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ABSTRACT 
 

Polyhydroxybutyrate (PHB), a biosynthetic and biodegradable plastic was produced from Halomonas 

boliviensis LC1 in a minimal medium. PHB accumulation in H.boliviensis was achieved by a nitrogen 

limited cultivation. A fedbatch cultivation was carried out to determine the possibility of growth phase 

PHB accumulation in H.boliviensis. Intracellular accumulation of PHB could be detected by Nile blue 

fluorescence method with the help of flow cytometry. Increase in side-scatter with increase in 

fluorescence was observed from the flow cytometry results. This data can be combined with the 

fluorescence data, to be used a better tool for intracellular PHB detection. PHB was extracted out of the     

H.boliviensis cells by selective non PHB biomass digestion using sodium hypochlorite. The extracted 

PHB appeared as a dry white powder. PHB from H.boliviensis was quantified spectrophotometrically 

after converting the PHB into crotonic acid and a standard curve was also used for this purpose. 

H.boliviensis was also cultivated in a rich medium with yeast extract for PHB accumulation, as a 

comparison. Higher amounts of PHB accumulation could be seen in the rich medium cultivation as 

compared to the minimum medium cultivation. Further improvements are required to optimize the 

medium and cultivation conditions for better PHB accumulation by H.boliviensis in the minimal 

medium. The production cost of PHB is higher than petroleum derived plastics and hence more 

research is needed to lower this production cost using cheaper carbon substrates and better cultivation 

methods. 
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1. INTRODUCTION 

Background 

1.1 Industrial Biotechnology and The Biorefinery 
 
From the ancient use of microorganisms in producing cheese and beverages to the modern use of DNA 
technology in medical and process industries, biotechnology has played and will play a major role in 
the society. Industrial biotechnology is the application of modern biotechnology for the production of 
chemicals and bio-energy using inherently clean processes, with less waste generation and reduced 
energy consumption (1). Industrial biotechnology can offer solutions to current challenges in the 
economic, energy and environment scenario by transforming the dependence from non-renewable 
resources for raw materials to biomass based raw materials for the production of goods and services. 
This leads to the concept of a ''Biorefinery'' where biomolecules from biomass are converted into 
biofuels, chemicals, materials like plastics and polymers, pharmaceuticals, food ingredients and animal 
feed. Similar to a petroleum refinery where crude oil is refined into various products, a biorefinery 
facilitates the conversion of crude biomass into various other products in a sustainable manner (2). 
 
Dale BE reports that the worldwide production of land based plant biomass is of such huge quantities 
that the energy equivalent of these plant materials is approximately ten times the world's demand of all 
forms of energy (3). This could be an overstatement, since a realistic approach would consider only the 
plant biomass that is readily accessible by the biorefinery, i.e., the plant biomass that can be collected 
and transported economically, thus excluding the plant biomass from forests and other sources that will 
simply prove impossible to access. This narrows down the available plant based biomass to mostly 
agricultural residues which can be easily sourced for processing in a biorefinery, which alone can never 
be enough to produce energy for transportation and other requirements. Global production of 
agricultural residues like wheat straw, etc., is over 1000 million tonnes per year (3). This reservoir of 
carbohydrates and other biomolecules locked up in the biomass, if available for use in a biorefinery, it 
can lower the use of petroleum based raw materials, although not replacing it completely.  The question 
of compromise of agricultural resources between food production and biobased materials production is 
unrealistic, since crop production increases 2% annually and only the waste from these crops are 
intended to be used as feedstock for production of biobased materials (3). Although biomass made by 
photosynthesis can be seemingly abundant, only a very small fraction of it is available for use in a 
biorefinery as feedstock. Also, this biomass requires pretreatment before they can be fermented by 
microorganism.  
 
The major workforce in a biorefinery are the microorganisms, and they convert biomass feedstock into 
high value products (4). Most often, microorganisms with several characteristics like ability to 
simultaneously uptake mixed sugars, quick growth to high cell densities, minimal or no by-product 
accumulation and most importantly yield high titers of interesting product, requiring limited 
downstream processing are favored for use as industrial strains. These multiple characteristics are quite 
rare to find in wild type strains. Through recombinant DNA technology, metabolic engineering and 
other bioengineering methods, it is possible to develop tailor made industrial microorganisms out of 
natural microorganisms suiting specific industrial requirements. Latest research efforts are towards 
developing or bioengineering an organism that will be able to perform single-step fermentation of 
biomass (5) to produce fuels and materials like plastics. This will enable the bioengineered 
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microorganisms to utilize the carbohydrates in the crude biomass without the necessity for pre-
treatment.   
 
The main product streams from a biorefinery are bio-energy and bio based materials. Among the bio 
based materials, polymers are of special interest due to their biosynthetic, biocompatible and 
biodegradable properties (6). In North America, Western Europe and Asia, consumption of 
biodegradable polymers was estimated to reach 230 000 metric tons in 2010 with a growth rate of 22% 
per year from 2005 to 2010 (6). This is a growing trend in turning to bioplastics rather than petroleum-
based plastics. Among the various biopolymers like polyhydroxyalkanoates (PHAs), polybutylene 
succinate (PBS), polytrimethylene terephthalate (PTT) and polylactic acid (PLA), PHAs (figure 1) are 
interesting because apart from being completely biosynthetic and biodegradable, they are also 
biocompatibile which allows them to be used in bio-medical applications (6). The concept of a 
biorefinery to produce bioplastics from agricultural residue and other renewable feedstock could be one 
approach towards lowering the production cost of bioplastics like PHAs (7), which is a cause of 
concern. Polyhydroxyalkanoates (PHAs) is the common name of a wide variety of E-hydroxyalkanoic 
acid polymers. Poly(3-hydroxybutyrate) or PHB is one of the most well-known and widely produced 
bioplastic and is classified as a PHA. Polyhydroxybutyrate holds immense potential as bio degradable 
polymer, but it cannot equally compete right now with petroleum derived polymers. The production 
cost of PHB are higher when compared to petroleum derived polymers (8); however, the selling price 
of PHB per kg in 2010 was between 2.75 US$ - 6.25 US$, as compared to 12.5 US$ - 25 US$ per kg in 
2003 (9). This favorable decrease in the selling price will make PHB as a bulk commodity more 
economically viable and help in its commercialization.  
 
 

O C (CH2)x

R

C

O
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Figure 1: General structure of PHAs, R= H or alkyl groups C1-13, x = 1-4 and n = 100-30,000 

 

1.2 PHB applications  
 
Biodegradability, biocompatibility and similarity to petroleum polymers are the biggest strengths of 
PHB that drive their application in industrial, medical, agricultural and various other fields. The 
piezoelectric property of PHB is used in making a variety of sensors to detect pressure, sound, light, 
etc., and in developing audio equipments (10). PHB have also been used in developing nanocomposite 
films and nanotubes with better material properties (11). 
PHB films are used to pack urea fertilizers and insecticides, which when used in the agricultural land 
can release the fertilizers or insecticides in a controlled manner as the soil microbial community slowly 
degrade the PHB film (10). 
The next biggest application for PHB is in the medical field, PHB is used as scaffolds, bone plates, 
medium for slow release of drugs and surgical sutures (12). PHB has been used in bone regeneration 
treatments and nerve damage repair, also due to its piezoelectric nature (13). Blends of PHB with 
inorganic phases result in bioactive composites of superior properties that can be used in tissue 
engineering applications (14). Although PHB produced from bacterial fermentation do not contain any 
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unwanted residues that might result from chemical synthesis, presence of residual lipopolysaccharides 
or other endotoxins from production organisms can initiate immunogenic reactions in the patient’s 
body and hence PHB for biomedical applications need stringent quality control and regulations (15). 
 
