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ABSTRACT 

Polyhydroxyalkanoates (PHAs) are potentially used as bio-plastics. However, the 

high cost of PHAs limits their use in the commodity market. Crude glycerol is an alternative 

carbon source for PHAs production. Engineered Escherichia coli strains were constructed to 

investigate their ability to synthesize poly(3-hydroxybutyrate) [P(3HB)] and Short-Chain-

Length-co-Medium-Chain-Length PHAs (SCL-MCL-PHAs) from pure and crude glycerol. 

PHA biosynthesis-related genes: ß-ketothiolase (phaA), acetoacetyl-CoA reductase (phaB) and 

PHA synthase (phaC), were cloned into pETDuet-ABCs and co-expressed in E. coli for 

P(3HB) biosynthesis. The phaA and phaB genes were derived from Ralstonia eutropha 

whereas 3 different phaCs from 3 different bacteria (Aeromonas hydrophila, R. eutropha and 

Pseudomonas putida) were used. The results showed that the amount of P(3HB) is affected by 

the type of PhaCs (30 wt%, 24 wt%, and 2 wt% of cell dry weight (CDW), respectively). The 

stage of cell and the carbon: nitrogen ratio were also found to be the key parameters 

influencing the amount of P(3HB). To produce SCL-MCL-PHAs, three (R)-specific enoyl-

CoA hydratase genes from P. putida (phaJ1Pp and phaJ4Pp) and from A. hydrophila (phaJAh) 

were cloned into pCDFDuet-Js and co-transformed with pETDuet-ABCs. Co-expression of 

PhaAB with each of PhaCs and PhaJs caused E. coli to produce SCL-MCL-PHAs with 

different monomer compositions, varying from C4 to C10 from pure glycerol supplemented 

with dodecanoate. The fractions of MCL-unit were in correlation with the concentration of 

dodecanoate. When 1% crude glycerol was used as a carbon source, E. coli-ABCAh produced 

P(3HB) at 14 wt% of CDW; whereas, E. coli-ABCAhJAh produced P(3HB-1 mol% 3HHx) at     

3 wt% of CDW when dodecanoate was included in the culture media. The molecular weight of 

PHAs produced was in the range of 110 to 260 kDa and the thermal properties of           

P(3HB-co-3HHx) were superior to P(3HB). 

 

 

KEY WORDS:  POLYHYDROXYALKANOATE / GLYCEROL /  

                           ESCHERICHIA COLI / COPOLYMER / HYBRID PATHWAY  
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การผลิตพลาสติกชีวภาพชนิด Polyhydroxyalkanoate จากกลีเซอรอล โดย Escherichia coli 
ดดัแปลง 
BIOSYNTHESIS OF POLYHYDROXYALKANOATE BIOPLASTIC FROM GLYCEROL BY 
ENGINEERED ESCHERICHIA COLI 
 
จิตวดี พิทกัษโ์รจนกลุ 5137026 MBMG/D 
 
ปร.ด. (อณูพนัธุศาสตร์และพนัธุวศิวกรรมศาสตร์) 
 
คณะกรรมการท่ีปรึกษาวิทยานิพนธ์: กุศล ภูธนกิจ, Ph.D., สุทิพา ธนพงศพ์ิพฒัน์, Ph.D.,  
วรีะวฒัน์ แช่มปรีดา, Ph.D., วภิา จึงจตุพรชยั, Ph.D., อภินนัท์ อุดมกิจ, Ph.D. 
 

บทคดัยอ่ 
Polyhydroxyalkanoates (PHAs) มีศกัยภาพท่ีจะใชเ้ป็นพลาสติกชีวภาพ อยา่งไรก็ตามตลาดการใช้

งานของ PHAs ยงัถูกจ ากัดด้วยราคาท่ีสูง กลีเซอรอลดิบคือแหล่งคาร์บอนทางเลือกส าหรับการผลิต PHAs 
Escherichia coli ดัดแปลงหลายสายพัน ธ์ุ จึง ถูกสร้าง ข้ึนเพื่ อ ศึกษาความสามารถในการผลิ ต                            
poly(3-hydroxybutyrate) [P(3HB)] และ Short-Chain-Length-co-Medium-Chain-Length PHAs (SCL-MCL-
PHAs) จากกลีเซอรอลบริสุทธ์ิและกลีเซอรอลดิบ โดยยีนท่ีเก่ียวขอ้งกับการผลิต PHA ได้แก่ ß-ketothiolase 
(phaA) acetoacetyl-CoA reductase (phaB) และ PHA synthase (phaC) ถูกโคลนเขา้ pETDuet-ABCs และถูก
เหน่ียวน าให้แสดงออกร่วมกนัใน E. coli เพื่อผลิต P(3HB) โดยท่ียีน phaA และ phaB มาจาก Ralstonia eutropha 
ในขณะท่ี phaCs 3 ชนิด มาจากแบคทีเรีย 3 ชนิดคือ Aeromonas hydrophila R. eutropha และ Pseudomonas 
putida ผลการทดลองแสดงใหเ้ห็นวา่ชนิดของ phaCs ส่งผลต่อปริมาณของ P(3HB) ท่ีผลิตได ้(30% 24% และ 2% 
ของน ้ าหนกัเซลลแ์หง้ตามล าดบั) ระยะของเซลลแ์ละสัดส่วนระหวา่งคาร์บอนและไนโตรเจนในอาหารเล้ียงมีผล
ต่อปริมาณ P(3HB) เช่นกนั และเพื่อท่ีจะผลิต SCL-MCL-PHAs จึงโคลนยีน (R)-specific enoyl-CoA hydratase      
3 ชนิด จาก P. putida (phaJ1Pp and phaJ4Pp) และ A. hydrophila (phaJAh) เขา้ pCDFDuet-Js และส่งถ่ายพร้อมกบั 
pETDuet-ABCs พบวา่การแสดงออกร่วมกนัของ PhaAB กบัแต่ละชนิดของ PhaCs และ PhaJs ท าให้ E. coli ผลิต 
SCL-MCL-PHAs ท่ีประกอบดว้ยโมโนเมอร์ท่ีมีจ านวนคาร์บอนตั้งแต่ 4 ถึง 10 อะตอมจากการใชก้ลีเซอรอล   
บริสุทธ์ิร่วมกับโดเดกคาร์โนเอต และสัดส่วนของโมโนเมอร์สัมพนัธ์กับความเขม้ขน้ของโดเดกคาร์โนเอต 
นอกจากน้ีเม่ือกลีเซอรอลดิบถูกใชเ้ป็นแหล่งคาร์บอน พบวา่ E. coli-ABCAh ผลิต P(3HB) ได ้14% ของน ้ าหนัก
เซลลแ์ห้ง ในขณะท่ี E. coli-ABCAhJAh ผลิต P(3HB-1 mol% 3HHx) ได ้3% ของน ้ าหนกัเซลลแ์ห้งเม่ือมีการเติม   
โดเดกคาร์โนเอตลงในอาหารเล้ียงเช้ือ น ้ าหนกัโมเลกุลของ PHAs ท่ีไดอ้ยูใ่นช่วง 110 ถึง 260 กิโลดาร์ลตนั และ 
P(3HB-co-3HHx) แสดงคุณสมบติัดา้นความร้อนท่ีดีกวา่ P(3HB) 

 
139 หนา้ 
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CHAPTER I 

INTRODUCTION 

 

 

Nowadays plastic materials are an integral part of our life due to their 

excellent properties such as ease of molding, light weight, chemical resistance and 

their durability. Thus, the use of plastics has increased rapidly over the past few 

decades. Based on the report by Global Industry Analysts, global plastic consumption 

will reach 297.5 million tons by 2015. However, the accumulation of the plastic 

wastes has become a critical environmental problem as most conventional plastics are 

produced from petroleum oil which take several centuries to be degraded. To solve 

this problem, biodegradable plastic is considered a promising alternative (1-3).  

One such compound is polyhydroxyalkanoates (PHAs). PHAs is a family 

of microbial polyester with potential use as bio-plastic for many applications such as 

food packaging, drug delivery, medical implants, agriculture/horticulture, automotive 

and household appliances. PHAs can be produced from a range of renewable carbon 

substrates. PHAs are produced by some types of bacteria as intracellular granules for 

carbon and energy storage under unbalance growth conditions in the presence of 

excess carbon source (4). Unlike the petroleum-based plastics, PHAs are 

biodegradable, thus reducing waste accumulation and greenhouse gas emission. 

Moreover, environmental impact analysis shows that life cycle of bio-based plastics 

are superior to petroleum-based plastic (5). 

Depending on the monomer structure, PHAs can be classified into three 

groups which are Short-Chain-Length PHAs (SCL-PHAs) containing 3 to 5 carbon 

atoms in the monomer, Medium-Chain-Length PHAs (MCL-PHAs) containing 6 to 14 

carbon atoms in the monomer and SCL-MCL-PHA copolymer containing both       

SCL-and MCL-monomers (6). The difference in monomer compositions affects the 

properties of PHAs. SCL-PHAs such as poly(3-hydroxybutyrate) or P(3HB) have high 

crystallinity. MCL-PHAs, on the other hand, have high flexibility. SCL-MCL-PHA 

copolymers combine the advantages of SCL-PHAs and MCL-PHAs. The properties of     
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SCL-MCL-PHA copolymers range from high crystallinity to elasticity, depending on 

the molar fraction of the various monomer constituents. For example, a copolymer 

composed of a high fraction of 3HB and a low fraction of 3-hydroxyhexanoate 

(3HHx) possesses properties similar to low-density polyethylene (7). 

In nature, only a few bacteria are known to produce SCL-MCL-PHA such 

as Pseudomonas sp. 61-3, which produces a random copolymer consisting of C4 to 

C12 monomer units from gluconate (8), Aeromonas caviae and Aeromonas 

hydrophila, which produce P(3HB-co-3HHx) from alkanoic acids (9, 10). 

Unfortunately, Aeromonas spp. have been reported as pathogens (11). Therefore, they 

are not practical to use for large scale production. Moreover, it is difficult to adjust the 

content and composition of copolymers produced by these bacteria, as their metabolic 

pathways are poorly characterized and no tools for genetic modification are available. 

A more practical approach to the production of copolymers with specific properties for 

industrial application is genetic engineering of model microorganisms                      

(e.g., Escherichia coli) that do not naturally produce PHAs. 

There are three well-known pathways for PHAs biosynthesis in bacteria 

(Fig 1.1) (12). Pathway I is found in many bacteria and has been extensively studied in 

Ralstonia eutropha, which produces SCL-PHA. This species produces SCL-PHA 

through the action of β-ketothiolase (PhaA), acetoacetyl-CoA reductase (PhaB), and 

PHA synthase (PhaC) enzymes. PhaA and PhaB generate the SCL-monomer:           

(R)-3-hydroxybutyryl-CoA [(R)-3HB-CoA] by sequentially catalyzing acetyl-CoA to 

acetoacetyl-CoA and to (R)-3HB-CoA respectively. PhaC then polymerizes (R)-3HB-

CoA monomers to the P(3HB) polymer. Pathways II and III are found mostly in the 

Pseudomonas bacteria, and are mainly involved in the production of MCL-PHAs. 

They are linked to the fatty acid β-oxidation and fatty acid biosynthesis pathway via          

(R)-specific enoyl-CoA hydratase (PhaJ) and (R)-3-hydroxyacyl-ACP-CoA transferase 

(PhaG) enzymes, respectively.  

The production of SCL-MCL-PHA copolymers in both wild type and 

recombinant strains has been previously investigated (13-16). However, the use of 

PHAs as commercialized material is still limited. This is because of their high 

production cost. For example the market price of P(3HB) from Biomer (Germany) is 

€12/kg while the market price of polypropylene is only €0.74/kg (1). According to 
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Choi and Sang (1997), the price of PHAs mainly depends on substrate cost which 

accounts for 40-48% of the total production cost (17). Therefore, one approach to 

reduce the production cost is by using economical substrates such as waste materials 

as alternative carbon source. Many waste materials have been studied for use as 

alternative substrates for PHA production (1). Recently, glycerol, a by-product from 

the growing biodiesel industry, is becoming a promising inexpensive carbon source 

(18). Thus it is interesting to develop the bio-production system for SCL-MCL-PHA 

from crude glycerol to reduce the production cost of PHAs. 

In this study, the conversion of glycerol to SCL-MCL-PHA copolymers 

was investigated. Based on the understanding of the PHA biosynthetic pathway in 

native strains (12), a hybrid pathway (Fig 1.2) was constructed in E. coli by genetic 

engineering approach. The pathway contains two monomers supplying routes 

including β-ketothiolase (PhaA) and acetoacetyl-CoA reductase (PhaB) for providing             

SCL-monomer: (R)-3HB-CoA and enoyl-CoA hydratase (PhaJ) for providing         

MCL-monomer. PhaC polymerizes the sythesized monomers to copolymers. 

Additionally, to study the effects of different pha genes combination on the 

composition of copolymers, three wild type PHA-producing bacteria, Ralstonia 

eutropha (R. eutropha), Aeromonas hydrophila (A. hydrophila) and Pseudomonas 

putida (P. putida), were selected as candidates due to their ability to produce different 

types of PHAs. PhaARe and PhaBRe of R. eutropha with three phaC genes which are 

phaC of R. eutropha (phaCRe), A. hydrophila ATCC 7966 (phaCAh) and P. putida 

KT2440 (phaC2Pp) and three phaJ genes which are phaJAh, phaJ1Pp and phaJ4Pp were 

heterologously co-expressed in recombinant E. coli. Two groups of recombinant 

plasmids were created. The first group harbors phaA, phaB and phaC genes (pETDuet-

ABCs). The second group harbors phaJ genes (pCDFDuet-Js). The ability of 

recombinant E. coli to synthesize PHAs from glycerol was investigated by culturing 

the cell in minimum medium containing glycerol as the sole carbon source. The 

physical and thermal properties of the produced polymers were also characterized. 

This study provides the basis for cost-effective production of PHA copolymers with 

properties suitable for industrial application to improve the competitiveness of the bio-

plastic industry. 

 



Chitwadee Phithakrotchanakoon  Introduction / 4 

 

 

Figure 1.1 Three metabolic pathways that provide various hydroxyalkanoate 

(HA) monomers for PHAs biosynthesis [modified from (12) with permission from 

Elsevier]. 

There are three well-known PHA biosynthetic pathways. Pathway I 

provides SCL-monomer from acetyl-CoA. Pathway II and pathway III provide SCL- 

and MCL-monomers from the intermediates of fatty acid β-oxidation and fatty acid 

biosynthesis pathway, respectively. PhaA, β-ketothiolase; PhaB, NADPH-dependent 

acetoacetyl-CoA reductase; PhaC, PHA synthase; PhaJ, (R)-specific enoyl-CoA 

hydratase; PhaG, 3-hydoxyacyl-ACP-CoA transferase; FadA, 3-ketoacyl-CoA 

thiolase; FadB, enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase; FadE, acyl-

CoA dehydrogenase; FabB, 3-ketoacyl-ACP synthase I; FabG, 3-ketoacyl-ACP 

reductase; FabI, enoyl-ACP reductase; FabZ, 3-hydroxyacyl-ACP dehydratase. 

FadEFadA

FadBFadB

FabZ

FabB FabI
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Figure 1.2 The hybrid pathways for biosynthesis of SCL-MCL-PHA copolymers 

in recombinant E. coli [reproduced from (19) with permission from JSBA]. 

The hybrid pathway was designed by combining two monomer-supplying 

pathways with one polymerization pathway. Glycerol was used as a carbon source for 

generating (R)-3-Hydroxybutyryl-CoA (SCL-monomer) by the activities of                  

β-ketothiolase (PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB), 

whereas fatty acid was used as a carbon source for generating (R)-3-Hydroxyacyl-CoA 

(MCL-monomer) by the activity of (R)-specific enoyl-CoA hydratase (PhaJ). The final 

step is polymerization by PHA synthase (PhaC) to biosynthesize SCL-MCL-PHA.  
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CHAPTER II 

OBJECTIVES 

 

 

1. To establish the pathway for biosynthesis of SCL-PHA and                

SCL-MCL-PHA copolymers in recombinant E. coli. 

2. To investigate the effect of the substrate specificity of three different 

PHA synthase enzymes and three different (R)-specific enoyl-CoA hydratase enzymes 

for PHA biosynthesis. 

3. To investigate the types and content of PHAs produced by recombinant 

E. coli growing under pure or crude glycerol as carbon substrate and to investigate the 

effect of fatty acids using as co-substrate. 

4. To investigate the physical and thermal properties of PHAs produced by 

recombinant E. coli. 
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CHAPTER III 

LITERATURE REVIEW 

 

 

3.1 History of polyhydroxyalkanoates (PHAs) research 

In 1926, poly(3-hydroxybutyrate) [P(3HB)] was firstly discovered and 

extracted from Bacillus megaterium by Lemoigne (20). But further research on 

P(3HB) failed to spread because of the limited methods for detection and 

characterization. The accumulated P(3HB) granule was later proven at the end of 

1950s that it was an intracellular storage granule for carbon and energy (21, 22). 

Twenty years later, PHAs containing 3-hydroxyalkanoic acid (3HA) other than          

3-hydroxybutyric acid (3HB) were identified (23, 24). This finding encouraged the 

research on PHAs. Numerous other 3HA constituents such as 3-hydroxyvaleric acid 

(3HV), 3-hydroxyhexanoic acid (3HHx), 3-hydroxyheptanoic acid (3HHp) and 3-

hydroxyoctanoic acid (3HO) were discovered by the end of 1980s (25, 26). At the 

same time, the genes encoding for the enzymes involved in PHA biosynthesis from 

Ralstonia eutropha were cloned and the key enzyme for polymerization was named as 

PHA synthase (27, 28). To date, about 59 PHA synthase enzymes have been identified 

(29).  

 

 

3.2 Chemical structure and properties of PHAs 

PHAs are a family of linear polyester composed of several units of 

hydroxyalkanoate. The general chemical structure of PHAs is shown in Figure 3.1, 

where R is alkyl side chain which varies from C0 to C11 and n is number of monomer 

units in each polymer chain which varies from 100 to 30,000. Moreover, the 

monomers which contain hydroxyl groups at positions 4, 5 or 6 and the side chain 

group containing unsaturations or substitutions are also found. About 150 different 

monomer constituents of PHAs have been reported (29). Generally, PHAs can be 
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classified into three major groups, depending on their monomer structures.             

Short-Chain-Length PHAs (SCL-PHAs) compose of monomers containing 3 to 5 

carbon atoms, for example, poly(3-hydroxybutyrate) P(3HB) and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)]. Medium-Chain-Length 

PHAs (MCL-PHAs) compose of monomers containing 6 to 14 carbon atoms, for 

example, poly(3-hydroxyoctanoate) P(3HO) and poly(3-hydroxyoctanoate-co-3-

hydroxydecanoate) [P(3HO-co-3HD)]. Short-Chain-Length-co-Medium-Chain-Length 

PHAs (SCL-MCL-PHAs) contain both SCL-monomers and MCL-monomers for 

example, Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)].  

The differences in monomer compositions affect the properties of PHAs. 

SCL-PHAs have high crystallinity whereas MCL-PHAs have higher flexibility (30). 

Therefore, the properties of SCL-MCL-PHAs can range from high crystallinity to 

elasticity, depending on the molar fraction of various monomer constituents. These 

SCL-MCL-PHAs possess superior material properties compared to those of           

SCL-PHAs and MCL-PHAs (16, 31). Moreover, it was found that copolymer:     

P(HB-co-HHx) has better biocompatibility than P(3HB) homopolymer (32). Due to 

these highly diverse PHA-monomer constituents, PHAs can be used in many 

applications comparable to petroleum based plastic. Table 3.1 compares the properties 

of PHAs to petroleum-based plastics (4, 12, 33). 
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Figure 3.1 General structure of polyhydroxyalkanoates (PHAs) and their 

examples. 

PHAs are divided into three groups which are SCL-PHAs, MCL-PHAs 

and SCL-MCL-PHAs based on their monomer structure. The difference in monomer 

structure depends on the alkyl side chain group (R group). In general, R group varies 

from C0 to C11 and n is number of monomer units which vary from 100 to 30,000. 

 

 

Table 3.1 Properties of some PHAs and petroleum based plastic [data from (4, 12, 

33)]. 

