S1389-1723(00)88950-1
http://dx.doi.org/10.1016/S1389-1723(00)88950-1

45. Bondioli P. The preparation of fatty acid esters by means of catalytic reactions. Topics
in Catalysis. 2004;27(1-4):77-82. doi:10.1023/B: TOCA.0000013542.58801.49.

46. Venkat Reddy CR, Oshel R, Verkade JG. Room-temperature conversion of soybean
oil and poultry fat to biodiesel catalyzed by nanocrystalline calcium oxides. Energy &
Fuels. 2006;20(3):1310-4.

47. Knothe G, Krahl J, Van Gerpen JH. The Biodiesel Handbook. American Oil Chemists'
Society; 2010.

48. Rymowicz W, Fatykhova AR, Kamzolova SV, Rywinska A, Morgunov IG. Citric acid
production from glycerol-containing waste of biodiesel industry by Yarrowia lipolytica in
batch, repeated batch, and cell recycle regimes. Applied Microbiology and Biotechnology.
2010;87(3):971-9.

49. Hiremath A, Kannabiran M, Rangaswamy V. 1,3-Propanediol production from crude
glycerol from jatropha biodiesel process. New Biotechnology. 2011;28(1):19-23.
doi:http://dx.doi.org/10.1016/].nbt.2010.06.006.

50. André A, Diamantopoulou P, Philippoussis A, Sarris D, Komaitis M, Papanikolaou S.
Biotechnological conversions of bio-diesel derived waste glycerol into added-value
compounds by higher fungi: production of biomass, single cell oil and oxalic acid.
Industrial Crops and Products. 2010;31(2):407-16.
doi:http://dx.doi.org/10.1016/j.indcrop.2009.12.011.

51. Morgunov 1IG, Kamzolova SV, Lunina JN. The citric acid production from raw
glycerol by Yarrowia lipolytica yeast and its regulation. Applied Microbiology and
Biotechnology. 2013;97(16):7387-97.

52. Sabourin-Provost G, Hallenbeck PC. High yield conversion of a crude glycerol
fraction from biodiesel production to hydrogen by photofermentation. Bioresource
Technology. 2009;100(14):3513-7.

53. Choi WJ, Hartono MR, Chan WH, Yeo SS. Ethanol production from biodiesel-derived
crude glycerol by newly isolated Kluyvera cryocrescens. Applied Microbiology and
Biotechnology. 2011;89(4):1255-64.

54. Oh B-R, Seo J-W, Heo S-Y, Hong W-K, Luo LH, Joe M-h et al. Efficient production
of ethanol from crude glycerol by a Klebsiella pneumoniae mutant strain. Bioresource
Technology. 2011;102(4):3918-22.

55. Keshavarz T, Roy I. Polyhydroxyalkanoates: bioplastics with a green agenda. Current
Opinion in Microbiology. 2010;13(3):321-6.
doi:http://dx.doi.org/10.1016/j.mib.2010.02.006.

44


http://dx.doi.org/10.1016/j.nbt.2010.06.006
http://dx.doi.org/10.1016/j.indcrop.2009.12.011
http://dx.doi.org/10.1016/j.mib.2010.02.006

56. Lee SY. Bacterial polyhydroxyalkanoates. Biotechnology and Bioengineering.
1996;49(1):1-14. doi:10.1002/(SICI)1097-0290(19960105)49:1<1::AlD-
BIT1>3.0.CO;2-P.

57. Mohanty A, Misra M, Drzal L. Sustainable bio-composites from renewable resources:
opportunities and challenges in the green materials world. Journal of Polymers and the
Environment. 2002;10(1-2):19-26.

58. Song J, Murphy R, Narayan R, Davies G. Biodegradable and compostable alternatives
to conventional plastics. Philosophical Transactions of the Royal Society B: Biological
Sciences. 2009;364(1526):2127-39.

59. Guezguez B, Irle M, Belloncle C. Substitution of formaldehyde based adhesives with
soy based adhesives in production of low formaldehyde emission wood based panels. Part
1-Plywood. International Wood Products Journal. 2013;4(1):30-2.

60. Lenz RW, Marchessault RH. Bacterial polyesters: biosynthesis, biodegradable plastics
and biotechnology. Biomacromolecules. 2005;6(1):1-8.