PHB and its co polymers are manufactured by several industries and are available in the market in 
various varieties. The co-polymer of PHB with 3-hydroxyvalerate (HV) is sold under the trade name of 
BIOPOL® which is P(3HB-co-3HV) by Metabolix (16). BIOPOL is antistatic, suitable for conventional 
moulding operations and is used in making shampoo bottles, disposable razors, ropes, fibers, trays to 
hold food and various other containers. 
Nodax™ developed by The Procter & Gamble Company, is a mcl-co polymer with properties like 
reduced crystallinity than the homopolymer, making it more ductile to work with, toughness and 
flexibility (17) and these properties can be advantageous for manufacturing plastic materials. 
PHB manufactured by Biomers, a German company (13) is available commercially and is used to 
manufacture commodities like pens, combs, bullets, etc., and can be readily used in moulding (10). 
Degrapol® EORFN�FR�SRO\PHU�RI�3+%�DQG�3�İ-caprolactone) are elastic polymeric systems commercially 
available under different variants like foams,fibres,films are studied extensively in the bone 
regeneration therapies where these osteocompatible polymeric systems are used as scaffolds supporting 
bone re growth (18). 
Tianjin Green Bioscience, China is one of the biggest producers of microbial PHAs with a production 
capacity of 10,000 per year for applications in the raw materials and packaging sector (13). 
 
The biggest obstacle in the way of PHB becoming a mainstream bulk polymer is the higher production 
cost as compared to petroleum derived polymers (19). This is because the cultivation medium for PHB 
producing microorganisms are sometimes made up of complex nutrients which are expensive. PHB 
productivity, ratio of PHB to residual cell mass and yield of PHB per unit of carbon substrate are the 
principal elements determining PHB production cost (20) and research to improve on these areas will 
lead to further lowering of PHB cost and make it more attractive in the polymer market.  
  

1.3 Goal and Strategy  
 
Goal 

The objective of this thesis work was to produce polyhydroxybutyrate from Halomonas boliviensis 
LC1 strain in the laboratory and establish analysis methods to detect and quantify the produced bio 
polymer. PHB accumulation by H.boliviensis in a minimal medium that has not been used for this 
purpose prior to this work will be studied in this master thesis. 

 
Strategy   
 

x Production of polyhydroxybutyrate 
Halomonas boliviensis accumulates polyhydroxybutyrate as a response to lack of one nutrient 
when other nutrients are available in excess. To achieve this condition, H.boliviensis will be 
cultivated in a minimal medium with all the nutrients in excess availability except Nitrogen. 
This Nitrogen limitation will induce PHB accumulation in H.boliviensis.  
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x Detection of intracellular polyhydroxybutyrate 

It is necessary to detect or visualize PHB accumulation inside H.boliviensis cells, before 
proceeding to extraction steps. It can also be an indicator of how well the bacterium produces 
the polymer as a response to different growth medium.  
A fluorescence test will be employed using Nile blue, a dye that emits fluorescence that can be 
visualized when bound to PHB granules. 

 
x Extraction of polyhydroxybutyrate 

PHB is an intracellular polymer and needs to be extracted for its applications. Selective 
digestion of non PHB biomass will be carried out using sodium hypochlorite to extract the 
biopolymer. 
 

x Quantification of polyhydroxybutyrate 
To quantify the PHB produced by H.boliviensis, an analysis method to calculate the amount of 
PHB per volume is needed. Conversion of PHB to crotonic acid followed by 
spectrophotometric analysis will be used for this purpose. 
 
 

Five cultivations will be carried out to accomplish the goal. The samples from these cultivations will be 
used in the PHB detection, extraction and quantification studies. 
 
 

Cultivation 1: Minimal medium cultivation with L-glutamic acid added to the medium. 
Cultivation 2: Minimal medium cultivation without L-glutamic acid. 
These two cultivations will be used to see how H.boliviensis grows in a minimal medium that 
has not been tried in previous work and only in this thesis work. It will also serve to determine 
if L-glutamic acid is necessary to initiate growth of H.boliviensis as reported in previous works. 
 
Cultivation 3: A Nitrogen limited minimal medium designed to ensure the cultivation reaches 
stationary phase due to Nitrogen limitation and thereby initiating PHB accumulation. 
 
Cultivation 4: A complex medium cultivation with yeast extract and allowed to reach stationary 
phase to initiate PHB accumulation. This will be used as a reference or a comparison for PHB 
accumulation in H.boliviensis in a minimal medium. 
 
Cultivation 5: A fedbatch cultivation to test the hypothesis of PHB accumulation in 
H.boliviensis during growth phase. The growth limiting nutrient will be Nitrogen, fed in the 
form of (NH4)2SO4. 
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2. THEORY 

2.1 Polyhydroxyalkanoates 
 
PHAs are linear polyesters of E-hydroxyalkanoic acid monomers with a chiral E carbon making the 
polymer optically active and all monomer units occur in the R(-) configuration. The polyester is formed 
when carboxylic group of one monomer forms an ester bond with the hydroxyl group of an adjacent 
monomer, catalyzed by the PHA synthase enzyme whose stereospecificity renders chirality and the 
polymer can have a molecular weight in the range of 2 x 105 to 3 x 106 Da (6). PHAs are distinguished 
into two groups based on the number of carbon atoms in their monomers, they are the short chain 
length (scl) polymers made of 3-5 carbon atom monomers and the medium chain length (mcl) polymers 
made of 6-14 carbon atom monomers. Scl-PHAs are crystalline polymers which are brittle and stiff 
with high melting point and low glass transition temperature; Mcl-PHAs show low crystallinity and 
tensile strength but are thermoplastic elastomers having high elongation to break (6). A comparison of 
physical properties of homopolymer and heteropolymer PHB and a common petroleum polymer can be 
seen in table 1.Wide ranges of bacterial and fungal PHA depolymerases are able to degrade and 
metabolize PHAs into other intermediate metabolites and ultimately into CO2 and H2O thus closing the 
carbon cycle (16).  

Table 1: Physical properties of PHAs and Polypropylene (6) 
Properties Poly(3)HB Poly(3HB-3HV) Polypropylene 

    
Melting temperature (°C) 180 145 176 

    
Glass transition temperature (°C) 4 -1 -10 

    
Tensile strength (Mpa) 40 20 34,5 

    
Elongation at break (%) 5 50 400 

    
Young's modulus (Gpa) 3,5 1,2 1,7 

        
 
Lemoigne in 1926 identified PHA accumulation in Bacillus megaterium and since then more than 300 
different microorganisms have been identified as PHA accumulators with more than 150 different types 
of PHA constituents (21), (15). Among the different PHAs, poly(3-hydroxybutyrate) (PHB) is the most 
commonly found, produced and well-studied PHA (22). PHB is a scl PHA (figure 2) that accumulates 
in the cytoplasm as insoluble granules, when cell growth is limited due to lack of essential nutrients 
(P,S,O,N) in the presence of excess carbon source (16). This is a route to store available carbon as 
reserve energy for later use when the other nutrients are available for growth to resume. When 
favorable growth conditions return, the accumulated PHB granules are depolymerized by the 
depolymerase enzyme of the cell and the resulting monomer units can be re-introduced into the central 
metabolism (6).  
 

O C
H2
C HC

O

n

H CH3

 
Figure 2 : Chemical structure of Polyhydroxybutyrate, n = 100-30,000 [modified from (23)] 
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2.2 PHB Biosynthesis 
 
Cupriavidus necator (formerly known as Ralstonia eutropha, Wautersia eutropha and Alcaligenes 
eutrophus) (24) has been the model organism for molecular biology studies of PHA biosynthesis 
(Mifune J, 2010). The PHB biosynthesis in Cupriavidus necator is a three step enzyme catalyzed 
reaction (25) starting with two Acetyl CoA (C2 molecule) as the monomers which are condensed into 
Acetoacetyl CoA (C4 molecule) by E-ketothiolase (EC 2.3.1.9), this condensation is followed by a 
streoselective reduction of Acetoacetyl CoA into R(-)-E-hydroxybutyryl catalyzed by an NADPH-
dependent acetoacetyl CoA reductase (EC 1.1.1.36). Type I polyhydroxybutyrate synthase (EC 
2.3.1.B2), the polymerase enzyme with a preference for C4 substrates, links the R(-)-E-hydroxybutyryl 
moiety to an existing E-hydroxybutyrate polyester molecule by an ester bond. An illustrative figure 
showing this reaction can be seen in figure 3. 
 