 

PP, polypropylene; LDPE, low density polyethylene; Tm, melting temperature; Tg, 

glass transition temperature 

 

  

 

Properties P(3HB)
P(3HB-co-3HHx) 
(10 mol% 3HHx)

P(3HO-co-3HHx) 
(11 mol% 3HHx)

PP LDPE

Tm (oC) 177 127 61 176 130

Tg (oC) 4 -1 -36 -10 -36

Crystallinity (%) 60 34 30 50-70 20-50

Extension to break 

(%)
5 400 300 400 620

Tensile strength 

(Mpa)
43 21 - 38 10

O CH CH2 C

OR

n

R group Type of PHA PHA name

-CH3 SCL-PHA Poly(3-hydroxybutyrate)

-C3H7 MCL-PHA Poly(3-hydroxyhexanoate)

-CH3, -C3H7 SCL-MCL-PHA Poly(3-hydroxybutyrate-co-

3-hydroxyhexanoate)
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3.3 PHAs biosynthesis 

PHAs can be produced by many types of microorganism from various 

renewable substrates such as sugar, starch, and plant oil. In most cases, bacteria 

produce PHAs under unbalance growth conditions such as limitation of nitrogen, 

phosphorus, or oxygen in the presence of excess carbon. PHAs are accumulated inside 

the cells as intracellular granules for carbon and energy storage (Fig 3.2) (34, 35). It is 

an ideal storage granule due to its high molecular weight and low solubility which 

does not affect the bacteria osmotic pressure (36). Also, bacteria containing PHA 

granules are able to survive during starvation in the absence of exogeneous carbon 

source by utilizing the accumulated PHAs (37).  

 

(A)        (B) 

 

 

Figure 3.2 PHA granule characteristic. (A) PHA granules accumulated inside 

Ralstonia eutropha. Bars, 0.2 µm. (B) Cartoon drawing represents the compositions of 

PHA granule [(A) is reproduced from (35) with permission from Society for General 

Microbiology and (B) is reproduced from (34) with permission from Nature 

Publishing Group]. 

PHA is deposited as spherical intracellular granules with an amorphous 

hydrophobic core surrounded by proteins involving in PHA metabolism. In PHA-

producing bacteria, PHAs are produced when the carbon source is excess while the 

other nutrients are limited. When the carbon starvation occurs, the reserved PHA 

granules are mobilized by intracellular PHA depolymerase.  
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3.3.1 PHA biosynthetic pathways 

The constituent of PHAs depends on the carbon sources, PHA synthases, 

and monomer supplying metabolic routes (38, 39). There are three well-known PHA 

biosynthesis pathways (Fig 1.1) (12).  

Pathway I produces SCL-PHAs. Acetyl-CoA is a central molecule for 

P(3HB) biosynthesis. Under normal growth condition, acetyl-CoA is oxidized through 

tricarboxylic acid cycle (TCA) to CO2. However, under nutrient limitation, the 

accumulation of acetyl-CoA and NADH, starts P(3HB) biosynthesis (40). Three main 

catalysis enzymes: β-ketothiolase (PhaA), NADPH-dependent acetoacetyl-CoA 

reductase (PhaB), and PHA synthase (PhaC), are responsible for P(3HB) biosynthesis. 

Two molecules of acetyl-CoA are condensated to acetoacetyl-CoA by the function of 

PhaA. Then acetoacetyl-CoA is subsequently reduced to (R)-3-hydroxybutyryl-CoA 

by PhaB. (R)-3-hydroxybutyryl-CoA molecules are then be polymerized by PhaC to 

produce P(3HB).  

Pathway II and III produce MCL-PHAs. Pathway II involves fatty acid     

β-oxidation cycle. When bacteria are grown on fatty acids, fatty acids are catabolized 

by β-oxidation, providing precursors for MCL-PHAs biosynthesis. β-oxidation of 

saturated fatty acids has four basic steps. First, fatty acyl-CoA is dehydrogenated by 

acyl-CoA dehydrogenase (FadE) yielding trans-2-enoyl-CoA. In the second step, 

water is added to the double bond of trans-2-enoyl-CoA, yielding                              

(S)-3-hydroxyacyl-CoA by the activity of enoyl-CoA hydratase (FadB). The third step, 

(S)-3-hydroxyacyl-CoA is dehydrogenated to form 3-ketoacyl-CoA by the activity of   

3-hydroxyacyl-CoA dehydrogenase (FadB). The fourth step, 3-ketoacyl-CoA thiolase 

(FadA) catalyzes (S)-3-hydroxyacyl-CoA to produce acyl-CoA shortened by two 

carbon atoms and acetyl-CoA.  

Two intermediates including trans-2-enoyl-CoA and 3-ketoacyl-CoA seem 

to be the precursors of PHAs. To channel these two intermediates to PHA 

biosynthesis, it is necessary to convert them to (R)-3-hydroxyacyl-CoAs which are the 

monomer substrates of PHA synthase. Two enzymes, (R)-specific enoyl-CoA 

hydratase (PhaJ) and 3-ketoacyl-ACP reductase (FabG), are responsible for converting 

trans-2-enoyl-CoA and 3-ketoacyl-CoA to (R)-3-hydroxyacyl-CoAs, respectively. 
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Thus, monomer molecules varying in the carbon atom number are produced by 

shortening two carbon of acetyl-CoA out of each cycle of β-oxidation (41).  

Pathway III involves the fatty acid biosynthesis pathway (de novo fatty 

acid synthesis). There are four steps in fatty acid elongation cycle. Two carbon atoms 

elongation is started with condensation of acyl-ACP with malonyl-ACP by the activity 

of 3-ketoacyl-ACP synthase I (FabB) or II (FabF) resulting in 3-ketoacyl-ACP. The 

second step, 3-ketoacyl-ACP is reduced by 3-ketoacyl-ACP reductase (FabG) yielding 

(R)-3-hydroxyacyl-ACP. The third step, (R)-3-hydroxyacyl-ACP is dehydrated by      

3-hydroxyacyl-ACP dehydratase (FabZ) yielding enoyl-ACP. The fourth step, enoyl-

ACP is reduced by enoyl-ACP reductase (FabI) resulting in acyl-ACP with two added 

carbon atoms (42). An intermediate: (R)-3-hydroxyacyl-ACP seems to be a precursor 

for PHAs. (R)-3-hydroxyacyl-ACP is converted to (R)-3hydroxyacyl-CoA which is a 

monomer substrate of PHA synthase by the activity of 3-hydoxyacyl-ACP-CoA 

transferase (PhaG) (43). Unlike pathway II, paythway III is considered as a     non-

substrate related pathway (such as from glucose and gluconate). 

 

3.3.2 PHA-producing bacteria 

There are several bacterial strains that can produce PHAs. The overview of 

bacterial strains used for PHAs production is shown in Table 3.2 (30). Based on the 

type of PHAs, three native PHA-producing bacterial strains have been studied 

intensively. These include Ralstonia eutropha producing SCL-PHAs, Aeromonas 

strains producing SCL-MCL-PHAs, and Pseudomonas strains producing MCL-PHAs. 

In addition, several recombinant E. coli strains have been constructed for PHAs 

production (28, 44-46). 
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Table 3.2 Overview of bacterial strains used for PHAs production [reproduced 

from (30) with permission from John Wiley and Sons]. 
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3.3.2.1 Ralstonia eutropha  

Ralstonia eutropha is a Gram-negative, facultative 

chemolithoautotrophic bacterium and is a model strain for the study of PHA 

metabolism. It is able to synthesize and accumulate P(3HB) in the cytoplasm as carbon 

and energy storage from simple carbon sources such as glucose, fructose and acetic 

acid (47, 48). In 2006, Pohlmann et al., sequenced the whole genome of R. eutropha 

H16 (49). Therefore, many key components of PHA metabolism in R. eutropha have 

been revealed (Fig 3.3). For P(3HB) biosynthesis, three key enzymes, β-ketothiolase 

(PhaA), NADPH-dependent acetoacetyl-CoA reductase (PhaB), and PHA synthase 

(PhaC), are responsible for a three-step reaction starting with the condensation of two 

acetyl-CoA to acetoacetyl-CoA then reduces to (R)-3-hydroxybutyryl-CoA and 

polymerizes to P(3HB) (Pathway I in Fig 1.1). These enzymes are encoded by phaA, 

phaB, and phaC respectively. These genes are organized in one operon as phaCAB 

(Fig 3.4A) (50). 

It was reported that R. eutropha accumulated large amount of 

P(3HB) at 76% of cell dry weight when cultured in glucose with fed-batch 

fermentation (51). In fact, R. eutropha can produce PHAs consisting of various      

SCL-3-hydroxyalkanoic acid (SCL-3HA), for example, P(3HB-co-3HP) (52) and 

P(3HB-co-3HV) by co-feeding with propionic acid (53). Moreover, Green et al., 2000 

reported that R. eutropha can produce PHAs consisting not only SCL-3HA but also 

MCL-3HA (at a minor fraction) when sodium acrylate was added to the culture 

medium to inhibit the 3-ketoacyl-CoA thiolase activity in the final step of β-oxidation 

(54). The result suggested that PHA synthase of R. eutropha (PhaCRe) has broad range 

substrate specificity and can polymerize both SCL-3HA and MCL-3HA monomers. 
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Figure 3.3 The elements involved in P(3HB) metabolism in R. eutropha H16 

[reproduced from (48) with permission from S. Karger AG].  

The enzymes and proteins involved directly in P(3HB) metabolism are 

represented in bold text. PhaA, β-ketothiolase; PhaB, NADPH-dependent acetoacetyl-

CoA reductase; PhaC, PHA synthase; PhaZ, P(3HB) depolymerase; PhaY, 3HB-

oligomer hydrolase; PhaP, Phasin; PhaR, Transcriptional regulator of Phasin 

expression. 
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Figure 3.4 The organization of pha genes in three native PHA-producing 

bacteria. (A) a complete phaCAB operon in Ralstonia eutropha; (B) two phaCs, 

phaC1 and phaC2, are separated by phaZ in Pseudomonas putida KT2440 

downstream of phaJ1 and phaJ4; (C) phaPCJ operon in Aeromonas hydrophila ATCC 

7966. phaA, β-ketothiolase; phaB, NADPH-dependent acetoacetyl-CoA reductase; 

phaC, PHA synthase; phaJ, (R)-specific enoyl-CoA hydratase; phaP, phasing (PHA 

granule associated protein); phaZ, PHA depolymerase. 
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3.3.2.2 Pseudomonas spp. 

Some Pseudomonas spp. can synthesize and accumulate PHAs 

of various MCL-3HAs under stressed condition when grown on related-carbon sources 

such as plant oil, fatty acids or alkanoic acids (55-57) as well as non-related carbon 

sources such as glucose or gluconate (43, 58, 59). The biosynthesis routes of PHAs in 

Pseudomonas spp. are linked with fatty acid β-oxidation and de novo fatty acid 

biosynthesis pathway (pathway II and III in Fig 1.1) (60). Among many strains of 

Pseudomonas, an attractive strain is Pseudomonas putida KT2440. This strain is a 

metabolically versatile saprophytic soil bacterium which can utilize various carbon 

sources such as glycerol, gluconate, and fatty acids (61, 62). In 2002, the whole 

genome of Pseudomonas putida KT2440 was sequenced and the putative genes 

encoding enzymes involved in the PHA biosynthesis have been identified (63). There 

are two phaC genes (phaC1 and phaC2) separated by phaZ (Fig 3.4B) which are 

similar to that from Pseudomonas strains such as P. oleovorans (64), P. aeruginosa 

(65), and Pseudomonas sp. strain 61-3 (66). PhaC1 of P. putida KT2440 was cloned 

and expressed in E. coli revealing its substrate specificity toward MCL-monomers:    

3-hydroxyoctanoyl-CoA (C8) and 3-hydroxydecanoyl-CoA (C10) (67). Moreover, 

three homologs of phaJ (phaJ1, phaJ3, and phaJ4) of P. aeruginosa are found based 

on  genome database search (62, 68). PhaJ1 and PhaJ4 were heterologously expressed 

in E. coli revealing that they exhibit high substrate specificity toward MCL-enoyl-

CoA.  By monitoring the gene expression level and characterization of hydratase 

activity in P. putida cytosolic protein, it was suggested that PhaJ4 is one of the main 

contributor involved in PHA biosynthesis via fatty acid β-oxidation (62, 69). 

 

3.3.2.3 Aeromonas spp. 

Aeromonas spp. are Gram-negative, facultative anaerobic 

bacteria which are found in aquatic environment (70). They are reported to be the 

cause of some diseases such as bacterial gastroenteritis, prostatitis, and hemolytic-

uremic syndromethese in invertebrates and vertebrates such as fish, frogs, bird, 

domestic animal, and human (11). Nonetheless, Aeromonas strains are intensively 

studied for their ability to synthesize PHA consisting of both SCL-3HA and         

MCL-3HA units (9, 71, 72). In fact, there are only a few bacterial strains that can 
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produce SCL-MCL-PHAs; for example, some Pseudomonas strains (73, 74), 

Rhodocyclus gelatinous (75), and Rhodococcus rubber (76). Aeromonas spp. produce 

P(3HB-co-3HHx) from alkanoic acid or from plant oil. The P(3HB-co-3HHx) 

biosynthesis pathway of Aeromonas caviae was proposed by Fukui et al. (Fig 3.5) (13, 

77). The key enzymes for P(3HB-co-3HHx) biosynthesis in A. caviae are PHA 

synthase (PhaC) and (R)-specific enoyl-COA hydratase (PhaJ). The precursors for 

P(3HB-co-3HHx) synthesis are supplied through fatty acid β-oxidation via the activity 

of (R)-specific enoyl-CoA hydratase (PhaJ) (pathway II in Fig 1.1). In 2006, the 

genome of Aeromonas hydrophila ATCC 7966 was sequenced and revealed its PHA 

biosynthesis genes system (70). The genes are organized in the genome as phaPCJ 

operon (Fig 3.4C) which is similar to that of A. caviae (77). 

 

Figure 3.5 Proposed pathway of P(3HB-co-3HHx) biosynthesis in A. caviae from 

alkanoic acids or oils. (1), β-ketothiolase; (2), NADH-acetoacetyl-CoA 

dehydrogenase; (3), crotonase [(S)-specific enoyl-CoA hydratase] [reproduced from 

(77) with permission from American Society for Microbiology]. 
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3.3.2.4 Recombinant Escherichia coli 

Escherichia coli is a useful host strain for production of several 

products. There are many advantages of using E. coli as a producer over wild-type 

PHA-producing bacteria. They are: fast growth to high cell density, no special 

cultivated conditions required, the ability to utilize several carbon substrates, relatively 

easy extraction and purification of PHAs produced from E. coli, lack of intracellular 

PHA depolymerase and is safe for large scale production (78, 79). Moreover, 

biosynthesis of PHAs in host organisms that naturally do not produce PHAs allows 

modulation and regulation of the biosynthetic pathway (80). Several metabolic 

engineering strategies, either individually or in combination, have been used to 

construct recombinant E. coli for production of a variety of PHAs with desired 

compositions and properties. These include host genome manipulation, recombinant 

gene expression, protein engineering, external substrate manipulation and addition of 

inhibitor (Fig 3.6) (81). 

3.3.2.4.1 SCL-PHA production 

Among many type of SCL-PHAs, P(3HB) is the 

best characterized. Several studies have established the P(3HB) biosynthesis pathway 

in recombinant E. coli and has developed strategies for high production of P(3HB) 

(79). As mentioned above, there are two key enzymes, β-ketothiolase (PhaA) and 

NADPH-dependent acetoacetyl-CoA reductase (PhaB), which are involved in 

supplying 3-hydroxybutyryl-CoA (3HB-CoA) for PHA synthase (PhaC) (pathway I). 

The phaCAB  operons of various P(3HB)-producing bacteria, for example Alcaligenes 

eutrophus, Methylobacterium extorquens, Rhizobium meliloti, and Streptomyces 

aureofaciens, have been identified and heterologously expressed in E. coli which lead 

to P(3HB) accumulation (28, 44-46). Moreover, the other factors that affect the 

biosynthesis of P(3HB) in E. coli have also been manipulated. Acetyl-CoA, serving as 

a precursor to P(3HB) monomer, was modulated by inactivation of the pta gene 

encoding a phosphotransacetylase of E. coli host genome (82). NADPH, required as a 

reducing power for acetoacetyl-CoA reductase (PhaB), was increased by knocking out 

the pgi gene encoding phosphoglucose isomersase (83) or co-transformation of         

tkt gene encoding transketolase with phaCAB (84). 
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Figure 3.6 Schematic of various strategies for metabolic engineering [reproduced 

from (81) with permission from Elsevier]. 

Many approaches can be used for metabolic engineering. For example, 

substrate precursors can be added into the culture media. Protein evolution and 

mutagenesis are used to enhance the enzyme activity. Adding some inhibitors into the 

culture media or host cell genome manipulation can be used to inhibit some 

competitive pathways. Heterologous gene expression is used to introduce target 

enzymes into the recombinant host. 

 

3.3.2.4.2 MCL-PHA production 

MCL-PHA production is linked with fatty acid 

metabolism (Pathway II and III). Some intermediates of fatty acid β-oxidation and     

de novo fatty acid biosynthesis including enoyl-CoA, 3-ketoacyl-CoA,                      

(S)-3-hydroxyacyl-CoA, and 3-hydroxyacl-ACP are seen to be major precursors of 

PHA biosynthesis. The enzymes involved are (R)-specific enoyl-CoA hydratase (PhaJ) 

(68, 77, 85, 86), 3-ketoacyl-ACP reductase (FabG) (87, 88), and 3-hydoxyacyl-ACP-

CoA transferase (PhaG) (43, 89) were identified and cloned from native               

PHA-producing bacteria. Table 3.3 shows the list of these enzymes and other enzymes 

which have been successfully expressed in recombinant E. coli for PHA biosynthesis 

from fatty acid metabolism (41). 

 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Molecular Genetics and Genetic Engineering) / 21 

Metabolic engineering of fatty acid metabolism 

pathway for supporting PHA biosynthesis in recombinant E. coli is considered in two 

ways (individually or in combination). The former is inhibition of the enzymes in fatty 

acid metabolism and the later is amplification of enzymes that convert the 

intermediates from fatty acid metabolism pathway to monomers of PHAs. For enzyme 

inhibition, fadA and/or fadB mutant E. coli strains are popular (87, 90-93). The first 

successful biosynthesis of MCL-PHA in recombinant E. coli from fatty acids was 

established by expressing phaC1 gene of P. aeruginosa in fadB mutant E. coli (93). In 

fadB mutant E. coli strain, E. coli MaoC which is homologous to P. aeruginosa       

(R)-specific enoyl-CoA hydratase (PhaJ) was found to be important for supplying    

(R)-3HA-CoA from the intermediate of β-oxidation pathway to PHA biosynthesis 

pathway. However, it was found that only PhaC expression in E. coli with a functional 

β-oxidation pathway did not lead to the production of PHA suggesting that the activity 

of E. coli MaoC toward enoyl-CoA is weaker than FadB in β-oxidation pathway (94). 

The second way is amplification of enzymes that convert the intermediates from fatty 

acid metabolism pathway to monomers of PHAs. Various enoyl-CoA hydratase (PhaJ) 

with different substrate specificities from various natural PHA-producing bacteria 

have been cloned and expressed in E. coli (68, 77, 86, 95). Here, however, high-level 

expression of PhaJ is needed to compete with the β-oxidation pathway enzyme for 

channeling its intermediates to PHA biosynthesis pathway. 
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Table 3.3 List of enzymes which have been successfully expressed in recombinant 

E. coli for PHA biosynthesis from fatty acid metabolism [reproduced from (41) 

with permission from Elsevier]. 