61. Ibrahim MHA, Steinbiichel A. Zobellella denitrificans strain MW1, a newly isolated
bacterium suitable for poly(3-hydroxybutyrate) production from glycerol. Journal of
Applied Microbiology. 2010;108(1):214-25. doi:10.1111/].1365-2672.2009.04413.x.

62. Fukui T, Mukoyama M, Orita I, Nakamura S. Enhancement of glycerol utilization
ability of Ralstonia eutropha H16 for production of polyhydroxyalkanoates. Applied
Microbiology and Biotechnology. 2014;98(17):7559-68. doi:10.1007/s00253-014-5831-
3.

63. Mothes G, Schnorpfeil C, Ackermann JU. Production of PHB from crude glycerol.
Engineering in Life Sciences. 2007;7(5):475-9. doi:10.1002/elsc.200620210.

64. Salakkam A, Webb C. The inhibition effect of methanol, as a component of crude
glycerol, on the growth rate of Cupriavidus necator and other micro-organisms.
Biochemical Engineering Journal. 2015;98(0):84-90.
doi:http://dx.doi.org/10.1016/j.bej.2015.02.024.

65. Loessner MJ. Bacteriophage endolysins — current state of research and applications.
Current Opinion in Microbiology. 2005;8(4):480-7.
doi:http://dx.doi.org/10.1016/].mib.2005.06.002.

66. Marks T, Sharp R. Bacteriophages and biotechnology: a review. Journal of Chemical
Technology & Biotechnology. 2000;75(1):6-17. doi:10.1002/(SI1C1)1097-
4660(200001)75:1<6::AID-JCTB157>3.0.CO;2-A.

45


http://dx.doi.org/10.1016/j.bej.2015.02.024
http://dx.doi.org/10.1016/j.mib.2005.06.002

67. Moldovan R, Chapman-McQuiston E, Wu X. On kinetics of phage adsorption.
Biophysical Journal. 2007;93(1):303-15.

68. Schwartz M. The adsorption of coliphage lambda to its host: Effect of variations in the
surface density of receptor and in phage-receptor affinity. Journal of Molecular Biology.
1976;103(3):521-36. doi:http://dx.doi.org/10.1016/0022-2836(76)90215-1.

69. Inomata T, Kimura H, Hayasaka H, Shiozaki A, Fujita Y, Kashiwagi A. Quantitative
comparison of the RNA bacteriophage QP infection cycle in rich and minimal media.
Archives of Virology. 2012;157(11):2163-9.

70. Tuler T, Callanan M, Klaenhammer T. Overexpression of peptidases in Lactococcus
and evaluation of their release from leaky cells. Journal of Dairy Science.
2002;85(10):2438-50.

71. De Ruyter P, Kuipers OP, Meijer WC, de Vos WM. Food-grade controlled lysis of
Lactococcus lactis for accelerated cheese ripening. Nature Biotechnology. 1997(15):976-
9.

72. de Vries J, Harms K, Broer |, Kriete G, Mahn A, Diring K et al. The bacteriolytic
activity in transgenic potatoes expressing a chimeric T4 lysozyme gene and the effect of
T4 lysozyme on soil-and phytopathogenic bacteria. Systematic and Applied
Microbiology. 1999;22(2):280-6.

73. Hughes KA, Sutherland IW, Jones MV. Biofilm susceptibility to bacteriophage attack:
the role of phage-borne polysaccharide depolymerase. Microbiology. 1998;144(11):3039-
47.

74. Gill JJ, Pacan JC, Carson ME, Leslie KE, Griffiths MW, Sabour PM. Efficacy and
pharmacokinetics of bacteriophage therapy in treatment of subclinical Staphylococcus
aureus mastitis in lactating dairy cattle. Antimicrobial Agents and Chemotherapy.
2006;50(9):2912-8. doi:10.1128/aac.01630-05.

75. Chan BK, Abedon ST, Loc-Carrillo C. Phage cocktails and the future of phage therapy.
Future Microbiology. 2013;8(6):769-83.

76. McLean S, Dunn L, Palombo E. Bacteriophage biocontrol has the potential to reduce
enterococci on hospital fabrics, plastic and glass. World Journal of Microbiology and
Biotechnology. 2011;27(7):1713-7.

77.FuW, Forster T, Mayer O, Curtin JJ, Lehman SM, Donlan RM. Bacteriophage cocktail

for the prevention of biofilm formation by Pseudomonas aeruginosa on catheters in an in
vitro model system. Antimicrobial Agents and Chemotherapy. 2010;54(1):397-404.