The genes responsible for PHB biosynthesis in C.necator are clustered in one operon namely the 
phbCAB operon coding for polyhydroxybutyrate synthase (phbC), E-ketothiolase (phbA) and NADPH-
dependent acetoacetyl CoA reductase (phbB) respectively (16). Apart from homopolymer PHAs like 
PHB, several heteropolymer (copolymer) PHAs have also been identified in microorganisms. These 
heteropolymers are produced according to the availability of co-substrates, a typical example is poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)]. This is a co-polymer of PHB produced by 
C.necator when propionic acid is supplemented in the growth medium along with the usual carbon 
substrate (16). 
 
 

 
 

Figure 3 : The biosynthesis of PHB is a three step reaction catalyzed sequentially by the three enzymes [modified 
from (23)] 

 
PHB is accumulated or synthesized by microorganisms through different biosynthetic pathways. 
Depending on the organism and the kind (sugars, fatty acids) of carbon source available, the quality 
and characteristics of the final polymer is determined (26). When glucose, a common simple sugar is 
the carbon source available during PHB accumulating condition (un-balanced growth), it is catabolized 
through the Entner-Doudorrof pathway (27) and an overview of this pathway can be seen in figure 4.  
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Figure 4 A scheme showing the biosynthesis of PHB when glucose is the available carbon source which is 
metabolized through the Entner-Doudorrof pathway to provide the precursors and cofactors necessary for PHB 
biosynthesis [modified from (28)] 

In the cytoplasm, the PHB granule has a core-shell morphology, i.e, an inner hydrophobic PHB 
polyester core covered by a phospholipid membrane ; the membrane has proteins associated with it, of 
which the key biosynthetic enzyme PHB synthase, phasins (PHB metabolism regulatory proteins) and 
PHB depolymerase enzyme are the main components (29). In vivo, the PHB granules are amorphous 
but on extraction they become crystalline (30).  
 
Recombinant DNA techniques have been used to develop transgenic bacteria with PHB biosynthesis 
genes from natural PHB producers. Recombinant Escherichia coli has several advantages over native 
PHB accumulating organisms, like fast growth to high cell density leading to high productivity, 
accumulation of large amounts of PHB, growth on varied cheap carbon substrates, easy extraction of 
PHB and lack of depolymerase acitivity (16). Apart from the well-known PHB accumulating organisms 
like C.necator and recombinant E.coli, several halophilic organisms have also been known to 
accumulate PHB (31). Halophilic organisms either require or can tolerate salt in their environment for 
existence and can be found as Archae, Bacteria and Eukarya (32). H.boliviensis is a moderately 
halophilic gram negative bacteria, that synthesize osmolytes as an adaptation to salinity and 
accumulates PHB under unbalanced growth conditions (31). The salinity of the medium which prevents 
contamination by other microorganisms, cell lysis and release of intra cellular contents in the absence 
of salinity reduce cost in downstream processing and the possibility of co-producing valuable products 
like osmolytes along with PHB make halophilic organisms attractive for industrial biotechnology (33). 
However, the corrosive nature of even moderately saline medium leading to damage of stainless steel 
bioreactors commonly found in industrial fermentation seems to be a major disadvantage of employing 
halophilic organisms in large scale operations (31). 
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2.3 Industrial production of PHB: 
 
Polyhydroxybutyrate is produced commercially by several industries as mentioned and the common 
method is a fed batch cultivation (16); (22).  High cell densities are achieved in the first stage and PHB 
is accumulated by the cells in the second stage of the process by nutrient limitation. A fedbatch process 
is when addition of one nutrient at a particular concentration is growth limiting. This is essential to 
avoid overflow metabolism (characteristic of a batch process) by which the available excess nutrient in 
is metabolized into wasteful byproducts, and the cells grow at maximum growth rate (µmax). However, 
in a fedbatch process, the nutrient (substrate) is added in such a manner that it is always growth rate 
limiting. In a fedbatch cultivation, the growth rate is always kept below µmax, and the specific growth 
rate at which the cultivation is carried out can be controlled by controlling the nutrient feed rate. When 
the cells are grown at a growth rate below µmax, the cells do not produce wasteful byproducts and are 
not limited by oxygen unavailability (characteristic of a batch process), thus high cell densities can be 
achieved. High cell density cultivations are fedbatch cultivations by which high product titer volumes 
can be achieved.  
 
Through mass balance over the bioreactor, the condition for growth rate limitation in fedbatch 
cultivation is: (F/V)*Si < qs,max X(t)  
F (l/h) is the feed rate, V (l) is the cultivation volume, Si (g/l) is concentration of the substrate in the 
feed solution, qs,max (g/g h) is the maximum specific consumption rate of the growth limiting substrate, 
X(t) (g/h) being the cell mas at that particular time point. This equation can be simplified further into  
 

F0 = ஜ.ଡ଼.
ଢ଼୶/ୱ .ୗ୧ 

 
F0 (l/h) is the initial substrate feeding rate, µ (1/h) is the target growth rate and Yx/s (g/g) is the yield of 
cell mass from the growth limiting substrate. All parameters are known in this equation and is now 
easier to design the substrate feeding profile. The growth limiting substrate for industrial production of 
PHB is nitrogen (16), unlike carbon. This is because, nitrogen limitation will induce PHB biosynthesis 
when carbon is available in excess.  

2.4Detection of intracellular PHB 

The most common detection method for intracellular PHB is the use of the fluorescent dye, Nile blue. 
The dye is both aqueous and non-polar solvent soluble and it can diffuse across the cell membrane. 
Once the dye reaches the cytoplasm, it binds to the PHB granules and emits detectable fluorescence 
when excited by particular wavelengths of light in the electromagnetic spectrum. The prevalent practice 
is to use a petri plate culture of the PHB accumulating organism with the Nile blue dye. The dye can 
either be part of the solid medium or added later once the cultivation is ready to be analyzed (34). An 
alternate method is the use of flow cytometry for detection of intracellular PHB detection. The nile blue 
dye’s fluorescence can be detected in a flow cytometer (35).  

The flow cytometer and Fluorescence Assisted Cell Sorting are common analysis tools in biological 
research. The FACS system comprises of the fluid stream which is the sample cell suspension, a laser 
source, a set of photo multipliers and detectors. The fluid system is so designed that individual cells 
pass through the laser beam, which is perpendicular to the direction of the fluid stream and the light is 
scattered. The resulting forward light scatter (light scattered in the same direction as that of the laser 
beam), the orthogonal or side scatter (light scattered at a 45 degree angle to the laser beam) and 
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fluorescence are detected by several detectors present (36). The forward light scatter data gives 
information about the size or volume of the cell, the side scatter data gives information about the 
cytoplasmic granularity and the fluorescence measured is from the fluorescence agent bound to the cell 
or intracellular products (36). The side scatter of the light arises due to granularity of the cell and is 
commonly used to segregate the different cells in mammalian blood (37), some are more granular than 
the other. A simple scheme showing the FACS system can be seen in figure 5. 
 
 

 
 

Figure 5 Schematic of a flow cytometer with light from a laser source being scattered by the cells and fluorescence 
and the respective photo detectors. “FSC” is the forward scatter, “SSC” is the side scatter and “Flrs” is the 
fluorescence [modified from (38)] 
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3. MATERIALS AND METHODS  
 

3.1 Bacterial strain  
 
Halomonas boliviensis LC1 bacterium was used in this thesis work for PHB accumulation. 
 

3.2 Cultivation media  
 
H.boliviensis  was initially cultivated in a shake flask with 100 ml Lysogeny Broth (LB) supplemented 
with 5% NaCl which was replaced later by a minimal salts with 10 g/L glucose and 4.5% NaCl. The 
minimal medium was supplemented with 1ml/L of 1 M MgSO4 and 1 ml/L of trace elements mix (see 
appendix 2 for the complete list) from a 1000X stock solution, respectively. The minimal medium 
comprising of inorganic salts, provide the essential nutrients (P,N,S) with glucose as the carbon source. 
Minor nutrients would be supplied in the form of trace elements mix. The pH would be maintained by 
the phosphate salts which, apart from being a phosphorous source also act as buffering agents. The 
minimal medium used in the different cultivations is presented in table 2. 