 

 

3.3.2.4.3 SCL-MCL-PHA production 

Only a few bacteria with the ability to synthesize 

SCL-MCL-PHAs have been discovered; for example, Aeromonas caviae and 

Aeromonas hydrophila which produce P(3HB-co-3HHx) from alkanoic acids (9, 10) 

and Pseudomonas sp. 61-3 which produces random copolymer consisting of            

C4-C12 monomer units from gluconate (8). Metabolic pathways for production of   

SCL-MCL-PHAs have successfully been established in recombinant E. coli. Several 

combination patterns of pha genes have been created. For example, PHA synthase 

gene (phaCRe) of R. eutropha was co-expressed with two monomer supplying enzymes 

encoded by β-ketothiolase (phaARe) and acetoacetyl-CoA reductase (phaBRe) genes in 

E. coli mutant in fatty acid β-oxidation (E. coli fadB mutant LS1298). The 

recombinant strain produced SCL-MCL-PHAs consisting of 3HB and 3HO when 

using octanoate or decanoate as carbon source (14). The pathway for biosynthesis of 

copolymers from glucose was established in E. coli JM109 by co-expression of 

various mutant 3-ketoacyl-acyl carrier protein synthase III genes (fabH) with phaC1 of 

Pseudomonas sp. 61-3 resulting in production of copolymers consisting of C4 to C10 

monomers with variation of %molar fraction (15). Moreover, the hybrid pathway 

which combines two monomer supplying routes including PhaA and PhaB from 
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Bacillus sp. 256 and PhaJ from P. aeruginosa was constructed in E. coli and they were 

co-expressed with PhaC of P. aeruginosa. The recombinant strain can produce 

copolymers from glucose and fatty acids (96).  

 

 

3.4 Biodegradation of PHAs 

In the environment, PHAs can be degraded by both heat and the activity of 

some microorganisms such as bacteria (Bacillus sp., Pseudomonas sp., and 

Streptomyces sp.) and fungi (Aspergillus ustus and Penicillium sp.) (37, 97, 98). 

Microorganisms attack to the surface of PHA and secrete the enzyme called 

extracellular PHA depolymerase to solubilize PHA to its oligomers. The oligomers are 

then absorbed into the cell and hydrolyzed by some hydrolase to its monomers. The 

monomers are then used as nutrient (99). The rate of PHAs biodegradation depends on 

the characteristic of PHAs such as monomer compositions, crystallinity, and molecular 

weight as well as on the environmental conditions such as temperature, pH, and 

moisture. For example, P(3HB) takes a few months to be degraded in anaerobic 

compost but takes a year to be degraded in seawater (100-102). Besides the 

degradation of PHAs in the environment, PHAs used in biomedical material like 

surgical sutures, implant patches, and drug delivering can be degraded in the living 

organism by some enzymes in blood and tissue such as lipase and esterase (103, 104). 

The products from the PHAs degradation have no toxicity effects on the living 

organisms (105, 106). 

 

 

3.5 Applications of PHAs 

PHAs have a wide range of applications due to their properties, ranging 

from thermoplastic to elastomers (Fig 3.7) (107). Detailed information of three major 

applications including industrial, medical, and agricultural are: 
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3.5.1 Industrial applications 

Earlier PHAs were developed for everyday-use applications. For example, 

P(3HB) was used to produce combs, pens, and bullets by Biomer company 

(Germany). Due to the gas barrier property of P(3HB-co-3HV), it is suitable for use in 

food packaging, plastic beverage bottles, coated paper and film. P(3HB-co-3HHx) has 

been used to make the flexible products such as flexible packaging, binder, and 

nonwovens (99).  

 

3.5.2 Medical applications 

Due to the biodegradability and biocompatibility property of PHA, the 

recent development has been focused on their medical applications; for example, 

implant materials (bone marrow scaffolds, cardiovascular patches, and surgical 

sutures) and drug delivery (tablets, drug controlled-release matrices) (108). 

 

3.5.3 Agricultural applications 

PHAs are useful in agriculture applications since they can be degraded in 

both aerobic and anaerobic soil conditions (101). PHAs have been used for coating of 

seeds, fertilizer, insecticide, and herbicides, for the slow release in soil. In addition 

they are used as mulch film and plastic containers as there is no need for removal after 

harvesting process (30). 
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Figure 3.7 Applications of PHAs [reproduced from (107) with permission from 

Springer]. 

PHAs can be used to produce many kinds of plastic products such as for 

food packaging and fiber. Chiral-(R)-form of PHA monomers can be used as starting 

materials in industrial fermentation. PHAs are used as bio-implants and drug 

encapsulators. PHAs are catalyzed to hydroxyalkanoate methyl esters which are used 

as biofuels. (R)-3HB hydrolyzed from P(3HB) has therapeutic potential on 

Alzheimer’s disease. 
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3.6 Glycerol 

 

3.6.1 Glycerol from biodiesel production 

Glycerol is becoming an interesting carbon source in biotechnology 

development since it is a by-product from biodiesel production. Recently, biodiesel 

which is an alternative fuel has seen an increased in production. Approximately 10% 

(w/w) crude glycerol was produced as a by-product from transesterification of 

vegetable oils and animal fat in biodiesel production (Fig 3.8). It is estimated that the 

world biodiesel market would come to 37 billion gallons by 2016, which means that 

approximately 4 billion gallons of crude glycerol will be produced. The compositions 

of crude glycerol are varied with biodiesel production process (types of catalyst, the 

nature of the starting materials, the alcohol/oil ratio, the temperature of reaction, water 

content, and free fatty acid content) (109). In general it is composed of glycerol as a 

major component, mono-/di-/tri glycerides, soap and a substantial content of methanol 

and salts (110). The flow chart of alkaline catalyzed biodiesel production is depicted 

(Fig 3.9). Although purified glycerol is used in many applications such as in food, 

cosmetic, and pharmaceutical industries (111), the surplus glycerol still exists, which 

leads to remarkable reduction in its price in the world market from 650-700 €/ton in 

1996 to 150-200 €/ton in 2005 (112).  

 

 

 

Figure 3.8 Biodiesel reaction.  

Transesterification of triglycerides with methanol using NaOH as a 

catalyst producing biodiesel or fatty acid methyl esters (FAMEs) and glycerol. 
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Figure 3.9 Flow chart of alkaline catalyzed biodiesel production [reproduced from 

(109) with permission from Springer]. 

Compositions of crude glycerol depend on starting materials (oil/fat, 

alcohol, and catalyst), the transesterification method (molar ratio of alcohol-to-oil and 

temperature), and the process for separation. 
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3.6.2 Glycerol catabolism in E. coli 

Glycerol is a polyol compound that has three hydroxyl groups. E. coli 

catabolizes glycerol through the functions of glycerol transporter, ATP-dependent 

glycerol kinase, and glycerol-3-phosphate dehydrogenase (Fig 3.10) (113). 

 

 

 

Figure 3.10 Glycerol catabolism in E. coli [reproduced from (113) with permission 

from American Society for Microbiology]. 

Glycerol catabolism in E. coli involves a glycerol transporter (encoded by 

glpF), an ATP-dependent glycerol kinase (GK encoded by glpK),                      

glycerol-3-phosphate dehydrogenase (G3PDH encoded by glpD).  
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3.6.3 Conversion of glycerol to PHAs 

Many studies investigated the alternative uses of crude glycerol, for 

example, combustion for heat (114), use in animal feeding (115), and conversion by 

thermochemical process to higher-value products (114, 116). Moreover, glycerol can 

be used as a carbon feed stock for microorganism for production of value-added 

products such as hydrogen, ethanol, 1,3-propanediol, and polyhydroxyalkanoates 

(PHAs) (117, 118). Figure 3.11 shows the overview of the pathways and products 

converted from glycerol. Production of PHAs from glycerol has been reported using 

either wild-type or recombinant bacterial strains (Table 3.4) 

 

 

 

Figure 3.11 Overview of the pathways and products converted from glycerol 

[reproduced from (117) with permission from Springer]. Solid lines represent single 

step reaction and dotted lines represent multiple step reactions. PDO, propanediol; 

DHA dihydroxyacetone; PHB, poly(3-hydroxybutyrate); H, reducing equivalents 

(NADH, NADPH, FADH2, H2). 
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CHAPTER IV 

MATERIALS 

 

 

4.1 Bacterial strains 

 

4.1.1 PHA-producing strains 

  Ralstonia eutropha (TISTR 1095), a PHA-producing bacteria, was 

obtained from the Thailand Institute of Scientific and Technological Research, 

Thailand. Two other strains of PHA-producing bacteria which are Aeromonas 

hydrophila (ATCC 7966), and Pseudomonas putida (ATCC 47054), were obtained 

from the American Type Culture Collection, USA. 

 

4.1.2 Escherichia coli strains 

Escherichia coli DH5α [supE 44, ∆lac U169, (Φ80 lacZ ∆M15) hsdR17 

recA1 endA1 gyrA96 thi1 relA1], was used as a host for plasmid propagation. 

 Escherichia coli BL21(DE3) [F
–
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3 

[lacI lacUV5-T7 gene 1 ind1 sam7 nin5])], was used as a host for protein expression.  

 

 

4.2 Plasmid vectors 

Plasmid vectors used in this study are shown in Figures 4.1-4.3. The 

plasmid pTZ57R/T vector (Fermentas, Lithuania) is used for all cloning steps (Fig 

4.1). Two vectors, pETDuet-1 and pCDFDuet-1 (Novagen, Germany) were employed 

for PhaA, PhaB, PhaC and PhaJ expression (Fig 4.2 and 4.3) and were kindly provided 

by Dr. Sarin Chimnaronk. 
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Figure 4.1 A physical map of pTZ57R/T vector (taken from Fermentas website:  

http://www.fermentas.com/en/products/all/molecular-cloning/kits/k121-instaclone-

pcr-cloning?print). 

The figure illustrates a TA cloning vector, pTZ57R/T, containing lacZ 

gene, multiple cloning sites, origin of replication in E. coli and ampicillin resistant 

gene. 

 

 

 

 

 

 

 

 

 

 

http://www.fermentas.com/en/products/all/molecular-cloning/kits/k121-instaclone-pcr-cloning?print
http://www.fermentas.com/en/products/all/molecular-cloning/kits/k121-instaclone-pcr-cloning?print
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Figure 4.2 A physical map of pETDuet-1 vector (taken from Novagen’s user 

protocol TB340 Rev. E 0305).  

The figure illustrates a pETDuet-1 plasmid containing 2 multiple cloning 

sites driving by separated T7 promoters, His6-tag, T7 transcription terminator, 

ampicillin resistant gene and ColE1 (pBR322) origin of replication. 
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Figure 4.3 A physical map of pCDFDuet-1 vector (taken from Novagen’s user 

protocol TB340 Rev. E 0305). 

The figure illustrates a pCDFDuet-1 plasmid containing 2 multiple cloning 

sites driving by separated T7 promoters, His6-tag, T7 transcription terminator, 

streptomycin resistant gene and CloDF13 origin of replication. 
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4.3 Synthetic oligonucleotides 

All nucleotide primers were synthesized by BioDesign Co., Ltd., Thailand. 

 

 

4.4 Culture media 

 

4.4.1 Culture media for native PHA-producing bacteria 

Ralstonia eutropha and Aeromonas hydrophila were cultivated in nutrient 

broth medium (BD Difco, USA) at 25
o
C and 30

o
C, respectively, with continuous 

shaking at 200 rpm. Pseudomonas putida was cultivated in LB medium at 37
o
C with 

continuous shaking at 200 rpm. 

 

4.4.2 Culture media for E. coli harboring pTZ57R/T vector (for 

cloning) 

E. coli DH5α, was grown in Luria Bertani (LB) medium [1% (w/v) 

tryptone (Difco, USA), 1% (w/v) NaCl (Carlo Erba, France), and 0.5% (w/v) yeast 

extract (Difco, USA). For LB plate agar, 1.5% (w/v) bacteriology agar was added. The 

E. coli transformants were grown in LB containing 100 µg/mL of ampicillin. For 

blue/white colonies screening, 25 µl of a stock solution of 20 mg/mL 5-bromo-4-

chloro-3-indolyl-β-D-galactoside (X-gal) in dimethylformamide and 50 µl of a stock 

solution of 100 mg/mL isopropylthio-β-D-galactoside (IPTG) (Thermo Scientific, 

USA) were spreaded on the plate agar.  

 

4.4.3 Culture media for E. coli harboring pETDuet-1 and/or 

pCDFDuet-1 vector (for expression) 

E. coli BL21(DE3), was cultivated in Luria Bertani (LB) medium 

containing 100 µg/mL ampicillin and/or 50 µg/mL streptomycin. IPTG was added into 

the cultured media at the final concentration at 1 mM to induce the heterologous 

protein expression.  
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4.4.4 Culture media for P(3HB) biosynthesis 

Recombinant E. coli harboring phaA, phaB and phaC were cultivated in 

M9 medium [0.3% (w/v) KH2PO4 (Carlo Erba, France), 0.05% (w/v) NaCl (Carlo 

Erba, France), 0.1% (w/v) NH4Cl (Carlo Erba, France), 0.68% (w/v) Na2HPO4 (Carlo 

Erba, France), 1 mM MgSO4 (Carlo Erba, France), 1 mM CaCl2 (Carlo Erba, France)] 

with or without 0.1% (w/v) yeast extract (Difco, USA). Pure glycerol or crude glycerol 

or glucose was used as sole carbon source with 100 µg/mL ampicillin. IPTG was 

added into the cultured media at the final concentration at 1 mM to induce the 

heterologous protein expression.  

 

4.4.5 Culture media for SCL-MCL-PHAs biosynthesis  

Recombinant E. coli harboring phaA, phaB, phaC and phaJ were 

cultivated in M9 medium containing pure glycerol or crude glycerol and sodium 

dodecanoate (Sigma, USA) whose concentration ratio was varied as indicated in the 

method section, 50 µg/mL ampicillin and 50 µg/mL streptomycin. IPTG was added 

into the cultured media at the final concentration at 1 mM to induce the heterologous 

proteins expression. All antibiotics were purchased from Sigma, USA. 

 

 

4.5 Chemicals 

Crude glycerol was kindly provided by Trang Palm Oil Co. Ltd., Trang, 

Thailand. Other analytical grade chemicals and solvents were purchased from Carlo 

Erba, (France), Fluka, (Switzerland), Sigma, (USA), Merck, (Germany) or Thermo 

Scientific, (USA). 

 

 

4.6 Enzymes 

Restriction enzymes and other modification enzymes were purchased from 

Fermentas (Lithuania). 
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4.7 Antibodies 

 Monoclonal Anti-polyHistidine, clone HIS-1, produced in mouse and 

Anti-Mouse IgG (Whole molecules)-Alkaline Phosphatase, produced in goat were 

purchased from Sigma (USA). 

 

  

4.8 Commercial kits 

GeneJET™ Plasmid Miniprep kit (Fermentas, Lithuania), QIAquick PCR 

Purification kit (QIAGEN, German).  
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CHAPTER V 

METHODS 

 

 

5.1 Genomic DNA extraction 

 The genomic DNA was isolated from R. eutropha (TISTR 1095),             

A. hydrophila (ATCC 7966) and P. putida KT2440 (ATCC 47054). Bacterial colonies 

were resuspended in 360 µL TE buffer (100 mM Tris-HCl pH 8.0, 30 mM EDTA pH 

8.0). Then, 20 µL of lysozyme (100 mg/mL) was added and incubated at 37
o
C for 2 h. 

Next, 40 µL of 10% SDS was added and incubated at 55
o
C for 30 min. One volume of 

phenol: chloroform: isoamyl alcohol (25 :24: 1) was added then mixed and centrifuged 

at 16,400 xg for 15 min at room temperature. The top phase was transferred to a new 

1.5 mL tube and 1 volume of chloroform: isoamyl alcohol (24: 1) was added. After 

centrifugation at 16,400 xg for 15 min at room temperature, the top phase was 

transferred to a new 1.5 mL tube and 0.1 volume of 3 M sodium acetate was added 

and mixed gently. The genomic DNA was precipitated by mixing with 2 volumes of 

cold ethanol and kept at -20
o
C for 30 min. The precipitated genomic DNA was 

collected by centrifugation at 16,400 xg for 30 min at 4
o
C. Then, the DNA pellet was 

washed twice with 70% cold ethanol and centrifuged at 16,400 xg for 5 min at 4
o
C. 

The DNA pellet was air dried and dissolved in 30 µL distilled water. The extracted 

genomic DNA solution was stored at -20
o
C. 

 Spectrophotometry was used to determine the quality and concentration of 

DNA. The concentration of DNA was analyzed by measuring the absorbance at       

260 nm (A260). The purity of DNA was determined by the ratio of A260/A280. It should 

be around 1.8. 

Agarose gel electrophoresis was also used to analyze the quality and 

concentration of DNA. Agarose gel was prepared by melting 0.8% (w/v) of agarose in 

1X TAE buffer (Tris-acetate EDTA buffer; 40 mM Tris-acetate, 1 mM EDTA, pH 

8.0). The melted gel was poured into a tray and allowed to set at room temperature. 

For electrophoresis, the DNA solution was mixed with loading dye (25% glycerol,    
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60 mM EDTA and 0.25% bromophenol blue) then loaded into the well of set gel and 

ran at a constant voltage at 100 volts in 1X TAE buffer. After running, the gel was 

stained by immersing in 2.5 µg/mL of ethidium bromide solution for 5 min then 

destained in water for 10 min. The migration of the genomic DNA was visualized on 

top of an ultraviolet (UV) transilluminator. 

 

 

5.2 Competent cell preparation 

In this study, E. coli strains DH5α and BL21(DE3) were used. The 

competent cells were prepared as described below. One colony of E. coli was 

inoculated into 5 mL of LB medium and grown at 37
o
C with shaking at 200 rpm for 

12 h. Then 1 mL of the cultured cells was inoculated into 50 mL of fresh LB medium 

and grown at 37
o
C with shaking at 200 rpm until the optical density at 600 nm (OD600) 

reached 0.45. Then cultured cells were transferred into a sterile 50 mL polypropylene 

centrifuge tube and chilled on ice for 10 min. The cells were collected by 

centrifugation at 2,500 xg for 10 min at 4°C. Then the supernatant was discarded. The 

pellet was resuspended in 10 mL of ice-cold 0.1 M CaCl2 and chilled on ice for   10 

min. The cells were again collected by centrifugation at 2,500 xg for 10 min at 4°C 

and resuspended in 2 mL of ice-cold 0.1 M CaCl2. Sterile glycerol was added to final 

concentration 30% (v/v). After chilled on ice for 10 min, the competent cells were 

aliquot into 1.5 mL tube, snaped-frozen in liquid nitrogen and kept at -80
o
C until used. 

 

 

5.3 Construction of recombinant plasmids 

 

5.3.1 Construction of pETDuet-ABCs 

Oligonucleotide primers were designed based on genome sequence data of 

R. eutropha, A. hydrophila, and P. putida KT2440. The gene IDs of phaARe, phaBRe, 

phaCRe, phaCAh, phaC2Pp, phaJ1Pp, phaJ4Pp, and phaJAh are 4249783, 4249784, 

4250156, 4488480, 1041897, 1046178, 1045908, and 4488481, respectively. 

All cloning steps are described as in Figure 5.1. β-ketothiolase gene 

(phaA) and NADPH-dependent acetoacetyl-CoA reductase (phaB) were designed to 
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cloned into MCS1 of pETDuet-1 expression vector (Fig 5.2A). phaA was designed to 

fused with His6-tag of pETDuet-1 vector at N-terminus whereas phaB was designed to 

fused with His6-tag at C-terminus. Specifically, phaA and phaB were PCR amplified 

together as one fragment from the genomic DNA of R. eutropha. The oligonucleotide 

primers including AB(F)/EcoRI and AB(R)/AflII were used (Table 5.1A). The amount 

of genomic DNA and the PCR condition are as described in Tables 5.2 and 5.3, 

respectively. Amplified product was analyzed on agarose gel electrophoresis and DNA 

band corresponding to the size of target product was purified from agarose gel using 

QIAquick PCR Purification kit (QIAGEN, Germany). Next, the amplified gene 

fragment was ligated into pTZ57R/T cloning vector to create pTZ57R/T-ABRe. Then 

the ligation reaction was transformed into E. coli DH5α via heat-shock method.    

Blue/white colony screening was used to determine the candidate transformants. Next, 

the plasmids were isolated from several transformants and subjected to sequencing. 