46


http://dx.doi.org/10.1016/0022-2836(76)90215-1

78. Kumari S, Harjai K, Chhibber S. Efficacy of bacteriophage treatment in murine burn
wound infection induced by klebsiella pneumoniae. Journal of Microbiology and
Biotechnology. 2009;19(6):622-8.

79. Schwartz RD. Octene epoxidation by a cold-stable alkane-oxidizing isolate of
Pseudomonas oleovorans. Applied Microbiology. 1973;25(4):574-7.

80. Adams MH. Bacteriophages. Bacteriophages. 1959.

81. Monteil-Rivera F, Betancourt A, Van Tra H, Yezza A, Hawari J. Use of headspace
solid-phase microextraction for the quantification of poly (3-hydroxybutyrate) in
microbial cells. Journal of Chromatography A. 2007;1154(1):34-41.

82. Yilmaz M, Soran H, Beyatli Y. Determination of poly-B-hydroxybutyrate (PHB)
production by some Bacillus spp. World Journal of Microbiology and Biotechnology.
2005;21(4):565-6.

83. Kraak MN, Smits T, Kessler B, Witholt B. Polymerase C1 levels and poly (R-3-
hydroxyalkanoate) synthesis in wild-type and recombinant Pseudomonas strains. Journal
of bacteriology. 1997;179(16):4985-91.

84. Lillo JG, Rodriguez-Valera F. Effects of culture conditions on poly (B-hydroxybutyric
acid) production by Haloferax mediterranei. Applied and Environmental Microbiology.
1990;56(8):2517-21.

85. Kim Y, Lenz R, Fuller R. Preparation and characterization of poly (. beta.-
hydroxyalkanoates) obtained from Pseudomonas oleovorans grown with mixtures of 5-
phenylvaleric acid and n-alkanoic acids. Macromolecules. 1991;24(19):5256-60.

86. Ho I-C, Yang S-P, Chiu W-Y, Huang S-Y. Structure and polymer form of poly-3-
hydroxyalkanoates produced by Pseudomonas oleovorans grown with mixture of sodium
octanoate/undecylenic acid and sodium octanoate/5-phenylvaleric acid. International
journal of biological macromolecules. 2007;40(2):112-8.

87. Arkin A, Ross J, McAdams HH. Stochastic Kinetic analysis of developmental pathway
bifurcation in phage A-infected Escherichia coli cells. Genetics. 1998;149(4):1633-48.

88. Morse SI. Studies on the interactions between components of Staphylococcus aureus
and Staphylococcus bacteriophage. The Journal of Experimental Medicine.
1962;116(2):247-51.

89. Yokokura T. Phage receptor material in Lactobacillus casei cell wall. Japanese Journal
of Microbiology. 1971;15(5):457-63.

47



90. Delbrick M. The burst size distribution in the growth of bacterial viruses
(bacteriophages). Journal of Bacteriology. 1945;50(2):131.

91. Ellis EL, Delbrick M. The growth of bacteriophage. The Journal of General
Physiology. 1939;22(3):365-84.

92. Abedon ST, Herschler TD, Stopar D. Bacteriophage latent-period evolution as a
response to resource availability. Applied and Environmental Microbiology.
2001;67(9):4233-41.

93. Propst-Ricciuti C. The effect of host-cell starvation on virus-induced lysis by MS2
bacteriophage. Journal of General Virology. 1976;31(3):323-30.

94. Ricciuti CP. Host-virus interactions in Escherichia coli: effect of stationary phase on
viral release from MS2-infected bacteria. Journal of virology. 1972;10(1):162-5.

95. Franz A, Song H-S, Ramkrishna D, Kienle A. Experimental and theoretical analysis
of poly (B-hydroxybutyrate) formation and consumption in Ralstonia eutropha.
Biochemical Engineering Journal. 2011;55(1):49-58.

96. Moreno P, Yafiez C, Cardozo NSM, Escalante H, Combariza MY, Guzman C.
Influence of nutritional and physicochemical variables on PHB production from raw
glycerol obtained from a Colombian biodiesel plant by a wild-type Bacillus megaterium
strain. New Biotechnology. (0). doi:http://dx.doi.org/10.1016/j.nbt.2015.04.003.

48


http://dx.doi.org/10.1016/j.nbt.2015.04.003