Table 2 Minimal Medium Composition  
Component  

(g/L) 
Cultivation 1 Cultivation 2 Cultivation 3 Bioreactor 

Cultivation 
(batch medium) 

Glucose 10 10 10 10 

(NH4)2SO4 5.0 5.0 2.0 1.5 
KH2PO4 1.6 1.6 1.6 1.6 

Na2HPO4 x 2H2O 6.6 6.6 6.6 6.6 
(NH4)2-H-citrate 0.5 0.5 0.5 0.5 

NaCl 45.0 45.0 45.0 45.0 
L-Glutamic acid 0.03 - - - 

          
 
A complex medium with yeast extract was also used, as adapted from (39). The medium components 
are tabulated here in table 3. 

Table 3 Complex medium composition 
Component  

(g/L) 
Cultivation 4 

Glucose 10.0 
Yeast extract 3.50 
MgSO4.7H2O                               0.38 
CaCl2.2H2O 0.13 
KCl 0.75 
NaCl  45.0 
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The cultivation media were autoclaved for sterilization and the 1M MgSO4 solution and trace elements 
mix were filter sterilized before adding to the sterile media. Glucose was autoclave sterilized separately 
and then added to the sterile media. The pH of the media was set to 7.5 with 5M NaOH and an aqueous 
solution of filter sterilized Nile blue was added to the medium to give a final concentration of 0.5µg/ml. 

3.3 Cultivation setup 
 
Shake flask cultivation method is the preliminary cultivation method employed to study the growth of 
an organism in a particular medium. The cultivation is easy to maintain, sample and harvest due to the 
smaller cultivation volumes. All the shake flask cultivations in this thesis work were performed in 
shake flasks with  baffles in their design and a cultivation volume of 10% of the total shake flask 
volume, i.e, for a 100 ml cultivation, a 1000 ml shake flask was used. These were to ensure mixing of 
nutrients and enable oxygen transfer. The shake flasks were maintained in a shaking incubator with 
temperature control. 

The fedbatch cultivation required a bioreactor in order to feed the cultivation periodically with the 
growth limiting nutrient, in this case nitrogen in the form of (NH4)2SO4. The usual stainless steel 
bioreactors could not be used since H.boliviensis being a halophile, requires moderate salinity in its 
growth medium which is corrosive to the stainless steel bioreactor. To overcome this situation, a glass 
bioreactor (WebAnt® - Belach Bioteknik AB) was used, cultivation was controlled by the process 
control software that comes along with the WebAnt® system. 

3.4 Cell stock  
 
H.boliviensis was maintained in LB agar plates with 5 % NaCl. A cell stock was prepared by picking 
individual colony of H.boliviensis from the agar plate and inoculated into 100 ml of LB medium with 
5% NaCl in a 1000 ml shake flask and harvested when the cell growth reached an optical density at 600 
nm (OD) of 1.8. To this flask, a sterile solution of 43% glycerol was added to give a final glycerol 
concentration of about 25%. The suspension was mixed well and aliquoted into micro centrifuge tubes 
for storage at - 80°C until further use. Similarly, H.boliviensis cell stock in minimal medium was also 
prepared and used in the cultivations.  

3.5 Growth in minimal medium  
 
Cultivations 1 and 2 were performed as described here. Two 1000 ml shake flasks were taken and filled 
with 100 ml of minimal medium (one with medium for cultivation 1 and the other with medium for 
cultivation 2) as described in table 2. Minimal medium cell stock was used to inoculate the respective 
flasks. These two cultivations were followed by sampling culture from the respective flasks every 30 
minutes to measure OD in a spectrophotometer and the OD was plotted against cultivation time to 
obtain the growth curve as seen in figure 10. All the cultivations were carried out at 30°C.    

3.6 PHB accumulation in minimal medium  
 
Cultivation 3 was cultivation of H.boliviensis was in a nitrogen limiting minimal medium. A 1000 ml 
shake flask was filled with 100 ml of the cultivation 3 medium (table 2) and inoculated with the 
minimal medium cell stock. The cultivation was sampled PHB analysis. 
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3.7 PHB accumulation in complex medium   
 
Cultivation 4 was cultivation of H.boliviensis in a complex medium (table 3) consisting of yeast 
extract. A 1000 ml shake flask was filled with 100 ml of the cultivation 4 medium (table 3) and 
inoculated with the minimal medium cell stock. The cultivation was sampled PHB analysis. 

3.8 Bioreactor cultivation  
 
A three liter volume glass bioreactor (WebAnt® - Belach Bioteknik AB) was used for the fed batch 
cultivation. A seed culture was set up in a shake flask similar to the earlier minimal medium shake 
flask cultivation and 10 ml of this culture was used to inoculate 1000 ml of  the bioreactor batch 
medium (table 2 ) in the reactor. Once the batch stage reached its completion, the fed batch feeding 
stage was commenced by feeding aqueous (NH4)2SO4 solution into the reactor through silicone tubing 
by a peristaltic pump. The pH of the cultivation was maintained at 7.5 using 1M NaOH and 25% 
H3PO4 controlled by the pH electrode, the dissolved oxygen inside the bioreactor was maintained 
between 70% to 80% sensed by the dissolved oxygen tension electrode and controlled by stirrer speed 
and flow of air into the bioreactor. Antifoam was added whenever necessary.  

3.9 PHB detection by Nile blue fluorescence 
 
The method reported by P Spiekermann et al (34) was used for intracellular PHB detection. Minimal 
medium agar plates were prepared by adding 1.5% agar agar to the minimal medium (cultivation 3) 
described in table 2. Nile blue (0.5 µg/ml) was added just before the medium was allowed to solidy. 
H.boliviensis was streaked on this plate and incubated at 30°C for a period of 5 days to detect 
fluorescence due to intracellular PHB when illuminated under UV radiation. A similar solid medium 
cultivation was carried out with the rich medium described in table 4 for PHB detection. 
The Nile blue assay by flow cytometry was carried out as follows: An aqueous solution of filter 
sterilized Nile blue giving a final concentration of 0.5 µg/ml was added to the cultivation medium at 
the beginning of all the cultivations. Cultivation samples were mixed with 50% glycerol solution in a 
micro centrifuge tube and stored at -70°C until time for analysis. Frozen cultivation sample was thawed 
and diluted with physiological saline. The sample was washed with Phosphate buffered saline and 
transferred to a flow cytometry tube for the analysis, a detailed protocol can be found in appendix 1. A 
Flow cytometer equipped with a 640 nm laser was used to excite the sample and the resulting 
fluorescence intensity was used to correlate the amount of PHB accumulated inside the cells (35); (40) 
 

3.10 PHB extraction by sodium hypochlorite digestion 
 
The extraction method developed by Law and Slepecky (41) is the commonly used extraction method 
for PHB from bacterial cells and has been used in this thesis work also. Cultivation sample was 
centrifuged to get rid of the cultivation medium. The resulting cell pellet was incubated in sodium 
hypochlorite solution for an hour at 37°C for PHB extraction and then centrifuged again to remove the 
digested biomass as supernatant from the extracted PHB which sedimented at the bottom. The crude 
PHB which was extracted was washed successively by centrifugation in distilled water, acetone and 
methanol and air dried before proceeding to the quantification (see appendix 3 for detailed protocol).  
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3.11 PHB quantification by spectrophotometry 
 
The extracted PHB from the H.boliviensis cultivation was dissolved in10 ml chloroform and 1 ml of 
this solution is transferred to a fresh sample glass tube. Once the chloroform in the sample tube 
completely vaporizes, 10 ml of concentrated H2SO4 was added and the tube sealed with a glass stopper. 
This tube was heated in a boiling water bath for 20 minutes to complete the conversion of PHB into 
crotonic acid. The sample was cooled and vortexed well and transferred to a silica cuvette for 
measurement of UV absorbance in a spectrophotometer. Commercial PHB (Sigma Aldrich®) was taken 
and converted to crotonic acid by similar method. The UV absorbance from this standard PHB was 
used to contruct a standard curve and the concentration of the unknown PHB from H.boliviensis 
cultivation could be determined with the help of this standard curve. Detailed protocol can be found in 
appendix 4.  
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4. RESULTS  

4.1 Growth of H.boliviensis in minimal medium 
 
The primary objective of this thesis work was to produce polyhydroxybutyrate from Halomonas 
boliviensis in a minimal medium that has not been used previously in PHB accumulation studies. It was 
thus necessary to determine first if the bacterium could grow in this minimal medium, before 
proceeding to use this growth medium for PHB production. Reports from previous work on 
H.boliviensis mention that an amino acid (L-glutamate) was necessary to initiate growth in the absence 
of complex nitrogen source like yeast extract. H.boliviensis is a halophilic bacterium occurring in 
moderately saline water bodies, usually poor in nutrient availability. This made it interesting to 
determine if L-glutamic acid was indeed necessary for the growth of H.boliviensis in a minimal 
medium. Also, L-glutamic acid will add to PHB production cost, from an industrial production 
perspective it would be helpful if the amino acid addition could be avoided. Two experiments 
(Cultivations 1 and 2) were carried out to determine these and the result can be seen in figure 6. 
 