Then, PCR amplification was performed by using pTZ57R/T-ABRe as template and 

AB(F)/EcoRI and ABH6(R)/AflII as primers (Table 5.1B). The amplified product was 

analyzed on agarose gel electrophoresis. The expected amplicon was purified from 

agarose gel and digested with EcoRI and AflII restriction enzymes then purified by 

QIAquick PCR Purification kit (QIAGEN, German). Next, the amplified gene 

fragment was ligated into MCS1 of pETDuet-1 expression vector to create      

pETDuet-ABRe. Then the ligation was transformed into E. coli DH5α. After the gene 

sequences were confirmed, the recombinant plasmids were used to transform into the 

expression hosts E. coli BL21(DE3). 

Three different origins of PHA synthase genes (phaCs) were used in this 

study. They are: phaC of R. eutropha (CRe), phaC2 of P. putida (C2Pp) and phaC of   

A. hydrophila (CAh). Each of them was designed to fuse with His6-tag at N-terminus 

and cloned into MCS2 of pETDuet-1 expression vector. Specifically, each phaC was 

PCR amplified from the genomic DNA of the corresponding strains to generate the 

gene fragments of phaCRe, phaC2Pp, and phaCAh-H6. The oligonucleotide primers, the 

amount of genomic DNA and the PCR conditions are as described in Tables 5.1A, 5.2 

and 5.3, respectively. The amplified product was analyzed on agarose gel 

electrophoresis and the band corresponding to the size of target product was purified 

from agarose gel using QIAquick PCR Purification kit (QIAGEN, German). Next, the 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Molecular Genetics and Genetic Engineering) / 45 

 

amplified gene fragments were ligated into pTZ57R/T cloning vector to create 

pTZ57R/T-CRe, pTZ57R/T-C2Pp, and pTZ57R/T-CAh-H6, respectively. Then the 

ligation reactions were transformed into E. coli DH5α. Blue/white colony screening 

was used to determine the candidate transformant clones. Next, the plasmids were 

isolated from several transformants and subjected to sequencing. Then, the PCR 

amplification was performed by using pTZ57R/T-CRe and pTZ57R/T-C2Pp as 

template. Oligonucleotide primers used in the PCR are shown in Table 5.1B. The 

amplified product was analyzed by agarose gel electrophoresis. Next, the amplified 

products, CRe-H6 and C2Pp-H6, were digested with MunI/AvrII and BglII/AvrII 

restriction enzymes, respectively. Then the fragments were ligated into MCS2 of 

pETDuet-ABRe to create pETDuet-ABReCRe and pETDuet-ABReC2Pp, respectively. 

Then, to create pETDuet-ABReCAh, pTZ57R/T-CAh-H6 was digested with MunI and 

AvrII and the    CAh-H6 fragment was ligated into MCS2 of pETDuet-ABRe. Next, the 

ligation reaction was transformed into E. coli DH5α. After the gene sequences were 

confirmed, the recombinant plasmids were used to transform into the expression hosts 

E. coli BL21(DE3). 

 

5.3.2 Construction of pCDFDuet-Js 

Three (R)-specific enoyl-CoA hydratase genes (phaJs) from three different 

microorganisms were used in this study. They are: phaJ1 of P. putida (J1Pp), phaJ4 of 

P. putida (J4Pp) and phaJ of A. hydrophila (JAh). Each of them was designed to fuse 

with His6-tag at the N-terminus and then cloned into MCS1 of pCDFDuet-1 

expression vector (Fig 5.2B). The cloning steps were similar to the construction of           

pETDuet-ABReCAh. Specifically, phaJ1Pp was cloned via the BamHI and HindIII sites, 

while phaJ4Pp and phaJAh were cloned via the EcoRI and HindIII sites. Therefore, 

three recombinant plasmids were created: pCDFDuet-J1Pp, pCDFDuet-J4Pp, and 

pCDFDuet-JAh.
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(A)                                                                      (B)                                                                                         

  

 

Figure 5.2 Physical map of recombinant plasmids constructed in this study.        

(A) pETDuet-ABCs and (B) pCDFDuet-Js. Re, R. eutropha; Ah, A. hydrophila;        

Pp, P. putida KT2440. 
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Table 5.1 (A) Oligonucleotide primers. 

 

 

 

 

 

 

Target DNA Primer name Sequence 
Length 

(nt) 

Tm 

(
o
C) 

phaA and phaB 

of R. eutropha 

(ABRe) 

AB(F)/EcoRI 
5’ TCTAGAATTCGACTGACGTTGTCATCGTATCCG 3’ 

                 EcoRI 
33 63.2 

AB(R)/AflII 
5’ CGACCTTAAGTCAGCCCATATGCAGGCC 3’ 

                AflII 
28 64.3 

PhaC of 

A. hydrophila 

with His6-tag 

(CAh-H6) 

CAH6(F)/MunI 

5’ TCGACAATTGGCATCACCATCATCACCACAGCCAA 

                  MunI                     His6-tag 

TCATCTTACGG 3’ 

46 69.9 

CA(R)/XmaJI 
5’ AGTTCCTAGGTCATGCTGGCTCCTCCTC 3’ 

                 XmaJI 
28 64.3 

phaC of 

R. eutropha 

(CRe) 

CR(F) 5’ ATGGCGACCGGCAAAGGCGC 3’ 20 60.0 

CR(R) 5’ TCATGCCTTGGCTTTGACGTATCGCC 3’ 26 61.1 

phaC2 of  

P. putida 

(C2Pp) 

C2P(F) 5’ ATGACAGACAAACCGGCCAAAGGATCG 3’ 27 61.3 

C2P(R) 5’ TCATCGGGTCAGCACGTAGGTGCCTG 3’ 26 64.3 

PhaJ1 of  

P. putida  

(J1Pp) 

J1P(F)/BamHI 
5’ GGATCCGTCCCAGGTCACCAACACGCCTTAC 3’ 

     BamHI 
31 68.3 

J1P(R)/HindIII 
5’ AAGCTTTCAGCTCGCCACAAAGTTCG 3’ 

      HindIII 
26 59.5 

PhaJ4 of  

P. putida 

 (J4Pp) 

J4P(F)/EcoRI 
5’ TCTAGAATTCGCCCCATGTACCGGTTACAGAGC 3’ 

                EcoRI 
33 65.6 

J4P(R)/HindIII 
5’ AGTCAAGCTTTCAGACAAAACAGAGCGACAG 3’ 

                HindIII 
31 61.7 

PhaJ of 

A. hydrophila 

(JAh) 

JA(F)/EcoRI 
5’ TCTAGAATTCGAGCATGCCTCCCTTCGAGGTG 3’ 

                 EcoRI 
32 65.7 

JA(R)/HindIII 
5’AGTCAAGCTTTCAGCCGAACTTCACCACGGCTTC 3’ 

               HindIII 
34 66.8 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D.(Molecular Genetics and Genetic Engineering) / 49 

F
ac. o

f G
rad

. S
tu

d
ies, M

ah
id

o
l U

n
iv

.                  P
h
.D

.(M
o

lecu
lar G

en
etics an

d
 G

en
etic E

n
g

in
eerin

g
) / 4

9
 

Table 5.1 (B) Oligonucleotide primers (Cont.). 

 

 

Table 5.2 Genomic DNA template for target PCR fragment. 

 

PCR fragment 

Template 

Name Amount (ng) 

phaA and phaB of R. eutropha (ABRe) Genomic DNA of R. eutropha 1.5 

phaC of A. hydrophila with His6-tag (CAh-H6) Genomic DNA of A. hydrophila 400 

phaC of R. eutropha (CRe) Genomic DNA of R. eutropha 1.5 

phaC2 of P. putida(C2Pp) Genomic DNA of P. putida 1.5 

phaJ1 of P. putida (J1Pp) Genomic DNA of P. putida 200 

phaJ4 of P. putida (J4Pp) Genomic DNA of P. putida 200 

phaJ of A. hydrophila (JAh) Genomic DNA of A. hydrophila 90 

Target DNA Primer name Sequence 
Length 

(nt) 

Tm 

(
o
C) 

phaA and phaB 

of R. eutropha  

with His6-tag 

(ABRe-H6) 

AB(F)/EcoRI 
5’ TCTAGAATTCGACTGACGTTGTCATCGTATCCG 3’ 

                 EcoRI 
33 63.2 

ABH6(R)/AflII 

5’ GTACCTTAAGTCAATGATGGTGGTGATGGTGGC 

                  AflII                              His6-tag 

CCATATGCAGGCCGCCGTT 3’ 

52 74.0 

phaC of R. 

eutropha 

with His6-tag  

(CRe-H6) 

CRH6(F)/MunI 

5’ TCGACAATTGGCATCACCATCATCACCACGCGA 

                  MunI                        His6-tag 

CCGGCAAAGGCGC 3’ 

46 74.3 

CR(R)/XmaJI 
5’AGTTCCTAGGTCATGCCTTGGCTTTGACGTATC 3’ 

                XmaJI 
33 64.4 

phaC2 of 

P.putida  

with His6-tag 

(C2Pp-H6) 

C2PH6(F)/BglII 

5’ ACGTAGATCTCCATCACCATCATCACCACACAG 

                 BglII                        His6-tag 

ACAAACCGGCCAAAGG 3’ 

49 72.1 

C2P(R)/XmaJI 
5’ GTACCCTAGGTCATCGGGTCAGCACGTAGG 3’ 

                 XmaJI 
30 67.1 
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5.4 Recombinant protein expression 

E. coli BL21(DE3) was used as a host for protein expression and PHA 

production. The recombinant plasmids, pETDuet-ABReCRe, pETDuet-ABReCAh, and 

pETDuet-ABReC2Pp, were transformed into E. coli BL21(DE3) generating                   

E. coli-ABReCRe, E. coli-ABReCAh, and E. coli-ABReC2Pp, respectively. The 

recombinant plasmids, pCDFDuet-J1Pp, pCDFDuet-J4Pp, and pCDFDuet-JAh were 

transformed into E. coli BL21(DE3) generating 3 recombinant strains namely             

E. coli-J1Pp, E. coli-J4Pp, and E. coli-JAh. Moreover, the recombinant plasmids: 

pETDuet-ABCs and pCDFDuet-Js were co-transformed into E. coli BL21(DE3) 

generating nine recombinant strains namely E. coli-ABCReJ1Pp, E. coli-ABCReJ4Pp,     

E. coli-ABCReJAh, E. coli-ABCAhJ1Pp, E. coli-ABCAhJ4Pp, E. coli-ABCAhJAh,                

E. coli-ABC2PpJ1Pp, E. coli-ABC2PpJ4Pp, and E. coli-ABC2PpJAh. 

To investigate the expression ability of recombinant proteins in E. coli, 

several transformant clones of each strain were cultivated in LB supplemented with 

appropriate antibiotics (100 µg/mL of ampicillin for E. coli-ABCs, and 50 µg/mL of 

streptomycin for E. coli-Js, and 50 µg/mL of ampicillin and 50 µg/mL streptomycin 

for E. coli-ABCsJs), overnight (16 h) at 37
o
C, 200 rpm. The overnight cultures were 

inoculated into fresh LB containing appropriate antibiotics (5% inoculums) and 

cultured at 37
o
C with shaking 200 rpm until OD600 reached 0.6. Isopropyl-thio--D-

galactopyranoside (IPTG) was added to the cultures as an inducer with final 

concentration of 1 mM. The cell cultures were grown at the same conditions for 3 h. 

Then they were harvested by centrifugation. Cell pellets were directly subjected to 

analyze by SDS-PAGE or stored at -20
o
C until used. 

 

 

5.5 Protein analysis 

 

5.5.1 SDS-PAGE 

Protein expression profile was analyzed by SDS-PAGE. The harvested 

cells were mixed with 5x loading buffer [10% (w/v) SDS, 10 mM β-mercaptoethanol, 

20% (v/v) glycerol, 0.2 M Tris-HCl, pH 6.8, and 0.05% (w/v) bromophenol blue). The 

reaction was boiled for 10 min, then vortexed. Next, it was centrifuged to obtain clear 
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supernatant and loaded into 12% SDS-PAGE. The ingredients for SDS-PAGE 

preparation is shown in Table 5.4. The protein profile was resolved in 1x Tris-glycine 

running buffer [25 mM Tris-HCl, 250 mM glycine and 0.1% (w/v) SDS] at constant 

current of 15 mA per gel. After electrophoresis, the gel was stained in staining buffer 

[0.25% (w/v) Coomassie Brilliant Blue R-250, 45% (v/v) methanol, and 10% (v/v) 

acetic acid] for 30 min with mild shaking. Then, the gel was destained in destaining 

solution [10% (v/v) methanol and 10% (v/v) acetic acid] with shaking until excess dye 

was removed. 

 

Table 5.4 Components of SDS-PAGE for protein determination. 

Preparation of 5% of stacking SDS-PAGE 

Solution Volume (µl) 

30% Acrylamide
a
 333 

H2O 1,500 

1 M Tris-HCl pH 6.8 625 

10% SDS 25 

10% APS 15 

TEMED 3 

Total volume 2,501 

Preparation of 12% of separating SDS-PAGE 

Solution Volume (µl) 

30% Acrylamide
a
 2,400 

H2O 2,010 

1 M Tris-HCl pH 8.8 1,500 

10% SDS 60 

10% APS 30 

TEMED 3 

Total volume 6,003 

 

a
Acrylamide, N,N’-methylene-bis-acrylamide 29: 1 (w/w); APS, ammonium 

persulphate; TEMED, N,N,N’,N’-tetramethyl-ethylenediamine  
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5.5.2 Western blot analysis 

Western blot analysis was performed to verify the specificity of 

recombinant proteins. After the proteins were electrophoresed into 12% SDS-PAGE, 

the proteins on the gel were transferred to polyvinylidene difluoride (PVDF) 

membrane by wet-blotting. The electroblotting was performed at constant voltage of 

100 volts for 90 min in 1x transfer buffer [25 mM Tris-base, 190 mM glycine,        

20% (v/v) methanol, and 0.05% (v/v) SDS]. Non-specific binding was blocked with 

5% skim milk in PBS, pH 7.4 (8 g/L of NaCl, 0.2 g/L of KCl, 1.44 g/L of Na2HPO4, 

and 0.24 g/L of KH2PO4) for 2 h then washed by PBST [PBS with 0.1% (v/v)    

Tween-20] for 10 min. Next the membrane was probed with monoclonal anti-

polyHistidine in 5% skim milk in PBS (1:3,000 dilutions) for 1 h. The membrane was 

washed 3 times with PBST for 10 min each then probed with secondary antibody, anti-

Mouse IgG (whole molecules)-alkaline phosphatase in 5% skim milk in PBS 

(1:30,000 dilution) for 2 h. Then, the membrane was washed once with PBST for 10 

min and twice more with PBS for 10 min each. The membrane was incubated in the 

colorimetric detection solutions, 5-bromo-4-chloro-3-indolyl phosphate and               

p-nitroblue tetrazolium chloride (BCIP/NBT) substrate, for 30 min. 

 

 

5.6 Crude glycerol characterization 

Crude glycerol used in this study was obtained from a local biodiesel 

production plant (Trang Palm Oil Co. Ltd., Trang, Thailand) which was the by-product 

of alkaline (NaOH)-catalyzed transesterification of palm oil with methanol. Methanol 

in the crude glycerol was quantified using a gas chromatograph GC-6850 equipped 

with a flame ionization detector and a HP-Innowax column (30 m x 0.32 mm I.D. x 

0.25 µm film thickness) (Hewlett Packard, Santa Clara, CA). Glycerol and mono-/di-

/tri-glycerides were measured using a gas chromatograph GC-2010 (d) equipped with 

a flame ionization detector and a type DB-1HT column (10 m x 0.32 mm I.D. x         

0.1 micron film thickness) (Agilent, Santa Clara, CA). Sodium and potassium were 

quantified by atomic absorption chromatography operated by the Department of 

Science Service (Bangkok, Thailand). 
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5.7 PHA production 

 

5.7.1 Culture media and conditions 

 

5.7.1.1 P(3HB) biosynthesis 

M9 minimum medium (136) with or without Bacto-yeast 

extract (1 g/L) containing pure or crude glycerol as sole carbon source was used as 

culture media. To maintain the plasmids, ampicillin (100 mg/L) and ampicillin        

(100 mg/L) together with streptomycin (50 mg/L) were supplemented into the media 

for cultivation of E. coli-ABCs and E. coli-ABCsJs, respectively. The colonies on an 

agar plate were pre-culture in LB medium at 37
o
C for 15 h at 200 rpm on a rotary 

shaker. Then this pre-culture was inoculated into 75 or 300 mL PHA production 

medium which was in 250 or 1000 mL flask at an inoculums volume of 0.15 OD/mL. 

The cultured cells were incubated at 37
o
C with rotary shaking at 200 rpm. IPTG 

(1mM) was added to the media to induce protein expression after 3 h or 6 h of 

cultivation and further incubating for 24-48 h. The cultured cells were harvested by 

centrifugation and dried at 65
o
C. Cell growth was measured by OD600 and the amount 

of dried cell was weighted. Protein expression was analyzed by SDS-PAGE (the 

method was described above). 

 

5.7.1.2 SCL-MCL-PHAs biosynthesis 

M9 minimum medium (136) with Bacto-yeast extract (1 g/L) 

containing pure or crude glycerol as sole carbon source was used as culture media. To 

maintain the plasmids, ampicillin (100 mg/L) and ampicillin (100 mg/L) together with 

streptomycin (50 mg/L) were supplemented into the media for cultivation of E. coli-

ABCs and E. coli-ABCsJs, respectively. The colonies on an agar plate were pre-

culture in LB medium at 37
o
C for 15 h at 200 rpm on a rotary shaker. Then this pre-

culture was inoculated into 75 or 300 mL PHA production medium which was in 250 

or 1000 mL flask at an inoculums volume of 0.15 OD/mL. The cultured cells were 

incubated at 37
o
C with rotary shaking at 200 rpm. Sodium dodecanoate (0.5-1.5 g/L), 

Brij-35 (2 g/L) (for solubilization of dodecanoate ) (68), and IPTG (1 mM) were added 

to the medium after 3 h of cultivation, and the cells were grown for additional 24 h. 
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The cultured cells were harvested by centrifugation and dried at 65
o
C. The cell growth 

was measured by OD600 and the amount of dried cell was weighted. Protein expression 

was analyzed by SDS-PAGE. 

 

5.7.2 Analytical method 

 

5.7.2.1 Fluorescent dye staining 

Accumulation of P(3HB) granules inside the cells were 

detected by Nile Blue A staining analysis (137). Specifically, E. coli cells were      

heat-fix smeared on glass slide and stained with 1% (w/v) Nile blue A solution at 55
o
C 

for 10 min. Then, the slide was washed with tap water and 8% (v/v) acetic acid for      

1 min to remove the excess stain. The prepared slide was observed under fluorescence 

microscope and confocal laser scanning microscope. The excitation wave length was     

460 nm. 

 

5.7.2.2 High performance liquid chromatography  

 

5.7.2.2.1 P(3HB) quantification 

To determine the quantities of P(3HB) 

accumulated in the E. coli cells, the dried cells were hydrolytically digested by sulfuric 

acid (138). After hydrolysis, the hydrolyzed samples were filtrated and analyzed by 

high performance liquid chromatography (HPLC) on an Ultimate 3000 standard LC 

system (Dionex, Sunnyvale, CA) equipped with an Aminex HPX-87H (300 mm x     

7.8 mm I.D., Bio-Rad, Hercules, CA). The samples were eluted with 10% CH3CN in        

5 mM H2SO4 at 65
o
C at a flow rate of 0.4 mL/min. Chromatogram signals were 

detected at 210 nm. 

 

5.7.2.2.2 SCL-MCL-PHAs quantification and 

compositions analysis 

To determine the quantities and the compositions 

of the accumulated PHAs in E. coli cells, the dried cells were digested by alkaline 

hydrolysis with slight modification (139). Specifically, approximately 20 mg of dried 
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cells was treated with 1 N NaOH (1 mL) at 100
o
C for 3 h (vortexing every 1 h) then 

neutralization with 1 N HCl (1 mL). The solutions were centrifuged at 21,000 xg for 

30 min and filtrated. The filtrated samples were analyzed by HPLC on an Ultimate 

3000 standard LC system (Dionex, Sunnyvale, CA) equipped with a UV detector and 

an Aminex HPX-87H column (300 mm x 7.8 mm I.D) (Bio-Rad, Hercules, CA) 

operated at 65
o
C at a flow rate of 0.4 mL/min. The mobile phase was 10% CH3CN in 

5 mM H2SO4 and chromatogram signals were detected at 210 nm. 

 

5.7.2.2.3 Glycerol quantification 

The remained glycerol concentration in the media 

was quantified by high performance liquid chromatography (HPLC) on a Water e2695 

(Milford, MA) equipped with RI detector and a Shodex sugar SH 1011 column                                

(8.0 mmID x 300 mmL) (New York NY) operated at 60
o
C at a flow rate of 0.6 

mL/min. The mobile phase was 5 mM H2SO4. 

 

5.7.2.3 PHAs extraction and purification 

In order to determine the physical and thermal properties of 

polymers, the accumulated PHA in recombinant E. coli was extracted by solvent 

extraction method. The accumulated PHA in dried cell was extracted in chloroform at 

80
o
C for 48 h after that the chloroform was evaporated to obtain PHA film. Next, the 

obtained PHA film was purified by dissolving in chloroform and then precipitating in 

4-fold volumes of hexane or cold methanol. The white PHA powder was obtained   

(Fig 5.3).  
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Figure 5.3 PHA extraction and purification flowchart. 

 

 

 

 

 

 

 

Dried cell

Extraction with chloroform at 80oC for 48 h

Chloroform evaporation to obtain PHA film

Precipitation with hexane or cold methanol 
to obtain purified PHA powder
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5.7.2.4 Nuclear magnetic resonance 

To measure proton nuclear magnetic resonance (
1
H NMR),      

five mg of PHA sample was dissolved in dueterated chloroform and analyzed on a 

Bruker AVANCE III 400 spectrometer at 400 MHz (Bruker, Helios, Singapore). To 

measure carbon nuclear magnetic resonance (
13

C NMR), twenty mg of PHA sample 

was dissolved in dueterated chloroform and analyzed on a Bruker AVANCE III 400 

spectrometer at 400 MHz (Bruker, Helios, Singapore). The chemical shift of each 

proton and carbon resonance was assigned relying on the chemical shift of standard 

P(3HB) and P(3HB-co-3HHx) (Nodax
TM

). 

 

5.7.2.5 Gel permeation chromatography  

Molecular mass data on PHAs were acquired by gel 

permeation chromatography (GPC) analysis at 40
o
C using a Hewlett packard 1100 

series system with a refractive index detector and a varian PLgel 10 µm MIXED-B 

column (Fisher Scientific, Hampton, NH). Tetrahydrofuran was used as eluent at a 

flow rate of 1 mL/min. Polystyrene standards were used to construct a calibration 

curve. 

 

5.7.2.6 Differential scanning calorimetry 

Thermal properties were evaluated by differential scanning 

calorimetry (DSC) using a DSC 1 STAR
e
 system (Mettler Toledo, Columbus, OH). 

Temperature scanning was from -50
o
C to 200

o
C. The observed melting temperature 

(Tm) was obtained from the positions of the endothermic peaks. The glass transition 

temperature (Tg) was taken as the midpoint of heat capacity change. 

 

5.7.2.7 Thermogravimetry analysis 

The degradation temperature (Td) was evaluated by 

thermogravimetry analysis (TGA) using TGA/SDTA 851
e
 (Mettler Toledo, Columbus, 

OH). Ten milligrams of polymers were heated at the rate of 20
o
C/min from 30

o
C to 

500
o
C in a nitrogen atmosphere. 
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CHAPTER VI 

RESULTS 

 

 

6.1 Establishment of PHA biosynthetic pathway in recombinant        

E. coli 

In this study, we aim to investigate the biosynthesis of SCL-MCL-PHAs 

from glycerol by recombinant E. coli strains. SCL-MCL-PHAs have a wide range of 

applications due to their properties that can range from being thermoplastic to 

elastomer. These properties depend on the composition and the molar fraction between 

SCL-monomer and MCL-monomer. Different plastic products require different 

properties of plastic materials. Only a few microorganisms can produce SCL-MCL-

PHAs and it is difficult to adjust the content and the compositions of copolymers 

produced by these bacteria as their metabolic pathways are poorly characterized and 

tools for genetic modification are not available. Therefore, the genetic engineering of 

model microorganism, Escherichia coli, was selected in this study. The pathway 

construction was divided into two main steps. First, the pathway for biosynthesis of 

P(3HB), employing PhaABC enzymes, was constructed in E. coli. Second, PhaJ was 

introduced into the recombinant strains to co-express with PhaABC, completing the 

pathway for biosynthesis of SCL-MCL-PHA copolymers.  

 

6.1.1 Pathway design and amino acid alignment 

Based on the known natural PHA biosynthesis pathways, the hybrid 

pathway was designed by combining two monomer-supplying pathways with                  

one polymerization pathway. For supplying SCL-monomer, two enzymes: PhaA and 

PhaB of R. eutropha were selected to convert acetyl-CoA to (R)-3-hydroxybutyryl-

CoA. For supplying MCL-monomers, PhaJ was selected to convert enoyl-CoA to                   

(R)-3-hydroxyacyl-CoA. The designed pathway is shown in Figure 1.2.  

Since variation in polymer properties leads to a wide range of applications, 

3 different PhaCs and 3 different PhaJs were employed in this study to produce the 
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different compositions of PHAs. Three different PhaCs were selected based on their 

different types of PHAs produced in their native strains. These are: PhaC from            

R. eutropha (TISTR 1095) (PhaCRe) which was previously reported as SCL-PHA 

producing strains (140), PhaC from A. hydrophila (ATCC 7966) (PhaCAh) which was 

previously reported as the SCL-MCL-PHA producing strain (31) and PhaC from       

P. putida KT2440 (ATCC 47054) (PhaC2Pp) which was previously reported as the 

MCL-PHA producing strain (141). Amino acid sequence alignment was carried out to 

preliminary examine their identity to each other and/or to the other well characterized 

enzymes. By Clustal Omega alignment, amino acid sequence of PhaCRe, PhaCAh, and 

PhaC2Pp showed 36-40% identity. The conserved residues presumably forming a 

catalytic triad are cysteine, aspartate, and histidine (29) as indicated by the arrows in 

Figure 6.1. Amino acid sequence of PhaCAh was elucidated by genome sequence 

project (70) and there is no information of heterologous expression of PhaCAh in 

recombinant E. coli. The amino acid sequence identity of PhaCAh with the well known 

PhaC of A. caviae (PhaCAc) (13, 142) was as high as 92% (Fig 6.2). P. putida KT2440 

have two PHA synthase enzymes (PhaC1Pp and PhaC2Pp). Both of them showed high 

expression level when P. putida KT2440 were grown under the conditions for PHA 

production suggested that PhaC1Pp and PhaC2Pp involved in PHA biosynthesis (62). 

However, only PhaC1 has been cloned and characterized in recombinant E. coli (67, 

143). There is no information of heterologous expression of PhaC2Pp in recombinant 

E. coli. Amino acid sequence alignment of PhaC1Pp and PhaC2Pp showed that their 

identity was 54% (Fig 6.3). On the other hand, three different PhaJ enzymes (PhaJ1Pp, 

PhaJ4Pp, and PhaJAh) which have broad substrate specificity were selected. PhaJ1Pp 

and PhaJ4Pp were from P. putida KT2440 which were identified by homology search 

of PhaJ1-4 from P. aeruginosa against DNA genome sequence of P. putida KT2440 

(69), whereas PhaJAh from A. hydrophila (ATCC 7966) has not been characterized 

previously. Clustal Omega alignment showed that PhaJ1Pp, PhaJ4Pp, and PhaJAh have 

26-36% identity of their amino acid sequences (Fig 6.4). The residues forming a 

catalytic dyad were aspartate and histidine identified based on the crystal structure of      

A. caviae (144). Amino acid sequence of PhaJAh was compared with that of PhaJ from 

A. caviae which is well characterized and they showed identity as high as 81%       

(Fig 6.5). 
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Figure 6.1  Amino acid sequence alignment of PhaCs. 

PhaCAh (CAh), PhaCRe (CRe), and PhaC2Pp (C2Pp) have 594, 589, and 560 

amino acids, respectively. The gene IDs of PhaCAh, PhaCRe, and PhaC2Pp are 4488480, 

4250156, and 1041897, respectively. Their sequences were aligned using Clustal 

Omega (www.ebi.ac.uk/Tools/msa/clustalo/). They share 36-40% identity. The box 

indicates the putative lipase box. The arrows indicate the conserved residues involved 

in catalysis (4). A colon (:) indicates conservation between groups of strongly similar 

properties. A dot (.) indicates conservation between groups of weakly similar 

properties. An asterisk (*) indicates identical residues. Numbers indicate the position 

of amino acids in the respective proteins. 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 6.2 Amino acid sequence alignment of PhaC from A. hydrophila ATCC 

7966 and from A. caviae. 

Both PhaCAh from A. hydrophila ATCC 7966 (CAh) and PhaCAc from       

A. caviae (CAc) have 594 amino acids. The sequence IDs of PhaCAh and PhaCAc are 

4488480 and 325300783, respectively. Their sequences were aligned using Clustal 

Omega (www.ebi.ac.uk/Tools/msa/clustalo/). They share 92% identity. A colon (:) 

indicates conservation between groups of strongly similar properties. A dot (.) 

indicates conservation between groups of weakly similar properties. An asterisk (*) 

indicates identical residues. Numbers indicate the position of amino acids in the 

respective proteins. 

 

 

 

 

 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 6.3 Amino acid sequence alignment of PhaC1 and PhaC2 from P. putida 

KT2440. 

PhaC1Pp (C1Pp) and PhaC2Pp (C2Pp) have 559 and 560 amino acids, 

respectively. The gene IDs of PhaC1Pp and PhaC2Pp are 1041855 and 1041897, 

respectively. Their sequences were aligned using Clustal Omega 

(www.ebi.ac.uk/Tools/msa/clustalo/). They share 54% identity. A colon (:) indicates 

conservation between groups of strongly similar properties. A dot (.) indicates 

conservation between groups of weakly similar properties. An asterisk (*) indicates 

identical residues. Numbers indicate the position of amino acids in the respective 

proteins. 

 

 

 

 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 6.4 Amino acid sequence alignment of PhaJs. 

PhaJAh (JAh), PhaJ1Pp (J1Pp), and PhaJ4Pp (J4Pp) have 134, 156, and 151 

amino acids. The gene IDs of PhaJAh, PhaJ1Pp and PhaJ4Pp are 1046178, 1045908, and 

4488481, respectively. Their sequences were aligned using Clustal Omega 

(www.ebi.ac.uk/Tools/msa/clustalo/). They share 26-36% identity. The arrows 

indicate the conserved residues involved in catalysis (12). A colon (:) indicates 

conservation between groups of strongly similar properties. A dot (.) indicates 

conservation between groups of weakly similar properties. An asterisk (*) indicates 

identical residues. Numbers indicate the position of amino acids in the respective 

proteins. 

 

  

Figure 6.5 Amino acid sequence alignment of PhaJ from A. hydrophila ATCC 

7966 and from A. caviae. 

Both PhaJAh (JAh) and PhaJAc (JAc) have 134 amino acids. The sequence 

IDs of PhaJAh and PhaJAc are 4488481 and 2335048, respectively. Their sequences 

were aligned using Clustal Omega (www.ebi.ac.uk/Tools/msa/clustalo/). They share 

81% identity. A colon (:) indicates conservation between groups of strongly similar 

properties. A dot (.) indicates conservation between groups of weakly similar 

properties. An asterisk (*) indicates identical residues. Numbers indicate the position 

of amino acids in the respective proteins. 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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6.1.2 Plasmid construction 

To establish the PHA biosynthetic pathway, two sets of recombinant 

plasmids were constructed. The first one was pETDuet-1 vector harboring phaA, 

phaB, and phaC. The second one was pCDFDuet-1 vector harboring phaJ. As three 

types of phaC and three types of phaJ were used, six resulting recombinant plasmids 

namely pETDuet-ABCRe, pETDuet-ABCAh, pETDuet-ABC2Pp, pCDFDuet-J1Pp, 

pCDFDuet-J4Pp, and pCDFDuet-JAh were constructed (Fig 5.2). All genes were PCR 

amplified from the genomic DNA of native PHA producing strains. The thick bands of 

extracted genomic DNA are found at the position higher than 23 kb (Fig 6.6). The 

PCR amplified fragments were purified by excising only the target PCR bands of 

phaABRe, phaCRe, phaCAh, and phaC2Pp (Fig 6.7). The PCR amplified fragment of 

phaJ1Pp, phaJ4Pp, and phaJAh are shown in Figure 6.8. 

 

 

 

Figure 6.6 Genomic DNA extracted from wild type PHA-producing bacteria. 

Agarose gel electrophoresis of genomic DNA from wild type PHA-

producing bacteria using SDS-based DNA extraction method with 

ethylenediaminetetraacetic acid (EDTA) and phenol chloroform. Lane M is λ/HindIII 

marker. Lanes 1-3 are extracted genomic DNA from R. eutropha, A. hydrophila, and 

P. putida respectively.  

23130

9416

bp
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Figure 6.7 PCR amplification of β-ketothiolase (phaA), NADPH-dependent 

acetoacetyl-CoA reductase (phaB), and PHA synthase (phaC) genes from genomic 

DNA of wild type PHA-producing bacteria. 

Agarose gel electrophoresis of the DNA fragment from PCR amplification 

of phaA, phaB, and phaC purified genomic DNA. Lane M is 1 kb DNA marker. Lane 

1, phaA-phaB from R. eutropha (the expected size is ~2.0 kb); lane 2, phaC of R. 

eutropha (the expected size is ~1.8 kb); lane 3, phaC of A. hydrophila (the expected 

size is ~1.8 kb); lane 4, phaC2 of P. putida (the expected size is ~1.7 kb). 

 

 

Figure 6.8 PCR amplification of (R)-specific enoyl-CoA hydratase (phaJ) genes 

from genomic DNA of wild type PHA-producing bacteria. 

Agarose gel electrophoresis of the DNA fragment from PCR amplification. 

Lane M is 100 bp DNA ladder plus marker. Lane 1, phaJ1 from P. putida (the 

expected PCR fragment is 0.48 kb); lane 2, phaJ4 from P. putida (the expected PCR 

fragment is 0.46 kb); lane 3, phaJ from A. hydrophila (the expected PCR fragment is 

approximately 0.4 kb). 

M 1 2 3 54
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6.1.3 Protein expression 

E. coli BL21(DE3) was used as a host for protein expression and PHA 

production. Three recombinant E. coli strains harboring phaA, phaB, and phaC namely 

E.coli-ABReCRe, E.coli-ABReCAh, and E.coli-ABReC2Pp were tested for their ability to 

co-express PhaABC in LB medium. The heterologous protein expression of               

β-ketothiolase (PhaA), NADPH-dependent acetoacetyl-CoA reductase (PhaB), and 

PHA synthase (PhaC) proteins in E. coli BL21(DE3) is shown (Fig 6.9). The results 

showed that all target recombinant proteins were expressed under the condition used. 

Compared to the E. coli strain harboring the empty vector pETDuet-1, PhaARe, 

PhaCRe, PhaCAh, and PhaC2Pp were clearly expressed from the recombinants. 

However, the expression level of each protein was different. From SDS-PAGE 

analysis, the expression of PhaBRe was not clear but its expression was confirmed by 

western blot (Fig 6.9B). The expression of PhaJ in E. coli-J1Pp, E. coli-J4Pp, and          

E. coli-JAh were verified. SDS-PAGE and western blot analysis using anti-His6 showed 

that all three PhaJs were expressed (Fig 6.10). Although the expression of PhaJ4Pp and 

PhaJAh could not be clearly seen from SDS-PAGE, they were detectable using western 

blot. 
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Figure 6.9 Heterologous protein expression of β-ketothiolase (PhaA), NADPH-

dependent acetoacetyl-CoA reductase (PhaB), and PHA synthase (PhaC) proteins 

in E. coli BL21(DE3).  

(A) SDS-PAGE analysis of protein profiles of E. coli-ABCRe,                    

E. coli-ABCAh, and E. coli-ABC2Pp cultured in LB medium and induced with 1 mM 

IPTG for 3 h. (B) western blot analysis using anti-polyHistidine monoclonal antibody. 

Lane M is Prestained Protein molecular weight marker. Lanes 1-3 are the proteins 

from E. coli-ABCRe, E. coli-ABCAh, and E. coli-ABC2Pp, respectively. Ctrl is proteins 

from E. coli-pETDuet-1 (control). The expected size of PhaARe, PhaBRe, PhaCRe, 

PhaCAh, and PhaC2Pp are 42 kDa, 27 kDa, 66 kDa, 68 kDa, and 64 kDa, respectively. 

Arrows indicate the expressed recombinant proteins. The samples were loaded at 

equivalent OD600. 
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Figure 6.10 SDS-PAGE and western blot analysis of heterologous protein 

expression of (R)-specific enoyl-CoA hydratase (PhaJ) proteins in E. coli 

BL21(DE3).  

(A) is E. coli-J1Pp, (B) is E. coli-J4Pp and (C) is E. coli-JAh. Cells were 

cultured in LB medium and induced with 1 mM IPTG for 3 h. Western blot analysis 

was performed using anti-polyHistidine monoclonal antibody. Lanes M1 and M2 are 

Unstained and Prestained Protein molecular weight marker. Ctrl is proteins from        

E. coli-PCDFDuet-1 (control). PhaJ1Pp, PhaJ4Pp, and PhaJAh proteins are indicated by 

arrows. The predicted protein molecular weight of PhaJ1Pp, PhaJ4Pp, and PhaJAh were 

19 kDa, 18 kDa and 16 kDa, respectively. Arrows indicate the expressed recombinant 

proteins. The samples were loaded at equivalent OD600. 
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To establish the hybrid pathway for biosynthesis of SCL-MCL-PHAs in    

E. coli, the recombinant plasmids, pETDuet-ABCs and pCDFDuet-Js, were              

co-transformed into E. coli BL21(DE3). Nine recombinant strains namely,                  

E. coli-ABCReJ1Pp, E. coli-ABCReJ4Pp, E. coli-ABCReJAh, E. coli-ABCAhJ1Pp,              

E. coli-ABCAhJ4Pp, E. coli-ABCAhJAh, E. coli-ABC2PpJ1Pp, E. coli-ABC2PpJ4Pp, and      

E. coli-ABC2PpJAh were generated. Co-expression of PhaA, PhaB, PhaC and PhaJ was 

verified. Figure 6.11 showed SDS-PAGE and western blot analysis of proteins in 

recombinant E. coli-ABCReJ1Pp, E. coli-ABCAhJ1Pp, and E. coli-ABC2PpJ1Pp. Figure 

6.12 showed SDS-PAGE and western blot analysis of proteins in recombinant           

E. coli-ABCReJ4Pp, E. coli-ABCAhJ4Pp, and E. coli-ABC2PpJ4Pp. Figure 6.13 showed 

SDS-PAGE and western blot analysis of proteins in recombinant E. coli-ABCReJAh,    

E. coli-ABCAhJAh, and E. coli-ABC2PpJAh. The results showed that all recombinant 

proteins were co-expressed in E. coli. 
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(A) 

 

(B) 

 

 

Figure 6.11 Co-expression of β-ketothiolase (PhaA), NADPH-dependent 

acetoacetyl-CoA reductase (PhaB), PHA synthase (PhaC) and (R)-specific enoyl-

CoA hydratase (PhaJ1Pp) proteins in E. coli BL21(DE3).  

(A) SDS-PAGE analysis of protein profiles of E. coli-ABCReJ1Pp, E. coli-

ABCAhJ1Pp, and E. coli-ABC2PpJ1Pp cultured in LB medium and induced with 1 mM 

IPTG for 3 h. (B) Western blot analysis using anti-polyHistidine monoclonal antibody. 

Lane M is Prestained Protein molecular weight marker. Lanes 1-3 are the proteins 

from E. coli-ABCReJ1Pp, E. coli-ABCAhJ1Pp, and E. coli-ABC2PpJ1Pp, respectively. 