 
Figure 6 Growth curves of H.boliviensis cultivated in minimal medium with 0.3 % L-Glutamic acid (blue diamond) 
and without the amino acid (red square) in shake flasks at 30°C and 180 rpm shaking. The optical density (OD) of 
the culture at 600nm is plotted against cultivation duration to obtain the growth curve  

 
 
 
The two cultivations were similar except for the presence of L-glutamic acid in cultivation 1 and none 
in cultivation 2. Maximum growth rate µmax was necessary to compare if there was any significant 
difference between the growth pattern of the bacterium in media with and without the amino acid, µmax 
for H.boliviensis grown in minimal medium containing L-Glutamate acid was 0.43 h-1 and µmax for 
H.boliviensis grown in minimal medium without L-Glutamatic acid was 0.36 h-1, as obtained from the 
respective growth curves. On comparing the respective maximum growth rates, it could be seen that L-
Glutamatic acid did not contribute much towards faster cell growth and hence it was decided to be not 



18 
 

critical for growth of H.boliviensis. All the subsequent minimal medium cultivations were carried out 
without the addition of the amino acid. This growth rate also proved useful for designing the substrate 
feeding rate in designing the fed batch bioreactor cultivation. 
 

4.2 Production of polyhydroxybutyrate  
 
H.boliviensis accumulates PHB as a response to a nutrient unavailability when a carbon source is still 
available, as seen from the metabolic pathway described earlier. When glucose is metabolized through 
the Entner-Doudorrof pathway the major metabolite pyruvate enters the PHB biosynthetic pathway 
instead of progressing through other metabolic pathways. The lack of a macro nutrient like Nitrogen 
triggers this mechanism and leads to PHB accumulation which the cell can depolymerize later and use 
when the nutrient is available again. To achieve this PHB accumulating condition in the lab, a minimal 
medium cultivation (Cultivation 3) was designed with (NH4)2SO4 (nitrogen source) running out while 
all the nutrients are still available for H.boliviensis. A stationary phase was reached as a result of this 
nutrient starvation and H.boliviensis began to accumulate PHB. The result of this nitrogen limited 
cultivation can be seen as a growth curve in figure 7. This cultivation entered stationary phase after 14 
hours and around OD 1.8 as can be seen from the figure. Samples were taken from this cultivation for 
detection of intracellular PHB accumulation.  
 

 
Figure 7 Growth curve of H.boliviensis cultivated in minimal medium with 2 g/L (NH4)2SO4 as the nitrogen source to 
achieve stationary phase due to nitrogen starvation and initiate PHB accumulation 

 
The current industrial production of PHB from bacterial source is a two stage fed batch cultivation, 
where cell mass is accumulated in the first stage and these cells produce PHB in the second stage. If 
PHB could be produced by continuous cultivation method, it would have higher productivity than the 
fed batch method and yield a homogenous product quality. This is important since most of the 
applications of PHB depend on its molecular weight and a continuous cultivation can ensure uniform 
PHB molecular weight. Due to practical limitations, continuous cultivation could not be carried out in 
this thesis work and hence a fedbatch cultivation was designed. It was an attempt to simulate 
continuous cultivation, where cell growth and PHB accumulation was to be achieved at the same time.  
A fed batch process resembles a continuous process when the growth limiting substrate is fed at an 
exponential feed rate. The cells grow at a constant growth rate and all parameters are constant except 
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for cell mass and volume. H.boliviensis is known to be a stationary phase PHB accumulating organism, 
however this fed batch cultivation was based on the hypothesis that there is no “all or none” PHB 
accumulation. Some minimal amounts of PHB is always accumulated in the cell and if it is possible to 
enhance this accumulation it would result in increased volumetric productivity. When the cells are 
grown at a growth rate lower than the µmax, PHB accumulation is expected. Since the nitrogen 
availability will be low at the chosen specific growth rate (as controlled by the feed addition) to support 
normal metabolism inside the cell, the cells will be forced to begin PHB biosynthesis. This was the 
design to achieve PHB accumulation during cell growth, by attempting to increase PHB biosynthesis 
which is never completely shut off in the cell. The feeding profile was designed using the equation  

F0 = ஜ.ଡ଼.
ଢ଼୶/ୱ .ୗ୧ 

The specific growth rate was set as 0.15 h-1 which was lower than µmax for H.boliviensis in minimal 
medium, 0.36 h-1. Since this was the first attempt at any such minimal medium cultivation, a specific 
growth rate lower than µmax had to be chosen arbitrarily, and depending on the outcome of this initial 
cultivation a more precise specific growth rate could be decided. The yield of cells was calculated by 
total nitrogen content in a cell (14%) and unit cell mass (X) produced per unit (NH4)2SO4. The growth 
limiting substrate was nitrogen in the form of 100 g/l (NH4)2SO4 feed solution. The cultivation was of 
two stages; a 15hour batch phase where the inoculated H.boliviensis grew by consuming the nutrients 
present in the medium and entered a stationary phase when the Nitrogen source in the batch medium 
ran out. This could be seen in the growth curve when the OD almost stops to increase further and 
becomes nearly constant, at this stage the feeding of (NH4)2SO4 was started samples were taken for 
Nile Blue assay at regular time points and the feeding was stopped after 18 hours from start of feed. 
The cultivation was maintained without any further addition of (NH4)2SO4 for another 22 hours to 
observe PHB accumulation when no external Nitrogen source was added.The initial glucose 
concentration in the batch medium was 10 g/l. Glucose was added intermittently when a decrease in 
concentration during the feed phase was detected by checking a cultivation medium sample externally. 
The fed batch cultivation of H.boliviensis in this minimal medium proved difficult to control as the pH 
titration was irregular and also the OD data became inconsistent halfway through the feeding stage as 
seen in figure 8. Hence nothing conclusive about accumulation of PHB during growth phase in 
H.boliviensis could be determined. 

 
Figure 8 Growth curve of the minimal fedbatch cultivation of H.boliviensis in minimal medium with glucose as the 
carbon source present in excess in the medium and (NH4)2SO4 as the growth limiting substrate fed into the 
cultivation 
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4.3 Detection of intracellular polyhydroxybutyrate 

The accumulation of PHB inside the cell has to be detected or visualized as a confirmatory step for the 
presence of intracellular PHB. This is a vital analysis to perform before continuing to extract the PHB 
as low levels of intracellular would not be beneficial and prove un-economical to extract.  The 
prevalent practice is to use a petri plate culture of the PHB accumulating organism with the Nile blue 
dye. This method was tried in this thesis work, however no fluorescence could be detected even after 
several attempts. A reason could be that the literature reports several different wavelengths of UV 
radiation for the Nile blue fluorescence and those specific wavelengths were probably different from 
the UV illumination available in the laboratory. This lead to the use of Nile blue fluorescence assay 
using flow cytometry, to identify intracellular PHB accumulation. Although this method has been used 
in earlier works for intracellular PHB detection, it is not as common. 

The cultivation 3 which was a minimal medium cultivation for PHB accumulation was sampled at 
regular time intervals in the stationary phase for Nile blue flow cytometry assay. The dye was added to 
the cultivation medium at the beginning of the cultivation as the dye is nontoxic to the cells. The 
samples were mixed with glycerol and frozen until analysis time. The samples were analyzed in a flow 
cytometer and the fluorescence data can be seen as a bar chart in figure 9. 

 
Figure 9 Bar chart showing mean fluorescence intensity value against cultivation time from a Nitrogen limited (2 g/L 
(NH4)2SO4) minimal medium cultivation for PHB accumulation. H.boliviensis reached stationary phase due to 
Nitrogen limitation and intracellular PHB accumulation co could be identified from the Nile blue fluorescence assay. 
E.coli cultivated in the same medium was used as a negative control for fluorescence 

The fluorescence data from E.coli cultivated in the same Nitrogen limiting minimal medium used as 
negative control for the Nile blue fluorescence is also included in the bar chart.  
As a reference, cultivation 4 which was a complex medium cultivation for PHB accumulation was 
carried out. The medium used in cultivation 4 had yeast extract as nitrogen source, whereas the 
minimal medium used in cultivation 3 had (NH4)2SO4 as the nitrogen source. Glucose was the carobon 
source in both these cultivations. Samples from cultivation 4 for Nile blue assay were used as a 
reference to compare PHB accumulation of H.boliviensis in a rich medium (cultivation 4) and a 
minimal medium (cultivation 3). The fluorescence data from cultivation 4 can be seen as a flow 
cytometry read out in figure 10. The number of cells counted (cell count) vs the fluorescence intensity 
of the counted cells is on the y and x axis respectively. 
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Figure 10 Fluorescence of Nile blue bound PHB from H.boliviensis cultivated in a rich medium with yeast extract 
(3.5 g/L) for PHB accumulation and sampled for fluorescence assay at 15 hours and 30 hours from the time of 
inoculating the medium with seed culture. E.coli cultivated in the same medium was used as a negative control for 
fluorescence 

In flow cytometry analysis, the total amount of light scattered at an angle to the light source by the 
passing cells is also a parameter that is usually recorded, which is independent of the fluorescence. This 
is the side scatter data which is attributed to the granularity of the cellular cytoplasm, i.e., more the 
cytoplasmic granules, more the side-scatter. The side-scatter data from the flow cytometry assay for the 
samples from cultivation 4 sampled at 15 hours and 30 hours from the same cultivation can be seen in 
figure 11. 
 

 
Figure 11 Fluorescence as a function of side-scatter from the flow cytometry analysis of rich medium (3.5 g/l yeast 
extract) H.boliviensis at stationary phase, sampled at 15 hours and 30 hours from the beginning of cultivation.  

An interesting observation was made on this side scatter data, as it can be seen the intensity of 
fluorescence (y-axis) increases with the increase in side-scatter (x-axis). This is interesting because the 
granularity can be from the cytoplasmic PHB accumulation. 
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4.4 Extraction of polyhydroxybutyrate 
Polyhydroxybutyrate from H.boliviensis is an intracellular product and has to be extracted out of the 
cell for its applications. The intracellular PHB in H.boliviensis was selectively extracted using sodium 
hypochlorite. This reagent digests non PHB bio mass i.e., all the cellular materials except for PHB 
which sediments as a white powder. The method involved incubation of harvested biomass in sodium 
hypochlorite solution and the insoluble PHB collects as a sediment. The extracted PHB was purified by 
washing successively in distilled water, acetone and methanol. PHB was insoluble in the solvents used 
for purifying it and precipitated as a white opaque powder. The samples from cultivation 3 and 
cultivation 4 which were minimal medium and complex medium cultivations for PHB accumulation 
were extracted. The extracted PHB samples could be quantified. 

4.5 Quantification of polyhydroxybutyrate  
The extracted PHB needs to be quantified to determine the concentration of PHB produced from a 
cultivation. The quantification method involves chemically breaking up the PHB polymer into its 
monomer units. These monomers are then converted into a compound that can be measured using a 
spectrophotometer. This is achieved by boiling a sample of PHB with concentrated sulphuric acid, this 
is a dehydration reaction which converts the monomer units of hydroxybutyric acid into crotonic acid. 
Crotonic acid absorbs ultraviolet (UV) radiation at 235 nm and appears as a sharp peak in the spectrum. 
The amount of UV radiation absorbed by crotonic acid directly corresponds to the amount of PHB 
present in the sample, since PHB is converted to crotonic acid and this method can be used to quantify 
PHB in a UV spectrophotometer. A standard curve was developed with absorbance from commercially 
available PHB converted to crotonic acid. There was a linear between the amount of PHB and the 
corresponding absorbance which resulted in a straight line with an equation y = mx+c where “y” is the 
absorbance plotted in the y axis, m is the slope of the line, “x” is the amount of crotonic acid (PHB) in 
µg plotted in the x axis and “c” is a constant. This was used as a standard to determine the 
concentration of the unknown PHB from samples from H.boliviensis cultivations 3 and 4. The standard 
curve can be seen in figure 12.   

 
Figure 12 Standard curve from commercial PHB where the UV absorbance 235 nm is plotted as a function of 
amount of PHB in µg. 

 
The standard curve shows that the relationship between the amount of PHB taken and the absorbance 
from the PHB converted to crotonic acid is linear. The equation from the standard curve made it simple 
to quantify the unknown amount of PHB extracted from H.boliviensis cultivations in minimal medium 
and complex medium. 
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PHB quantified from H.boliviensis cultivated in a minimal medium (cultivation 3) 
 = 0. 28 mg/ml. 
 
PHB quantified from H.boliviensis cultivated in the complex medium with yeast extract (cultivation 4)  
= 14 mg/ml. 
 
The absorbance spectrum of the standard PHB can be seen figure 13 showing the characteristic 
crotonic acid peak at 235 nm 
 

 
Figure 13 Absorbance spectrum for crotonic acid obtained from PHB is seen here, the sample is scanned between 
190 nm to 800 nm in a Spectrophotometer. The sample here is 50 µg of commercially PHB converted into crotonic 
acid and the peak at 235 nm is typical for crotonic acid 

  
The PHB accumulation from minimal medium (cultivation 3) and complex medium (cultivation 4) 
were analyzed by Nile blue flow cytometry method and crotonic acid method. Both these results show 
that H.boliviensis was able to accumulate higher amounts of PHB when cultivated in the yeast extract 
containing complex medium. This can be because in a minimal medium, the cell has to invest energy 
from carbon towards synthesizing other essential metabolites which may be readily available in a 
complex nutrient like yeast extract. This energy and carbon spent could have been directed towards 
PHB biosynthesis had these nutrients been available when the cell needed them for growth. The goal of 
this thesis was to produce PHB from H.boliviensis in a minimal medium and this was successfully 
achieved. However the lower amounts of PHB from minimal medium cultivation shows further 
research has to be done in understand PHB accumulation in this medium and develop methods for 
improved PHB accumulation.  
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5. DISCUSSION  
 

The present dependence on non-renewable (fossil fuel) raw materials for energy and material 
production is not sustainable, because of the limited oil resources and pollution. This promotes the need 
for identifying and developing methods to produce energy and materials from renewable resources. 
Plastics have been a versatile material finding applications across various fields and are cheap since 
they are largely byproducts of oil refineries. The increasing oil prices, the depleting oil resources and 
the environmental hazards (42) of non-biodegradable plastics have led to increased attention on 
bioplastics, both in terms of need and opportunity. Polyhydroxybutyrate is one of the most commonly 
studied and produced bio degradable plastic (22). The production cost of PHB is higher than that of 
petroleum plastics like polypropylene (19) and hence efforts are directed towards reducing production 
cost by testing several cheap biobased raw materials. This master thesis work involves production of 
PHB from H.boliviensis in a minimal medium. Although the minimal medium made of mostly mineral 
salts which are quite inexpensive, the carbon substrate used was a refined sugar (glucose), the most 
important and most expensive medium component. The industrial PHB production is through fedbatch 
process (16); (22), although high product yields are reported, a continuous cultivation can give higher 
volumetric productivity as compared to a fedbatch cultivation. This is because a continuous cultivation 
process doesn’t need to be shut off for cleaning and refilling in between production routines. This can 
contribute to lowering of production cost since a higher volumetric productivity is achieved. This was 
the motivation behind the growth stage production of PHB in H.boliviensis by a fedbatch cultivation, as 
reported in this thesis work. This fedbatch cultivation was similar to a continuous cultivation due to the 
exponential feeding of the growth limiting substrate, at which all parameters are constant as in a 
continuous cultivation except for cell mass and volume which keep increasing with time. The efforts to 
study PHB accumulation during growth stage in H.boliviensis through fedbatch cultivation were not 
successful in this thesis work. However, the step forward is to refine the hypothesis and carry out 
cultivations to understand further the growth characteristics of H.boliviensis in this minimal medium 
and exploit its potential to accumulate PHB. 