Ctrl is proteins from E. coli-pETDuet-1+pCDFDuet-1 (control). The expected size of 

PhaARe, PhaBRe, PhaCRe, PhaCAh, PhaC2Pp and PhaJ1Pp are 42 kDa, 27 kDa, 66 kDa, 

68 kDa, 64 kDa, and 19 kDa, respectively. Arrows indicate the expressed recombinant 

proteins. The samples were loaded at equivalent OD600. 
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Figure 6.12 Co-expression of β-ketothiolase (PhaA), NADPH-dependent 

acetoacetyl-CoA reductase (PhaB), PHA synthase (PhaC) and (R)-specific enoyl-

CoA hydratase (PhaJ4Pp) proteins in E. coli BL21(DE3).  

(A) SDS-PAGE analysis of protein profiles of E. coli-ABCReJ4Pp, E. coli-

ABCAhJ4Pp, and E. coli-ABC2PpJ4Pp cultured in LB medium and induced with 1 mM 

IPTG for 3 h. (B) western blot analysis using anti-polyHistidine monoclonal antibody. 

Lane M is Prestained Protein molecular weight marker. Lanes 1-3 are the proteins 

from E. coli-ABCReJ4Pp, E. coli-ABCAhJ4Pp, and E. coli-ABC2PpJ4Pp respectively. Ctrl 

is proteins from E. coli-pETDuet-1+pCDFDuet-1 (control). The expected size of 

PhaARe, PhaBRe, PhaCRe, PhaCAh, PhaC2Pp and PhaJ4Pp are 42 kDa, 27 kDa, 66 kDa, 

68 kDa, 64 kDa, and 18 kDa, respectively. Arrows indicate the expressed recombinant 

proteins. The samples were loaded at equivalent OD600. 
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Figure 6.13 Co-expression of β-ketothiolase (PhaA), NADPH-dependent 

acetoacetyl-CoA reductase (PhaB), PHA synthase (PhaC) and (R)-specific enoyl-

CoA hydratase (PhaJAh) proteins in E. coli BL21(DE3).  

(A) SDS-PAGE analysis of protein profiles of E. coli-ABCReJAh, E. coli-

ABCAhJAh, and E. coli-ABC2PpJAh cultured in LB medium and induced with 1 mM 

IPTG for 3 h. (B) Western blot analysis using anti-polyHistidine monoclonal antibody. 

Lane M is Prestained Protein molecular weight marker. Lanes 1-3 are the proteins 

from E. coli-ABCReJAh, E. coli-ABCAhJAh, and E. coli-ABC2PpJAh respectively. Ctrl is 

proteins from E. coli-pETDuet-1+pCDFDuet-1 (control). The expected size of PhaARe, 

PhaBRe, PhaCRe, PhaCAh, PhaC2Pp and PhaJAh are 42 kDa, 27 kDa, 66 kDa, 68 kDa, 64 

kDa, and 16 kDa, respectively. Arrows indicate the expressed recombinant proteins. 

The samples were loaded at equivalent OD600. 
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6.2 Using pure glycerol as a carbon source for PHAs biosynthesis 

 

6.2.1 P(3HB) biosynthesis 

 

6.2.1.1 Effect of different PhaC types on growth and 

P(3HB) biosynthesis by E. coli-ABCs 

The ability of recombinant E. coli harboring PhaA, PhaB, and 

PhaCs (E. coli-ABCRe, E. coli-ABCAh, and E. coli-ABC2Pp) to synthesize P(3HB) by 

using pure glycerol as the sole carbon source was investigated by cultivating the 

recombinant strains in M9 medium containing glycerol. Their growth curve profiles 

were determined (Fig 6.14). All strains reached the log phase and stationary phase at  

3 h and 15 h after inoculation, respectively. IPTG (1mM) was added to the culture 

media for induction of recombinant proteins at 6 h after inoculation (early log phase). 

The expression of recombinant proteins from each recombinant strains are shown           

(Fig 6.15). Accumulation of P(3HB) granules inside the cells were detected by Nile 

Blue A staining analysis. The stained cells were observed under Fluorescence 

Microscope Olympus (UIS Fluorescence) at 400x (Fig 6.16). The result showed that 

E. coli-ABCRe and E. coli-ABCAh emitted orange fluorescence whereas E. coli-

ABC2Pp did not emit orange fluorescence suggesting that E. coli-ABCRe and E. coli-

ABCAh can accumulate P(3HB) granules inside the cells under conditions used. 

Moreover, the round orange granules of P(3HB) accumulated inside of E. coli-ABCRe 

and E. coli-ABCAh were clearly shown by observing under Confocal Laser Scanning 

Microscope model Olympus FV1000 at 1000x (Fig 6.17). To quantitate the P(3HB) 

content, the dried cells of each recombinant were digested by H2SO4 to its derivative 

monomer and subjected to HPLC analysis. The results showed that different sources 

of PhaC gave different level of P(3HB) (Table 6.1). E. coli-ABCAh, E. coli-ABCRe, and 

E. coli-ABC2Pp accumulated P(3HB) at 30 wt%, 24 wt% and 2 wt% content of dry 

cell weight, respectively. Since E. coli-ABCAh was able to produce the highest amount 

of P(3HB), therefore this recombinant strain was then used for further investigating 

the effect of some cultivation parameters on the production of P(3HB). 
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Figure 6.14 Growth profiles of recombinant E. coli-ABCs strains cultured in 

minimum medium (M9) containing 2% (v/v) glycerol as a sole carbon source. 

Result is the average value and error bar represents standard deviation for triplicate 

experiments. 
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Figure 6.15 Protein expression profiles of E. coli-ABCRe, E. coli-ABCAh, and        

E. coli-ABC2Pp analyzed by SDS-PAGE.  

SDS-PAGE analysis of protein profiles of E. coli-ABCRe, E. coli-ABCAh, 

and E. coli-ABC2Pp cultured in M9 medium containing 2% (v/v) glycerol as a sole 

carbon source. The cells were induced with 1 mM IPTG after 6 h inoculation and 

harvested after 24 h. Lane M is Unstained Protein molecular weight marker. Lanes 1-

2, 3-4, 5-6, and 7-8 are the proteins from E. coli-ABCRe, E. coli-ABCAh, E. coli-

ABC2Pp, and E. coli-pETDuet-1, respectively. The expected size of PhaARe, PhaBRe, 

PhaCRe, PhaCAh, and PhaC2Pp are 42 kDa, 27 kDa, 66 kDa, 68 kDa, and 64 kDa, 

respectively. Arrows indicate the expressed recombinant proteins. The samples were 

loaded at equivalent OD600. 
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Figure 6.16 Nile blue A fluorescent dye staining of P(3HB) granules in 

recombinant E. coli-ABCs.  

 

                  (A) E. coli-ABCRe                 (B) E. coli-ABCAh 

            

Figure 6.17 Nile blue A fluorescent dye staining of P(3HB) granules in 

recombinant E. coli-ABCs as observed by confocal laser scanning microscope. 

(A) E. coli-ABCRe, (B) E. coli-ABCAh, (C) E. coli-ABC2Pp, and (D) E. coli-

pETDuet-1 (control). The recombinant E. coli were cultured in M9 containing           

2% (v/v) glycerol as sole carbon source and induced with 1 mM IPTG for 24 hr. The 

micrographs were taken under Fluorescence Microscope Olympus (UIS Fluorescence) 

at 400x (Fig 6.16) and under Confocal Laser Scanning Microscope model Olympus 

FV1000 at 1000x (Fig 6.17). 
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Table 6.1 P(3HB) biosynthesis in recombinant E. coli harboring phaABCs 

[reproduced from (19) with permission from JSBA]. 

 

Cells were cultivated at 37°C in M9 minimum medium containing 2% (v/v) glycerol 

as the sole carbon source. After 6 h of cultivation, IPTG (1mM) was added and cells 

were grown for additional 24 h. Results are the average ± standard deviations from 

three independent experiments. CDW, cell dry weight; -, not detectable. 

 

6.2.1.2 Effect of glycerol concentration on growth and 

P(3HB) biosynthesis by E. coli-ABCAh 

The effect of glycerol concentration on the growth of E. coli-

ABCAh was investigated. Glycerol concentrations varying from 1% to 15% (v/v) were 

used as a carbon source for cultivating E. coli-ABCAh. The cultured cells were 

collected at various intervals to measure the OD600 (Fig 6.18). The growth profiles of 

E. coli-ABCAh cultured in the medium containing 1%, 2%, or 5% (v/v) glycerol were 

similar, having their maximal OD600 over 2.0. But in 10% and 15% (v/v) glycerol, the 

growths of E. coli-ABCAh were slower and their maximum OD600 were around 1.5. 

Therefore, glycerol concentrations up to only 5% (v/v) were used as a carbon source to 

evaluate their effect on the ability to produce P(3HB) of E. coli-ABCAh. After 3 h 

inoculation, the cultured cells were induced by 1 mM IPTG and cultured for further   

24 h. Cell dry weight, P(3HB) content, and the remaining glycerol in the supernatant 

after cell harvested were determined (Table 6.2). The result showed that the maximal 

cell dry weight and the amount of P(3HB) were obtained from 1% (v/v) glycerol. 

Strains CDW (g/L) 
P(3HB) content 

(wt% of CDW) 
P(3HB) (mg/L) 

E. coli-ABCAh 1.23 ± 0.05 30.4 ± 1.61 371.8 ± 32.64 

E. coli-ABCRe 1.08 ± 0.05 24.4 ± 0.95 264.9 ± 21.16 

E. coli-ABC2Pp 0.95 ± 0.01 1.8 ± 0.23 13.5 ± 2.37 

E. coli-pETDuet-1 

(control) 
0.82 ± 0.003 - - 
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However, only a slight decrease of cell dry weight and the amount of P(3HB) were 

found with increasing glycerol concentration. Moreover, it was found that glycerol 

still remained in the culture media after cultivation for 27 h in all concentrations used. 

 

 

Figure 6.18 Effect of glycerol concentration on the growth profiles of                    

E. coli-ABCAh. 

E. coli-ABCAh was cultured in M9 minimum medium supplemented with 

yeast extract with 1%, 2%, 5%, 10%, and 15% (v/v) glycerol as a carbon source. The 

cultured cells were collected at 0, 3, 5, 11, 24, 30, 35, 51, and 58 h after inoculation 

and OD600 of the cultured media were measured. Result is the average value and error 

bar represents standard deviation for triplicate experiment. 
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Table 6.2 Effect of glycerol concentration on P(3HB) biosynthesis. 

Glycerol 

(% v/v) 

CDW 

(g/L) 

P(3HB) content 

(wt% of CDW) 

P(3HB) 

(g/L) 

Remaining 

glycerol (% v/v) 

1 1.6 ± 0.10 23.2 ± 0.92 0.37 ± 0.04 0.2 ± 0.03 

2 1.4 ± 0.10 21.7 ± 0.92 0.30 ± 0.01 1.3 ± 0.02 

3 1.4 ± 0.10 18.3 ± 1.33 0.25 ± 0.01 2.4 ± 0.06 

5 1.3 ± 0.15 19.9 ± 0.56 0.27 ± 0.02 4.3 ± 0.04 

 

Cells were cultivated at 37°C in M9 minimum medium containing glycerol as the sole 

carbon source supplemented with 1 g/L Bacto-yeast extract. After 3 h of cultivation, 

IPTG (1mM) was added and cells were grown for an additional 24 h. Results are the 

average ± standard deviations from triplicate experiment. CDW, cell dry weight. 

 

6.2.1.3 Effect of carbon and nitrogen source on growth and 

P(3HB) biosynthesis by E. coli-ABCAh 

P(3HB) production using glycerol as a carbon source was 

compared to glucose as a sole carbon source. Moreover, the effect of adding yeast 

extract into the culture media was also evaluated. To investigate the effect of carbon 

and nitrogen source on the growth of E. coli-ABCAh, the cells were cultured in the 

media containing glycerol or glucose at 2% (w/v) as a carbon source with or without 

yeast extract. The cultured cells were collected every 3 h until 33 h to measure the 

OD600 and pH. In all culture media, the highest cell density was equal at 30 h. By 

using glycerol as a carbon source, cells grew slower than that using glucose. When 

yeast extract was supplemented in the culture media with either glycerol or glucose as 

a carbon source, cell grew rapidly, had shorter lag phase and entered into the 

stationary phase within 14 h. Whereas when the cells were grown in the media without 

yeast extract, they grew slower, with longer lag phase and entered into the stationary 

phase after 14 h (Fig 6.19). The pH of the culture media decreased rapidly when cells 

were grown in glucose within 14 h. At 30 h, pH was drop to 5.0 and 4.5 when cells 

were grown in glycerol and glucose, respectively (Fig 6.20). 
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Figure 6.19 Effect of carbon and nitrogen source on the growth profiles of          

E. coli-ABCAh. 

 

 

Figure 6.20 Effect of carbon and nitrogen source on pH profiles of E. coli-ABCAh. 

E. coli-ABCAh was cultured in four types of media which were 

M9+glucose+yeast extract, M9+glycerol+yeast extract, M9+glucose, and 

M9+glycerol. The cultured cells of E. coli-ABCAh were collected at the interval time to 

measure the OD600 and pH. Result is the average value and error bar represents 

standard deviation for triplicate experiment.  
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Next, the effect of carbon and nitrogen source on the ability of 

E. coli-ABCAh to synthesize P(3HB) was investigated. E. coli-ABCAh was cultured in 

three different media which were M9 medium containing glucose and yeast extract, 

glycerol and yeast extract, and glycerol only. The cells were induced with 1 mM IPTG 

at the early log phase. Based on the growth profiles (Fig 6.19), the cells cultured in 

media with yeast extract were induced at 3 h after inoculation and continued culture 

for additional 24 h and 48 h. While the cells cultured in media without yeast extract 

were induced at 6 h after inoculation and continued culture for additional 21 h and 45 

h. Therefore, the total cultivation time was the same which were 27 h and 51 h, 

respectively. % P(3HB) content, P(3HB) (mg/L/h), P(3HB) (g/L), and pH of the 

culture media were determined (Fig 6.21). By using glycerol as a carbon source, cells 

produced more P(3HB) when compared to glucose. The productivity of P(3HB) was 

higher when cells were grown in the media without yeast extract. When the time was 

increased to 51 h, % P(3HB) content and P(3HB) (g/L) were slightly increased but 

P(3HB) productivity (mg/L/h) was decreased. 

 

 

Figure 6.21 Effect of carbon and nitrogen source on the P(3HB) biosynthesis.  

E. coli-ABCAh was cultured in three different media which were 

M9+glucose+yeast extract, M9+glycerol+yeast extract, and M9+glycerol. The cells 

were induced with 1 mM IPTG at the early log phase. The cells were harvested at 27 h 

and 51 h after inoculation to evaluate the P(3HB) content, P(3HB) (mg/L/h), P(3HB) 

(g/L), and pH. Result is the average value and error bar represents standard deviation 

for triplicate experiments. 
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6.2.1.4 Effect of stage of cell at the induction point on 

P(3HB) biosynthesis 

The stage of cell was investigated whether it influences the 

productivity of P(3HB). E. coli-ABCAh was cultivated in minimum medium containing 

glycerol as a carbon source. IPTG was added into the culture medium to induce the 

expression of PhaABC at four different stages of cell: initial inoculation, early log 

phase, mid log phase, and late log phase. After induction, cells were cultivated for 

further 24 h and then harvested and the amount of P(3HB) were analyzed by HPLC 

(Fig 6.22). When induction at early log phase (3 h after inoculation), % P(3HB) 

content, P(3HB) (mg/L), and the productivity (mg/L/h) were 23 wt% of CDW, 0.4 

mg/L, and 13.1 mg/L/h, respectively. These values were the highest when compared to 

induction at the other cell stages. The induction at the initial and mid log phase gave 

similar P(3HB) production. The ability for P(3HB) production was the lowest when 

the cells were induced at late log phase. 

 

 

Figure 6.22 Effect of stage of cell at the induction point on P(3HB) biosynthesis.  

E. coli-ABCAh was cultivated in minimum medium containing glycerol as 

a sole carbon source. 1 mM IPTG was added into the culture medium at four different 

stages of cell [at initial inoculation (0 h), early log phase (3 h), mid log phase (7 h), 

and late log phase (11 h)]. After induction cells were cultivated for further 24 h. The 

amount of P(3HB) were analyzed by HPLC. Result is the average value and error bar 

represents standard deviation for triplicate experiments.  
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6.2.2 SCL-MCL-PHAs biosynthesis 

Next, the ability of recombinant E. coli strains to synthesize SCL-MCL-

PHAs was examined. By cross combinational co-expression of PhaAB with each of 

three PhaCs and three PhaJs, nine recombinant E. coli strains were generated:            

E. coli-ABCReJ1Pp, E. coli-ABCReJ4Pp, E. coli-ABCReJAh, E. coli-ABCAhJ1Pp,              

E. coli-ABCAhJ4Pp, E. coli-ABCAhJAh, E. coli-ABC2PpJ1Pp, E. coli-ABC2PpJ4Pp, and     

E. coli-ABC2PpJAh. 

 

6.2.2.1 Effect of different PhaC and PhaJ types on         

SCL-MCL-PHAs biosynthesis 

The ability of recombinant strains to convert glycerol to     

SCL-MCL-PHAs was evaluated by culturing in 300 mL M9 medium containing      

2% (v/v) glycerol as a carbon substrate. IPTG (1mM) and sodium dodecanoate (1 g/L) 

were added to the culture media at 3 h after inoculation. The protein expression 

profiles were determined for E. coli-ABCReJ1Pp, E. coli-ABCAhJ1Pp, and                      

E. coli-ABC2PpJ1Pp (Fig 6.23), for E. coli-ABCReJ4Pp, E. coli-ABCAhJ4Pp, and             

E. coli-ABC2PpJ4Pp (Fig 6.24), and for E. coli-ABCReJAh, E. coli-ABCAhJAh, and         

E. coli-ABC2PpJAh (Fig 6.25). The contents and the compositions of produced 

copolymers were determined by HPLC. The method for preparation of samples for 

HPLC analysis was different between P(3HB) and SCL-MCL-PHA copolymer 

analysis. For analysis of accumulated P(3HB) content, dried cells were digested with 

H2SO4 (138) but this method cannot be used to analyze the compositions of SCL-

MCL-PHA copolymer. For analysis of SCL-MCL-PHA copolymer compositions, 

dried cells were digested with NaOH (139). Figure 6.26 showed the comparison result 

of HPLC peaks. When P(3HB-6.9 mol% 3HHx) (Nodax) was digested with H2SO4, 

only C4 peak appeared. However, when P(3HB-6.9 mol% 3HHx) was digested with 

NaOH, both C4 and C6 peaks were detected.  
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Figure 6.23 Protein expression profiles of E. coli-ABCReJ1Pp, E. coli-ABCAhJ1Pp, 

and E. coli-ABC2PpJ1Pp as analyzed by SDS-PAGE. 

SDS-PAGE analysis of protein profiles of E. coli-ABCReJ1Pp,                   

E. coli-ABCAhJ1Pp, and E. coli-ABC2PpJ1Pp cultured in M9 medium containing        

2% (v/v) glycerol supplemented with yeast extract and sodium dodecanoate (1 g/L). 

The cells were induced with 1 mM IPTG after 3 h inoculation and harvested after     

24 h. Lane M is Unstained Protein molecular weight marker. Lanes 1-2, 3-4, 5-6, and 

7-8 are the proteins from E. coli-ABCReJ1Pp, E. coli-ABCAhJ1Pp, E. coli-ABC2PpJ1Pp, 

and E. coli-pETDuet-1+pCDFDuet-1, respectively. The expected size of PhaARe, 

PhaBRe, PhaCRe, PhaCAh, PhaC2Pp, and PhaJ1Pp are 42 kDa, 27 kDa, 66 kDa, 68 kDa, 

64 kDa, and 19 kDa, respectively. Arrows indicate the expressed recombinant 

proteins. The samples were loaded at equivalent OD600. 
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Figure 6.24 Protein expression profiles of E. coli-ABCReJ4Pp, E. coli-ABCAhJ4Pp, 

and E. coli-ABC2PpJ4Pp as analyzed by SDS-PAGE.  

SDS-PAGE analysis of protein profiles of E. coli-ABCReJ4Pp,                    

E. coli-ABCAhJ4Pp, and E. coli-ABC2PpJ4Pp cultured in M9 medium containing         

2% (v/v) glycerol supplemented with yeast extract and sodium dodecanoate (1 g/L). 