A biorefinery can make use of the complex carbohydrates from waste biomass like agricultural residues 
as feedstock for production of polyhydroxbutyrate, thereby providing cheap and renewable raw 
material. Consolidated bioprocessing (CBP) is the latest strategy to develop an economical biorefinery. 
CBP is the process where the microorganism is able to hydrolyze the complex carbohydrates into 
simple sugars and also ferment these sugars into products (43). This is favorable since it can replace 
acid/alkali/enzyme/thermal hydrolysis, an expensive pretreatment of the feedstock to release sugars 
which can be fermented by the microorganism. Microorganism can be genetically engineered to 
express saccharolytic enzymes which can act on starch and cellulose in the plant based feedstock to 
release hexoses and pentoses which can be fermented. If the same microorganism is able to saccharify 
and ferment with high product yields, then it would be an ideal industrial microorganism for CBP. 
Currently reports show CBP to be established atleast in the laboratory with promising industrially 
relevant product yields for ethanol production (44). A similar strategy can be tried for PHB production 
from plant based feedstock, a step further in lowering the production cost of PHB. Since H.boliviensis 
with its salinity requirement is not a suitable industrial microorganism, through recombinant DNA 
technology the H.boliviensis PHB biosynthetic genes can be expressed into a suitable industrial strain 
for PHB production. Through this thesis work, it has been shown that H.boliviensis can accumulate 
PHB in a minimal medium, not employed for PHB production previously. This can be a beginning 
point for studying PHB accumulation in this minimal medium that has been used in this thesis work.   
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Polyhydroxybutyrate is an intracellular energy storage polymer (16) which needs to be detected 
intracellularly before a production process with proven results is established. In the initial stages of 
process development involving strain selection, cultivation medium and parameters optimization, 
detection of intracellular PHB is vital since all these can impact PHB accumulation. The current 
method to detect intracellular PHB accumulation is a fluorescence method, with the use of dye Nile 
blue (34). This method is suited for petri plate cultivations, however for liquid medium cultivations this 
method becomes laborious and an alternate method involving flow cytometry was developed (35). This 
flow cytometry allows for rapid detection of intracellular PHB accumulation by Nile blue fluorescence. 
Although this method exists, it is not as commonly used as the other method. The flow cytometry based 
Nile blue fluorescence for cell specific PHB accumulation was employed in this thesis work, since the 
flow cytometry technique is well established in the laboratory. Apart from the expertise in flow 
cytometry, this method proved superior to the petri plate method, in that online analysis can be carried 
out in parallel with the cultivation. This saves a lot of time and resources as the cultivation can be 
discontinued if PHB accumulation is unsatisfactory and improvements can be made since the results 
are available quickly and more accurate. Nile Blue assay with the help of flow cytometry was a simple 
and quick analysis method to identify PHB accumulation inside the cells. The method did not require 
lengthy sample preparation and fresh cultivation samples could be analyzed immediately. Even low 
amounts of PHB accumulation inside the cells could be identified as the flow cytometer analyzes 
fluorescence from individual cells. Apart from the fluorescence data, the side-scatter data from the flow 
cytometry analysis was also interesting. This is interesting because if it can be theorized that all the 
side-scatter is due to the accumulated PHB granules in the cytoplasm, then this side-scatter information 
can be combined with the fluorescence measurement as a better PHB detection tool. This phenomenon 
is reported by only one other recent scientific paper (45), which was published during the course of this 
thesis work. The FACS method can be used even to sort and select the cells accumulating high amounts 
of intracellular PHB, from a population of cells (native or recombinant producers).  

Extraction of intracellular PHB by sodium hypochlorite digestion is the commonly used method and 
hence chosen to extract PHB from H.boliviensis cultivation in this thesis work. The method is straight 
forward and simple, yielding relatively pure and ready to quantify PHB polymer, although the 
incubation and washing steps make this method time consuming. The use of a chlorinated compound 
like sodium hypochlorite and the series of solvents used to purify the crude PHB extract make this 
method hazardous to health and the environment, especially causing concern when industrial scale 
extractions are carried out. Apart from these issues, some studies in the scientific literature have shown 
that sodium hypochlorite has a negative effect on PHB polymer’s molecular weight (46); a significant 
reduction in molecular weight has been reported. Since molecular weight is an important property 
which determines the polymer’s application, possible loss and reduction in the molecular weight due to 
sodium hypochlorite has to be taken in to consideration when using this extraction method. An 
alternate extraction method has to be designed which will be simple, clean and considerably 
inexpensive. Physical cell disruption and isolation of PHB granules can be an alternative method, but 
has to be optimized and well controlled since the molecular weight of the polymer can be affected from 
the shear in the process. Spectrophotometric quantification of PHB by conversion to crotonic acid has 
proved to be a useful method for analyzing PHB from H.boliviensis.  
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 6. CONCLUSION 
 
The objective of this thesis work was to produce polyhydroxybutyrate from Halomonas boliviensis in a 
new minimal medium and establish analytical methods. H.boliviensis was shown to accumulate PHB 
minimal medium through this thesis work. It was successfully achieved by a nitrogen limited 
cultivation which induced PHB accumulation in H.boliviensis as seen from the results in this thesis. 
This shows that this new minimal medium can be used for PHB accumulation using PHB producing 
microorganisms. Further work needs to be done to improve the amounts of PHB from this minimal 
medium.  
 
Detection of intracellular PHB accumulation by Nile blue flow cytometry method was successful in 
detecting intracellular PHB accumulation, which was part of the objective of this thesis work. The side-
scatter phenomenon when combined with the fluorescence will become a faster and better tool for 
detection of intracellular PHB. FACS unlike fluorescence microscopy can be used for quantification 
also, since the data produced by FACS are cell specific data. Individual cellular level PHB 
accumulation can be known through this method. This will help in designing better process for PHB 
production.  
 
Extraction and quantification of PHB by sodium hypochlorite method and crotonic method respectively 
are well established analytical methods in PHB production. They were used in this thesis worked and 
shown to work well with PHB from H.boliviensis. The experience from this thesis work suggests these 
analytical methods must be combined with other methods for characterizing PHB as its molecular 
weight also needs to be quantified. This will be beneficial to understand how the nutrients in the 
cultivation medium and the extraction process impact the molecular weight of PHB, as the molecular 
weight is an important criterion for PHB applications.    
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Appendix 1 : Sampling procedure for flow cytometry analysis  
 

1. A sample from the cell cultivation is taken and kept on ice. 

2. The optical density (OD) of the sample at 600 nm is measured and if the OD is above 2, the 

sample is diluted to OD 2 in saline, the sample can be used without dilution if the OD is less 

than 2. 

3. 500 µL of the sample is taken and mixed (vortexed thoroughly) with 500 µL of 50% (w/v) 

glycerol in a microcentrifuge tube, giving a glycerol concentration of 25% in the tube. 

4. The tube is stored in the -80 degree freezer until analysis.  

5. For the analysis, the frozen sample is thawed over ice.  

6. The sample is now taken to a new microcentrifuge tube with 800 µL of 1x phosphate buffered 

saline (PBS). The volume (V) of cell sample to be taken is calculated by the equation 

OD*V(µL) = 50, i.e., if the OD = 1, then V = 50 µL.  

7. The sample in PBS is centrifuged at 4500 RPM/4°C for 10 minutes and the supernatant is 

carefully pipetted off. The cell pellet (often not visible) is pretty “soft” and has to be retained in 

the tube. 

8. The pellet is washed again with 100 µL PBS by centrifuging at 4500 RPM/4°C and the 

supernatant is discarded. 

9. The pellet is now resuspended in 500 µL ice cold PBS and transferred to a flow cytometer tube 

and maintained on ice. 

10. For fresh cultivation samples to be analyzed during or just after the cultivation, steps 3 to 5 can 

be ignored, thus making the process simple for quicker intracellular PHB accumulation 

identification using Nile blue fluorescence flow cytometry assay.  
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Appendix 2 : Trace element stock solution (1000X)   
 
CaCl2 x 2 H2O:    0.5 g L-1 

FeCl3 x 6 H2O:  16.7 g L-1 

ZnSO4 x 7 H2O:  0.18 g L-1 

CuSO4 x 5 H2O:  0.16 g L-1 

MnSO4 x 1 H2O:  0.11 g L-1 

CoCl2 x 6 H2O:  0.18 g L-1 

Na-EDTA:   20.1 g L-1 

1 M MgSO4 stock solution (1000X) 

MgSO4 x 7 H2O:  246.46 g L-1 
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Appendix 3 : Method for PHB extraction and quantification  
 
[ Based on the method from : Santhanam A and  Sasidharan S. 2010. Microbial production of polyhydroxy 
alkanotes (PHA) from Alcaligens spp. and Pseudomonas oleovorans using different carbon sources. African 
Journal of Biotechnology 21:3144-3150 ] 
 

1. 3ml culture centrifuged at 5000 rpm for 10 minutes. 

2. Cell pellet (fresh or frozen) is suspended in 3ml hypochlorite at 37°C for 1 hour to allow 

complete digestion of cell components except PHB. 

3. The suspension is centrifuged (14,000xg for 25 minutes) and the supernatant is discarded. 

Crude PHB can be observed as a white layer at the bottom. 

4. The crude PHB is washed twice with 10 ml distilled water by centrifugation (14,000xg for 25 

minutes) to get rid of any remaining hypochlorite. Plastic tubes are exchanged for glass tubes 

after this step. 

5. Next the PHB is washed twice with 3 portions (9ml for 3 ml culture) of acetone, to get rid of 

lipid contaminants.  

6. A final wash is given with pure  methanol to get rid of any moisture that may still remain which 

will interfere with later steps. 

7. 10 ml chloroform is heated in a glass tube in a water bath (65°C -70°C) and just when the 

chloroform starts to boil, it is transferred to the tube containing the extracted PHB. This 

suspension is moved to the water bath to ensure the chloroform is hot enough to dissolve all the 

PHB.  

8. 1 ml of this suspension is transferred to another glass tube and the chloroform is allowed to 

completely evaporate. It can be left open at room temperature for 24 hours or the evaporation 

can be accelerated by gentle heating in a water bath at 40°C until all chloroform has vaporized. 
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9. Once the chloroform has vaporized completely, 10 ml con.H2SO4, is added to the tubes and 

capped with galss stoppers. The tube is heated in a boiling water bath (94°C-96°C) for 20 

minutes for complete conversion of PHB to crotonic acid. Ensure no moisture gets into the tube, 

but also no pressure builds up inside. 

 

10. The sample is then cooled to room temperature, mixed (vortex) thoroughly. 1 ml of this sample 

is then transferred to a silica cuvette for spectrophotometry. 

 
 

11. The scan program of the spectrophotometer software is used and the sample is  scanned  

between 190 nm to 800 nm of the spectrum for a peak at 235 nm which corresponds to crotonic 

acid. Absorbance of the sample at 235 nm is noted, con.H2SO4 is used as the zero (blank). The 

sample’s absorbance will be used in the equation from the standard curve to determine the 

amount of PHB in the cultivation sample. 
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Appendix 4 : PHB Standard curve for quantification 
[ Based on the method from Nordeste RF, Trainer MA and Charles TC. 2010. Methods for the isolation of genes 
encoding novel PHB cycle enzymes from complex microbial communities. Metagenomics : Methods and 
Protocols, Methods in Molecular Biology 688:235-246 ]  
 
 

1. 0.01 g of commercial PHB is weighed in a glass tube and dissolved in 10 ml chloroform by 

heating in a water bath (65°C -70°C) till the solution is clear. This gives a 1 mg/ml PHB stock 

solution. The tube is capped with a glass stopper during heating. 

2. 1 ml of the 1 mg/ml stock is pipetted into a fresh tube with 9 ml chloroform to make a 100 

µg/ml PHB stock and the tubes are heated (65°C -70°C) and vortexed. 

3. An aliquot from the 100 µg/ml stock is taken into fresh tubes to get PHB of different weights. 1 

ml corresponds to 100 µg PHB, 900 µl corresponds to 90 µg and so on. 

4. The tubes are gently heated (40°C) without caps to completely evaporate the chloroform. 

5. Once the chloroform has vaporized completely, 10 ml con.H2SO4, is added to the tubes and 

capped with glass stoppers. The tubes are heated in boiling water bath (94°C-96°C) for 20 

minutes for complete conversion of PHB to crotonic acid. Ensure no moisture gets into the tube, 

but also no pressure builds up inside. 

6. The tubes are then cooled to room temperature, mixed (vortex) thoroughly. 1 ml of this sample 

is then transferred to a silica cuvette for spectrophotometry. 

7. The scan program of the spectrophotometer software is used and the samples are scanned  

between 190 nm to 800 nm of the spectrum for a peak at 235 nm which corresponds to crotonic 

acid. Concentrated H2SO4  is used as the zero (blank). 

8. Plot the respective absorbances at 235 nm vs the respective PHB weight to get the standard 

curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 



35 
 

 
 


	1. INTRODUCTION
	Background
	1.1 Industrial Biotechnology and The Biorefinery
	1.2 PHB applications
	1.3 Goal and Strategy

	2. THEORY
	2.1 Polyhydroxyalkanoates
	2.2 PHB Biosynthesis
	2.3 Industrial production of PHB:
	2.4Detection of intracellular PHB

	The most common detection method for intracellular PHB is the use of the fluorescent dye, Nile blue. The dye is both aqueous and non-polar solvent soluble and it can diffuse across the cell membrane. Once the dye reaches the cytoplasm, it binds to the...
	The flow cytometer and Fluorescence Assisted Cell Sorting are common analysis tools in biological research. The FACS system comprises of the fluid stream which is the sample cell suspension, a laser source, a set of photo multipliers and detectors. Th...
	3. MATERIALS AND METHODS
	3.1 Bacterial strain
	3.2 Cultivation media
	3.3 Cultivation setup

	The fedbatch cultivation required a bioreactor in order to feed the cultivation periodically with the growth limiting nutrient, in this case nitrogen in the form of (NH4)2SO4. The usual stainless steel bioreactors could not be used since H.boliviensis...
	3.4 Cell stock
	3.5 Growth in minimal medium
	3.6 PHB accumulation in minimal medium
	3.7 PHB accumulation in complex medium
	3.8 Bioreactor cultivation
	3.9 PHB detection by Nile blue fluorescence
	3.10 PHB extraction by sodium hypochlorite digestion
	3.11 PHB quantification by spectrophotometry

	4. RESULTS
	4.1 Growth of H.boliviensis in minimal medium
	4.2 Production of polyhydroxybutyrate
	4.3 Detection of intracellular polyhydroxybutyrate

	The accumulation of PHB inside the cell has to be detected or visualized as a confirmatory step for the presence of intracellular PHB. This is a vital analysis to perform before continuing to extract the PHB as low levels of intracellular would not be...
	The cultivation 3 which was a minimal medium cultivation for PHB accumulation was sampled at regular time intervals in the stationary phase for Nile blue flow cytometry assay. The dye was added to the cultivation medium at the beginning of the cultiva...
	4.4 Extraction of polyhydroxybutyrate
	4.5 Quantification of polyhydroxybutyrate

	5. DISCUSSION
	The present dependence on non-renewable (fossil fuel) raw materials for energy and material production is not sustainable, because of the limited oil resources and pollution. This promotes the need for identifying and developing methods to produce ene...
	A biorefinery can make use of the complex carbohydrates from waste biomass like agricultural residues as feedstock for production of polyhydroxbutyrate, thereby providing cheap and renewable raw material. Consolidated bioprocessing (CBP) is the latest...
	6. CONCLUSION
	List of References
	Appendix 1 : Sampling procedure for flow cytometry analysis
	Appendix 2 : Trace element stock solution (1000X)
	1 M MgSO4 stock solution (1000X)

	Appendix 3 : Method for PHB extraction and quantification
	Appendix 4 : PHB Standard curve for quantification