The cells were induced with 1 mM IPTG after 3 h inoculation and harvested after      

24 h. Lane M is Unstained Protein molecular weight marker. Lanes 1-2, 3-4, 5-6, and 

7-8 are the proteins from E. coli-ABCReJ4Pp, E. coli-ABCAhJ4Pp, E. coli-ABC2PpJ4Pp, 

and E. coli-pETDuet-1+pCDFDuet-1, respectively. The expected size of PhaARe, 

PhaBRe, PhaCRe, PhaCAh, PhaC2Pp, and PhaJ4Pp are 42 kDa, 27 kDa, 66 kDa, 68 kDa, 

64 kDa, and 18 kDa, respectively. Arrows indicate the expressed recombinant 

proteins. The samples were loaded at equivalent OD600. 
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Figure 6.25 Protein expression profiles of E. coli-ABCReJAh, E. coli-ABCAhJAh, and 

E. coli-ABC2PpJAh as analyzed by SDS-PAGE. 

 SDS-PAGE analysis of protein profiles of E. coli-ABCReJAh,                    

E. coli-ABCAhJAh, and E. coli-ABC2PpJAh cultured in M9 medium containing 2% (v/v) 

glycerol supplemented with yeast extract and sodium dodecanoate (1 g/L). The cells 

were induced with 1 mM IPTG after 3 h inoculation and harvested after 24 h. Lane M 

is Unstained Protein molecular weight marker. Lanes 1-2, 3-4, 5-6, and 7 are the 

proteins from E. coli-ABCReJAh, E. coli-ABCAhJAh, E. coli-ABC2PpJAh, and                    

E. coli-pETDuet-1+pCDFDuet-1, respectively. The expected size of PhaARe, PhaBRe, 

PhaCRe, PhaCAh, PhaC2Pp, and PhaJAh are 42 kDa, 27 kDa, 66 kDa, 68 kDa, 64 kDa, 

and 16 kDa, respectively. Arrows indicate the expressed recombinant proteins. The 

samples were loaded at equivalent OD600. 

 

 

 



Chitwadee Phithakrotchanakoon  Results / 88 

 C
h

itw
ad

ee P
h

ith
ak

ro
tch

an
ak

o
o

n
   

                                                                             L
iteratu

re rev
iew

 / 8
8
 

 

Figure 6.26 HPLC analysis of P(3HB-6.9 mol% 3HHx).  

The polymers were digested with (A) H2SO4 or (B) 1N NaOH. C4 stands 

for 3HB-derived peak (crotonic acid). C6 stands for 3HHx-derived peak (hexenoic 

acid). The samples were analyzed by high performance liquid chromatography 

(HPLC) on an Ultimate 3000 standard LC system (Dionex, Sunnyvale, CA) equipped 

with a UV detector and an Aminex HPX-87H column (300 mm x 7.8 mm I.D) (Bio-

Rad, Hercules, CA) operated at 55
o
C at a flow rate of 0.5 mL/min. The mobile phase 

was 20% CH3CN in 5 mM H2SO4 and chromatogram signals were detected at 210 nm. 

 

HPLC analysis showed that E. coli expressing PhaABCs were 

able to produce SCL-MCL-PHA copolymers but the % mole fractions of the        

MCL-units were very low (less than 1 mol%). Whereas co-expression of PhaABCs 

and three different PhaJs resulted in the biosynthesis of various SCL-MCL-PHA 

copolymers consisting of monomers varying from C4 to C10 with various fraction of 

MCL-units up to 64 mol% (Table 6.3).  

Next, some factors that may influence the molar fraction of 

MCL-unit and % content of produced copolymers were investigated since the molar 

fraction of MCL-unit in the polymer influences the properties of polymer. These 

included time-dependent change and concentration of dodecanoate. The candidate 

strain was E. coli-ABCAhJAh which produced P(3HB-co-3HHx) copolymer at the 

highest content with highest 3HHx molar fraction.  

-200

0

200

400

600

800

1,000

1,200
1 - CHITWADEE 28-02-12-2 #43 [modified by System] 3HBH 1g/l (H2SO4) 29/2/12 UV_VIS_1
mAU

1

1 - 7.107

2 - 12.787

3 - 16.927
WVL:210 nm

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0

-200

250

500

750

1,000

1,250

1,500

1,800
2 - CHITWADEE 28-02-12-2 #44 [modified by System] 3HBH 1g/l (NaOH) 29/2/12 UV_VIS_1
mAU

min

2
1 - 6.833

2 - 16.927

3 - 19.770

WVL:210 nm

In
te

n
si

ty
 (

A
2

1
0
)

A

B

Retention time (min)

C4

C4

C6



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Molecular Genetics and Genetic Engineering) / 89 

Table 6.3 PHA copolymers biosynthesis from glycerol and dodecanoate in 

recombinant E. coli harboring phaABCs and phaABCsJs [reproduced from (19) 

with permission from JSBA]. 

Strains 
PHA content 

(wt% of  CDW) 

PHA monomer composition (mol%) 

3HB 3HHx 3HO 3HD 

E. coli-ABCAh 1.1  ± 0.37 99.4  ± 0.05 0.6  ± 0.05 - - 

E. coli-ABCRe 0.5  ± 0.09 99.1  ± 0.1 0.85  ± 0.1 0.05 ± 0.02 - 

E. coli-ABC2Pp trace nd nd nd nd 

E. coli-ABCAhJ1Pp 1.0  ± 0.17 96  ± 0.4 4  ± 0.4 - - 

E. coli-ABCAhJ4Pp 1.7  ± 0.49 98  ± 0.3 2  ± 0.3 - - 

E. coli-ABCAhJAh 1.7  ± 0.66 96  ± 1.5 4  ± 1.5 - - 

E. coli-ABCReJ1Pp 3.2  ± 0.96 99.6  ± 0.1 0.4 ± 0.1 - - 

E. coli-ABCReJ4Pp 1.0  ± 0.21 96  ± 0.3 2  ± 0.4 2 ± 0.3 - 

E. coli-ABCReJAh 0.8  ± 0.37 96  ± 0.6 3  ± 0.8 1 ± 0.4 - 

E. coli-ABC2PpJ1Pp 0.1  ± 0.02 52  ± 4.9 7  ± 3.2 30 ± 1.5 11 ± 2.1 

E. coli-ABC2PpJ4Pp 0.1  ± 0.01 65  ± 7.5 6  ± 1.9 16 ± 5.8 13 ± 3.3 

E. coli-ABC2PpJAh 0.1  ± 0.01 36  ± 4.6 25  ± 1.6 30 ± 1.0 9 ± 3.9 

Cells were cultivated at 37°C in M9 minimum medium containing 2% (v/v) glycerol as the 

sole carbon source supplemented with 1 g/L Bacto-yeast extract. After 3 h of cultivation, 

IPTG (1mM), sodium dodecanoate (1 g/L) and Brij-35 (2 g/L) were added and cells were 

grown for an additional 24 h. Results are the average ± standard deviations from four 

replications. 3HB, 3-hydroxybutyrate; 3HHx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 

3HD, 3-hydroxydecanoate; CDW, cell dry weight; -, not detectable; nd, not determined.  
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6.2.2.2 Effect of cultivation time on the P(3HB-co-3HHx) 

biosynthesis by E. coli-ABCAhJAh 

PHA polymers are produced and accumulated inside the 

bacterial cells as insoluble granules; therefore the time-dependent change of PHA 

biosynthesis was investigated. E. coli-ABCAhJAh was cultivated in 75 mL M9 

minimum medium containing 2% (v/v) glycerol with yeast extract. Sodium 

dodecanoate (1 g/L) was added into the culture media together with 1mM IPTG after  

3 h inoculation. The cells were collected at intervals to measure pH, OD600, % PHA 

content and mol% 3HHx (Fig 6.27).The results showed that after 1 mM IPTG and 

dodecanoate (1 g/L) were added into the culture media, P(3HB-co-3HHx) was 

gradually accumulated and  reached the maximum content at 3.5 wt% of CDW after 

cultivation for 34 h. The 3HHx fraction reached the maximum at 3 mol% after 

cultivation for 27 h and then decreased to 1.4 mol% after 34 h and was stable there up 

to 56 h. pH was decreased from 6.8 at 27 h to 6.1 at 34 h when cells entered into the 

stationary phase as indicated by OD600. 
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Figure 6.27 Time-dependent change in OD600, pH, % PHA content, and         

mol% 3HHx. 

E. coli-ABCAhJAh was cultivated at 37°C in M9 minimum medium 

containing 2% (v/v) glycerol as the sole carbon source supplemented with Bacto-yeast 

extract (1 g/L). After 3 h of cultivation, IPTG (1mM), sodium dodecanoate (1 g/L) and 

Brij-35 (2 g/L) were added. Cells were harvested at interval time to measure OD600, 

pH, % PHA content, and compositions. Results are the average ± standard deviations 

from three independent experiments.  
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6.2.2.3 Effect of dodecanoate concentration on the     

P(3HB-co-3HHx) biosynthesis by E. coli-ABCAhJAh 

Based on our established hybrid biosynthesis pathway, fatty 

acid was supplied as the precursor of MCL-monomer. The intermediate of fatty acid    

β-oxidation was converted to MCL-monomer by the activity of PhaJ. Therefore the 

amount of dodecanoate (fatty acid) was varied to evaluate its effect on the mol% 

3HHx (MCL-unit). E. coli-ABCAhJAh was cultured in M9 minimum medium 

containing glycerol as a carbon source supplemented with yeast extract. After 

cultivation for 3 h, sodium dodecanoate was added into the culture media at 0.5, 1.0, 

and 1.5 g/L together with 1mM IPTG. They were cultured for additional 24 h then 

harvested. PHA content and its compositions were analyzed by HPLC (Table 6.4). The 

results revealed that cell dry weight, % PHA content, and its compositions were 

affected by the amount of sodium dodecanoate. When sodium dodecanoate 

concentration was increased, cell dry weight and % PHA content were decreased; 

whereas, the molar fraction of 3HHx was increased. The molar fraction of 3HHx was 

increased from 2 mol% to 5 mol% when sodium dodecanoate was increased from        

0.5 g/L to 1.5 g/L. 
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Table 6.4 Effect of sodium dodecanoate concentration on PHA production. 

Media CDW (g/L) 
PHA content 

(wt% of CDW) 

PHA monomer composition 

(mol%) 

3HB 3HHx 

A 0.6 ± 0.18 4.6 ± 2.9 98 ± 0.8 2 ± 0.8 

B 0.5 ± 0.11 3.4 ± 1.1 97 ± 0.5 3 ± 0.5 

C 0.4 ± 0.23 1.5 ± 0.4 95 ± 1.2 5 ± 1.2 

 

E. coli-ABCAhJAh was cultivated at 37°C in M9 minimum medium containing 2% (v/v) 

glycerol as the sole carbon source supplemented with Bacto-yeast extract (1 g/L). 

After 3 h of cultivation, IPTG (1mM), sodium dodecanoate [(A) 0.5 g/L, (B) 1 g/L, 

(C) 1.5 g/L] and Brij-35 (2 g/L) were added and cells were grown for an additional    

24 h. Results are the average ± standard deviations from four replications. 3HB,         

3-hydroxybutyrate; 3HHx, 3-hydroxyhexanoate. 
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6.3 Using crude glycerol as a carbon source for PHAs biosynthesis 

A surplus of glycerol generated as by-product from the growing biodiesel 

industry is a promising inexpensive carbon source (18). Since the high cost of PHAs is 

their major drawback which limits their used in daily-use plastic products. Thus it is 

interesting to determine if such crude glycerol can be used as a carbon source to 

reduce the production cost of PHAs. Two recombinant strains equipped with phaABC 

and phaABCJ were used in this experiment. The first strain was E. coli-ABCAh which 

produced P(3HB) homopolymer from pure glycerol at the highest content than the 

other strains. The second strain was E. coli-ABCAhJAh which produced                 

P(3HB-co-3HHx) copolymer from pure glycerol at the highest content with highest 

3HHx molar fraction. 

  

 6.3.1 Characterization of crude glycerol compositions  

Crude glycerol in this study was obtained from a local biodiesel 

production plant which was the by-product of alkaline (NaOH)-catalyzed 

transesterification of palm oil with methanol (Trang Palm Oil Co. Ltd., Trang, 

Thailand). The crude glycerol was brown in color (Fig 6.28A). Its viscousity was 

similar to pure glycerol. After adding crude glycerol into M9 minimum medium, the 

medium turned to white (Fig 6.28B) which was different from clear M9 minimum 

medium with pure glycerol. Crude glycerol, as expected, composed of glycerol as a 

major component [81.1% (w/w)] with impurities of methanol [0.98% and 0.36% (v/v) 

of before and after autoclaving at 121
o
C for 15 min, respectively], sodium [0.01% 

(w/w)], potassium [1.9% (w/w)] and trace amounts of monoglyceride [0.03% (w/w)], 

diglyceride [0.02% (w/w)], and triglyceride [0.07% (w/w)] (Table 6.5). The possibility 

of using this crude glycerol as a carbon source for culturing E. coli-ABCAh and           

E. coli-ABCAhJAh recombinant strains was investigated. E. coli-ABCAh and                  

E. coli-ABCAhJAh were cultivated in shake flask using 1, 3, and 5% (v/v) crude 

glycerol as a sole carbon source to examine the effect of crude glycerol concentration 

on their growth (Fig 6.29). Both strains were able to grow using only crude glycerol as 

a carbon source. When concentration of crude glycerol was increased from 1 to         

5% (v/v), there was no significant effect on cell dry weight (CDW) of E. coli-ABCAh 
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but there was a slight effect on CDW of E. coli-ABCAhJAh after 24 h cultivation, with a 

slight decrease in CDW at higher glycerol concentration. 

                      (A)                                    (B) 

                 

 

Figure 6.28 The characteristic of crude glycerol produced from biodiesel 

production as a by-product.  

(A) Crude glycerol from Trang Palm Oil Co. Ltd., Trang, Thailand.        

(B) M9 minimum medium containing 2% (v/v) crude glycerol. 

 

Table 6.5 Compositions of crude glycerol. 

Parameter Crude glycerol Unit 

pH 8.9  

Glycerol 81.09 % (w/w) 

Methanol (after auto clave) 0.36 % (v/v) 

Monoglyceride 0.03 % (w/w) 

Diglyceride 0.02 % (w/w) 

Triglyceride 0.07 % (w/w) 

Sodium 0.01 % (w/w) 

Potassium 1.9 % (w/w) 
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Figure 6.29 Growth profiles of recombinant E. coli cultured in crude glycerol 

[reproduced from (145) with permission from Springer]. 

(A) E. coli-ABCAh and (B) E. coli-ABCAhJAh were cultivated in shaking 

flask at 37
o
C, 200 rpm using 1%, 3%, and 5% (v/v) crude glycerol as the carbon 

source. The cultured cells were collected at the interval time to measure the OD600. 

Result is the average value and error bar represents standard deviation for triplicate 

experiment. 
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6.3.2 P(3HB) biosynthesis by E. coli-ABCAh 

Next, the ability of E. coli-ABCAh to use crude glycerol as a carbon source 

for biosynthesis of P(3HB) was investigated. E. coli-ABCAh was cultivated in 75 mL 

M9 medium containing 1% (v/v) of crude glycerol or 1% (v/v) of pure glycerol as the 

carbon source. When crude glycerol was used, E. coli-ABCAh produced P(3HB) 

content at 14 wt% of CDW which was less than when 1% of pure glycerol was used 

(26 wt% of CDW). However, the total CDW of E. coli cells cultured in crude glycerol 

was 4.0 g/L which was higher than that of pure glycerol (1.5 g/L). Therefore, the 

concentration of P(3HB) produced  from crude glycerol (0.6 g/L) was higher than that 

of pure glycerol (0.4 g/L). In addition, the effect of crude glycerol concentration on the 

ability to synthesize P(3HB) by E. coli-ABCAh was then investigated. Cells were 

cultured in 75 mL M9 medium containing 1% to 5% (v/v) of crude glycerol. The 

results showed that the maximum P(3HB) obtained was 13.9 wt% of CDW by using 

1% (v/v) crude glycerol and gradually decreased to 1.6 wt% of CDW by using          

5% (v/v) crude glycerol (Table 6.6). The decrease in P(3HB) content was in 

accordance with the expression level of recombinant proteins (Fig 6.30). When crude 

glycerol concentration was gradually increased, the expression level of PhaC and 

PhaA proteins was gradually decreased as evaluated by densitometer (Fig 6.31A and 

6.31B, respectively). 
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Table 6.6 The effect of crude glycerol concentration on P(3HB) biosynthesis in    

E. coli-ABCAh [modified from (145) with permission from Springer]. 

 

Crude glycerol 

(% v/v) 
pH of media CDW (g/L) 

P(3HB) content 

(wt% of CDW) 

P(3HB) 

(g/L) 

1% (pure) 7.0 1.5 ± 0.25 25.5 ± 2.44 0.4 ± 0.07 

1 % 7.1 4.0 ± 0.44 13.9 ± 2.52 0.6 ± 0.16 

2 % 7.2 3.3 ± 0.17 9.6 ± 0.64 0.3 ± 0.07 

3 % 7.3 3.2 ± 0.38 6.4 ± 0.66 0.2 ± 0.03 

4 % 7.4 2.7 ± 0.32 3.8 ± 0.42 0.1 ± 0.01 

5 % 7.5 2.8 ± 0.13 1.6 ± 0.10 0.05 ± 0.00 

 

Cells were cultivated at 37°C in 75 mL M9 minimum medium containing glycerol as 

the sole carbon source supplemented with Bacto-yeast extract (1 g/L). After 3 h of 

cultivation, IPTG (1mM) was added and cells were grown for an additional 24 h. 

Results are the average ± standard deviations from four replications. CDW, cell dry 

weight. 
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Figure 6.30 SDS-PAGE analysis of protein expression levels in E. coli-ABCAh 

cultured in crude glycerol [reproduced from (145) with permission from Springer]. 

The recombinant cells were cultured in 75 mL M9 medium with different 

% of crude glycerol. The lanes indicated as 0 h represents expression profile at the 

induction time point (3 h after inculation). The lanes indicated as 24 h show the 

expression profile at 24 h after induction by 1 mM IPTG. The calculated sizes of 

PhaCAh, PhaARe, and PhaBRe are 68, 42, and 27 kDa, respectively and their expected 

migrations are indicated on the right. Arrows indicate the expected positions of 

recombinant proteins. The samples were loaded at equivalent cultured volume.  
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 (A) 

 

(B) 

 

 

Figure 6.31 Densitometry analysis of protein band intensity. 

Protein intensity level of PhaCAh (A) and PhaARe (B) expressed by            

E. coli-ABCAh cultured in different crude glycerol concentration as a sole carbon 

source were analyzed by SynGene GeneTools (version: 4.03.02.0). The calculated 

relative intensity values of recombinant proteins are shown in the table.    
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6.3.3 P(3HB-co-3HHx) biosynthesis by E. coli-ABCAhJAh 

To investigate the conversion of crude glycerol to P(3HB-co-3HHx),        

E. coli-ABCAhJAh was cultured in 75 mL M9 medium containing 1% (v/v) crude 

glycerol as a sole carbon source. HPLC analysis revealed that by using crude glycerol 

as a sole carbon source, E. coli-ABCAhJAh produced P(3HB) homopolymer (Table 6.7). 

Therefore, to provide precursors for MCL-monomer synthesis, fatty acid was added 

into the culture media. Here, sodium dodecanoate (1 g/L) was added at the induction 

time together with 1 mM IPTG and further incubated for 24 h. Cell dry weight,          

% PHA content, and PHA compositions were evaluated (Table 6.7). HPLC analysis 

showed that E. coli-ABCAhJAh produced P(3HB-co-HHx) at 3 wt% of CDW with         

1 mol% 3HHx fraction from crude glycerol which is less than 4 wt% of CDW with      

3 mol% 3HHx fraction produced from pure glycerol. However, the total CDW of       

E. coli cells cultured in crude glycerol was 2.8 g/L which was higher than that of pure 

glycerol (0.9 g/L). Therefore, the concentration of produced P(3HB-co-3HHx) (g/L) 

from crude glycerol was higher than that of pure glycerol. 

 

Table 6.7 PHA biosynthesis in E. coli-ABCAhJAh using pure glycerol (PG) and 

crude glycerol (CG) with or without sodium dodecanoate (C12) [modified from 

(145) with permission from Springer]. 

Media 
CDW 

(g/L) 

PHA content  

(wt% of CDW) 

PHA monomer 

composition (mol%) 

3HB 3HHx 

PG 1.6 ± 0.09 15.9 ± 0.31 100 - 

CG 2.4 ± 0.13 6.6 ± 0.77 100 - 

PG + C12 0.9 ± 0.16 4.3 ± 1.50 97 ± 1.5 3 ± 1.5 

CG + C12 2.8 ± 0.59 2.9 ± 1.92 99 ± 0.3 1 ± 0.3 

 

Cells were cultivated at 37°C in 75 mL M9 minimum medium containing 1 % (v/v) 

pure or crude glycerol as a carbon source supplemented with Bacto-yeast extract        

(1 g/L). After 3 h of cultivation, IPTG (1 mM) with or without sodium dodecanoate    

(1 g/L) were added and cells were grown for an additional 24 h. Results are the 

average ± standard deviations from three independent experiments. CDW, cell dry 

weight; -, not detectable. 
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6.4 PHA properties characterization 

To investigate the effect of incorporated MCL-unit on their polymer 

properties, some PHAs produced [SCL-PHA: P(3HB) homopolymer produced from 

pure glycerol by E. coli-ABCRe; and SCL-MCL-PHAs: P(3HB-1 mol% 3HHx) and 

P(3HB-3 mol% 3HHx) produced from crude and pure glycerol by E. coli-ABCAhJAh, 

respectively] were further characterized.  

 

6.4.1 Chemical structure analysis by NMR 

The extracted polymer polymers were dried under vacuum prior to 

characterize by 
1
H NMR and 

13
C NMR analysis. The NMR spectra of P(3HB-3 mol% 

3HHx) copolymer was compared to that of P(3HB) homopolymer. P(3HB) exhibited 

three groups of chemical shifts (δ) in 
1
H NMR at 1.23 ppm [3HB (3)], 2.45-2.60 ppm 

[3HB (1)], and 5.23 ppm [3HB (2)] for the methyl groups (-CH3), the methylene 

groups (-CH2), and the methine groups (-CH), respectively (Fig 6.32A). Whereas 

P(3HB-3 mol% 3HHx) exhibited the same spectral patterns as described above but 

with additional δ values of  .83 ppm and  .   ppm, which represented the other 

positions of the terminal-CH3 [3HHx (5)] and the internal-CH2 [3HHx (3)], 

respectively,        (Fig 6.32B). These results suggested that this polymer composed not 

only 3HB but also MCL-unit in the polymer chains. In addition, the 
1
H NMR spectra 

intensity ratio of the main chain methylene proton resonance [3HB (1), 3HHx (1)] to 

methyl proton resonance [3HHx (5)] of copolymers were calculated to obtain the 

molar fractions of 3HB and 3HHx unit (Equation 1). The result corresponded to the 

HPLC analysis which indicated that 3 mol% 3HHx was incorporated into the polymer. 

Moreover, 
13

C NMR spectra of P(3HB-3 mol% 3HHx) were consistent with the 

previously characterized P(3HB-co-3HHx) (146). The expanded spectra of carbonyl 

resonance between 169.2-169.7 ppm split to four peaks resulted from the different 

sequential connection of 3HB and 3HHx units (Fig 6.33B), in contrast to the only one 

peak of P(3HB) (Fig 6.33A).  
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Equation 1 

% molar fraction of 3HHx = intensity of 3HHx (5) peak / 3               x 100 

     (intensity of 3HB (1) + 3HHx (1)) / 2 

 

                                 =         0.09 / 3            x 100     =    2.94% 

     (1.01 + 1.03) / 2 

 

(A) 

 

(B) 

 

Figure 6.32 Chemical structure analysis of P(3HB) and P(3HB-3 mol% 3HHx) by 

1
H NMR [reproduced from (145) with permission from Springer]. 

1
H NMR spectra of P(3HB) extracted from E. coli-ABCRe (A) compared to 

P(3HB-3 mol% 3HHx) copolymers extracted from E. coli-ABCAhJAh (B). 
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(A) 

 

(B) 

 

 

Figure 6.33 Chemical structure analysis of P(3HB) and P(3HB-3 mol% 3HHx)  

by 
13

C NMR [reproduced from (145) with permission from Springer]. 

13
C NMR spectra of P(3HB) extracted from E. coli-ABCRe (A) compared 

to P(3HB-3 mol% 3HHx) copolymers extracted from E. coli-ABCAhJAh (B). a*a, refers 

to 3HB connected to 3HB; a*b and b*a, refer to 3HB connected to 3HHx and vice 

versa; b*b, refers to 3HHx connected to 3HHx. 
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6.4.2 Molecular weight analysis by GPC 

The molecular weight and the polydispersity index of PHAs produced 

were determined by GPC (Table 6.8). The average molecular weights (Mw) of P(3HB), 

P(3HB-1 mol% 3HHx), and P(3HB-3 mol% 3HHx) were in range of                      

(1.1-2.6) x10
5
 Da. Their polydispersity index which indicates their heterogeneousity 

with higher value, denoting greater heterogeneousity were around 2.0. 

 

6.4.3 Thermal properties analysis by DSC 

The thermal properties including glass transition temperature (Tg) and 

melting temperature (Tm) of P(3HB), P(3HB-1 mol% 3HHx), and P(3HB-3 mol% 

3HHx) were determined by DSC (Table 6.8). Tg is the temperature at which the 

polymer is converted between glassy and rubbery states while Tm is the temperature at 

which the polymer is converted between rubbery and melting states. Tg values of 

P(3HB), P(3HB-1 mol% 3HHx), and P(3HB-3 mol% 3HHx) were 7.5
o
C, 6.9

o
C, and 

5.5
o
C, respectively. DSC thermogram of P(3HB) showed only one Tm peak at 175.0

o
C 

(Fig 6.34A), while DSC thermogram of P(3HB-1 mol% 3HHx) showed one distinct 

Tm peak with a shoulder at 174.3
o
C (Fig 6.34B). On the other hand, DSC thermograms 

of P(3HB-3 mol% 3HHx) showed two Tm peaks at 158.7
o
C and 171.3

o
C. These 

observed two peaks might be resulted from the heterogeneity of produced copolymer, 

the multiple crystalline forms, or due to the recrystallization during the heating runs in 

the DSC where the lower Tm peak is the real melting point of original crystals and the 

higher Tm peak is the melting point of crystal formed by recrystallization (147).  

 

6.4.4 Degradation temperature analysis by TGA 

P(3HB), P(3HB-1 mol% 3HHx) and P(3HB-3 mol% 3HHx) were 

characterized by thermogravimetry analysis (TGA) to evaluate their thermal 

degradation temperature (Td). Td is the temperature at which the polymer is started to 

loss of its physical, mechanical or electrical properties. The results showed that Td 

value of P(3HB) homopolymer was 291.7
o
C which was slightly lower than those of  

P(3HB-1 mol% 3HHx) and P(3HB-3 mol% 3HHx) copolymers (299.4
o
C and 294.6

o
C, 

respectively) (Table 6.8). 
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Table 6.8 Molecular weight and thermal properties of PHAs [modified from (145) 

with permission from Springer]. 

 

Type of PHAs 

Molecular weight Thermal properties (
o
C) 

Mw (x10
5
) PDI Tg Tm Td 

P(3HB) 2.6 1.9 7.5 175.0 291.7 

P(3HB-1 mol% 3HHx) 1.1 2.1 6.9 174.3 299.4 

P(3HB-3 mol% 3HHx) 1.3 2.0 5.5 158.7, 171.3 294.6 

Mw, weight average molecular weight; PDI, polydispersity index; Tg, glass transition 

temperature; Tm, melting temperature; Td, degradation temperature. 

 

 

 

Figure 6.34 DSC thermogram of PHAs.  

P(3HB) (A), P(3HB-co-3HHx) extracted from E. coli-ABCAhJAh cultured 

in pure (B) and crude glycerol (C). Tg, glass transition temperature; Tm, melting 

temperature. 
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CHAPTER VII 

DISCUSSION 

 

 

7.1 Establishment of PHA biosynthesis pathway in recombinant        

E. coli 

The compositions of PHAs produced are dependent on three major factors 

which are the feeding substrate, the metabolic route for providing monomers and the 

activity of PHA synthase (38, 39). Since the compositions of PHAs influence the 

properties of polymer materials, the challenge is to produce controllable compositions 

of PHAs. In this thesis, the hybrid pathway which combines two monomer supplying 

routes mimicking from two groups of native PHA-producing bacteria and one 

polymerase enzyme which can polymerize both SCL-monomer and MCL-monomer 

was designed (Fig 1.2). The advantage of the hybrid pathway is that the fraction 

between SCL-unit and MCL-unit in SCL-MCL-PHA copolymer can be easily 

controlled by adjusting the concentration ratio of glycerol and fatty acid. This similar 

strategy was also used to control the fraction of 3HP and 4HB in P(3HP-co-4HB) 

produced from     E. coli by using 1,3-propanediol and 1,4-butanediol as co-substrates 

(148). Other strategies can also control the ratio between SCL and MCL but are more 

complicated. For example, the fractions of 3HP and 3HB are controlled under different 

inducible promoters of their monomer supplying routes in recombinant E. coli for 

biosynthesis of P(3HP-co-3HB) from glycerol (149). The lactic acid fraction (LA) in           

P(LA-co-3HB) was regulated by site-specific mutagenesis of the polymerase enzyme 

(150). Moreover, in our study three different polymerase enzymes (PhaCs) and three 

different MCL-monomer supplying related enzymes (PhaJs) were varied. Therefore, a 

variation of compositions of produced PHA would be expected.  

Two sets of recombinant plasmids were constructed which were    

pETDuet-ABCs and pCDFDuet-Js. First, phaABCs were cloned into the same vector 

since these three genes encode the enzymes for P(3HB) biosynthesis pathway. Next, 

phaJs were cloned into pCDFDuet-1 vector and co-expressed with PhaABCs to 
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complete the pathway for biosynthesis of SCL-MCL-PHA copolymers. Recombinant 

E. coli strains could express all recombinant proteins (PhaABCsJs) as indicated by 

SDS-PAGE and western blot analysis. The expression level of three different PhaCs 

was different. It was found that PhaC2Pp was expressed at the lowest level. However, 

in cell expressing PhaC2Pp, the expression level of PhaA was higher than that of the 

other two strains, probably because they share the common resource pool for protein 

biosynthesis.  

 

 

7.2 Using pure glycerol as a carbon source for PHAs biosynthesis 

In this study, E. coli was selected as a host strain for PHAs production due 

to several advantages such as the ability to utilize several carbon substrates, fast 

growth to high cell density, and lack of intracellular PHA depolymerase (78, 79). 

Native E. coli is unable to produce and accumulate PHA granules. Therefore, some 

strategies of metabolic engineering approaches which were heterologous gene 

expression and substrate precursor addition were applied to establish the bio-system 

for PHA biosynthesis in E. coli (81). PHA synthase (PhaC) which is the key enzyme 

for polymerization of the (R)-3-hydroxyacyl-CoA monomers to PHAs were varied. 

Different PhaC enzymes from three sources showed effect on the ability to produce 

P(3HB). Nile blue A fluorescence staining analysis suggested that E. coli-ABCRe and 

E. coli-ABCAh accumulated PHA granules inside the cells (Fig 6.16). However, HPLC 

results revealed that all three strains: E. coli-ABCRe, E. coli-ABCAh, and                     

E. coli-ABC2Pp could produce and accumulate P(3HB) (Table 6.1). These differences 

between Nile blue A staining and HPLC analysis results may be due to the sensitivity 

limitation of Nile blue A staining. Under the cultured condition used, E. coli-ABCAh 

accumulated P(3HB) as similar to E. coli-ABCRe at 30 wt% and 24 wt%, respectively. 

On the other hand, E. coli-ABC2Pp accumulated P(3HB) only at 2 wt% of CDW. Since 

PhaC2Pp was originated from P. putida KT2440 which was reported as a MCL-PHA 

producer (151), PhaC2Pp tends to prefer MCL-3HA-CoA monomers than                

(R)-3HB-CoA as substrate. This preference may cause low content of P(3HB) 

produced from E. coli-ABC2Pp. Another possibility may be due to the low expression 

level of PhaC2Pp (Fig 6.15) as there is a report that the expression level of PhaC 
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correlates to the amount of P(3HB) produced (152). However, based on our results, the 

PhaC expression level and the amount of accumulated P(3HB) were correlated only 

when the same PhaC was used. Since PhaCAh was expressed at lower level than PhaCRe 

but E. coli-ABCAh produced more P(3HB) than E. coli-ABCRe (Fig 6.15). The results 

suggested that besides the expression level, the types of PhaCs which would have 

different specific activity may affect P(3HB) production.  

Since E. coli-ABCAh gave highest P(3HB) content from glycerol, it was 

further used as a producer to investigate other cultivation parameters. The results 

suggested that the ability to synthesize P(3HB) by E. coli-ABCAh was not significantly 

affected by increasing the concentration of pure glycerol. This is because CDW,        

% P(3HB) content, and P(3HB) concentration were only slightly decreased at 1.2, 1.2, 

and 1.4 fold, respectively, with increasing glycerol concentration. The amount of 

glycerol remaining after 27 h cultivation indicated that the amount of glycerol used 

was in excess. On the other hand, when a common-use carbon source like glucose was 

used, less amount of P(3HB) was obtained than that obtained from glycerol used at the 

same concentration (g/L) and in excess amount. This might result from different 

carbon catabolism of glycerol and glucose. Since glycerol has lower oxidation state 

than glucose, its catabolism generates more reducing equivalents (NADH) and leads to 

the higher ratio of NADH/NAD+ (153). In order to maintain the redox balance, the 

cells have to drive carbon flow toward the synthesis of reduced products including 

P(3HB). Moreover, it is known that NADH significantly inhibits citrate synthase 

activity, thus causing more available acetyl-CoA molecules for P(3HB) biosynthesis  

(154). On the other hand, the pH of culture media after 27 h cultivation with glucose 

was lower than that of glycerol suggesting that, apart from P(3HB), other acids might 

be produced in the culture media with glucose. The addition of yeast extract into the 

culture media supported better growth of the cells but the amount of P(3HB) produced 

is decreased. This is not surprising as it is known that most of native PHA-producing 

strains accumulate PHA when growing in the nitrogen-limited media. These results 

suggested that P(3HB) biosynthesis in recombinant strain might be accelerated by high 

carbon/nitrogen ratio. Furthermore, it was suspected that the stage of cells at the 

induction time would influence the production of P(3HB). In fact, most of the 

investigations induce protein expression at early log phase (87, 155, 156) but some of 
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them induce at the initial (14, 157) or using a two-stage fed-batch culture dividing a 

cell growth phase and a P(3HB) accumulation phase (158). As expected, the P(3HB) 

productivity was highest when induced at early log phase of cells and less P(3HB)  

was found if induced at late log phase.  

 Also, the MCL monomers-supplying route was established by                

co-transformation of pCDFDuet-Js together with pETDuet-ABCs into E. coli. The 

biosynthesis of SCL-MCL-PHA copolymers from glycerol was investigated.               

E. coli-ABCAh, E. coli-ABCRe, and E. coli-ABC2Pp were used as control strains. HPLC 

analysis revealed that co-expression of only PhaABC (without PhaJ) also produced 

SCL-MCL-PHA copolymers when dodecanoate was supplemented into the culture 

media (Table 6.3). This suggested that E. coli BL21(DE3) possesses some endogenous 

enzymes or some metabolic routes that can provide MCL-monomers for PHA 

synthase. Previous reports revealed that some enzymes of E. coli can catalyze the 

intermediates of fatty acid β-oxidation to MCL-3HA-CoA monomer molecules. For 

example, 3-ketoacyl-ACP reductase (FabG) from E. coli catalyzes 3-ketoacyl-CoA to 

(R)-3-HA-CoA (91) and MaoC form E. coli has PhaJ-like function by catalyzing        

2-enoyl-CoA to (R)-3-HA-CoA (94). However, based on our result, only a small 

fraction of MCL-units (less than 1 mol%) were incorporated in the polymers, 

suggesting that the activity level of its endogenous enzyme was very low since this 

heterologous pathway has to compete with the inherent pathways for intermediates. 

Therefore, PhaJ enzymes were co-expressed with PhaABCs in recombinant E. coli to 

increase the fraction of MCL-units.  

HPLC analysis indicated that co-expressing PhaA and PhaB with various 

PhaCs and PhaJs in recombinant E. coli (E. coli-ABCsJs) caused the strains to produce 

various SCL-MCL-PHA copolymers (Table 6.3). However, the % content values of 

PHA copolymers were not high (0.1-3.2 wt% of cell dry weight). By comparing the 

amount of PHA produced by E. coli-ABCAh in the medium with or without 

dodecanoate, it was found that P(3HB) was accumulated at 22 wt% of CDW when 2% 

glycerol was used as a sole carbon source (Table 6.2), whereas when sodium 

dodecanoate was supplemented into the culture media % PHA content was 

dramatically decreased to only 1 wt% of CDW. This reduction might be due to the 

toxicity effect of fatty acid (dodecanoate) on the cell. The action of fatty acids on 
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bacterial cell still unclear, but the prime target seems to be the membrane and on 

various processes occurring at the membrane of bacteria (159, 160). Therefore one 

possible way to optimize the productivity is by using fed-batch cultivation approach to 

gradually feeding fatty acid into the culture media. 

Considering the compositions of PHA produced, PhaC may be the most 

important factor in determining copolymer compositions. PHAs composing of 3HB 

(C4) and 3HHx (C6) were obtained from cell expressing PhaCAh suggesting that 

PhaCAh prefers to C4 and C6 monomers. This was not unexpected as it was reported 

that PhaCAc prefers to C4 and C6 monomers (13, 95). Besides 3HB (C4) and 3HHx 

(C6), the longer monomer 3HO (C8) was detected in cells expressing PhaCRe, this 

suggested that PhaCRe has broader substrate specificity than PhaCAh. Although native 

R. eutropha is reported to produce P(3HB) (140) and the in vitro study indicated that 

substrate specificity of PhaCRe is toward only SCL-monomers (161), our study 

revealed that in recombinant host equipped with the pathway providing both SCL-

monomer and MCL-monomer, not only SCL-monomer but also MCL-monomer could 

be polymerized by PhaCRe. While in cells expressing PhaCAh or PhaCRe produced 

copolymers composing mainly 3HB-unit with a small fraction of MCL-unit (up to      

4 mol%), cells expressing PhaC2Pp produced copolymers composing at least half of 

MCL-unit fraction (48-64 mol%) and longer monomer 3HD (C10) was also detected. 

This is the first study demonstrating the in vivo substrate specificity of PhaC2Pp. The 

result suggested that PhaC2Pp could polymerize both SCL-monomer and MCL-

monomers and has broader substrate specificity than PhaCAh and PhaCRe.  

On the other hand, considering the effect of PhaJ on the compositions of 

PHAs produced, the result indicated that PhaJs provided various monomers up to ten 

carbon chain length (C10). Also, this study revealed, for the first time, the in vivo 

substrate specificity of PhaJAh. Although native A. hydrophila ATCC 7966 produces 

PHA composed of 3HB (C4) and 3HHx (C6) (31), the substrate specificity of PhaJAh 

was not limited to only C4 and C6 but also the longer monomers. In addition, the PHA 

compositions in cells expressing PhaC2Pp (E. coli-ABC2PpJ1Pp, E. coli-ABC2PpJ4Pp, 

and E. coli-ABC2PpJAh) showed that the dominant monomers 3HO (C8) and 3HD 

(C10) were detected when cells expressed PhaJ1Pp and PhaJ4Pp, whereas the shorter 

monomer 3HHx (C6) and 3HO (C8) were detected in cells expressing PhaJAh. These 
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suggested that various PhaJ variants influenced the dominant MCL-monomer in the 

PHA produced. Therefore, the variable compositions of SCL-MCL-PHAs could be 

produced by matching different monomer supplying enzymes (PhaJs) with different 

polymerase enzymes (PhaCs).  

Based on these results, one candidate strain, E. coli-ABCAhJAh was selected 

to investigate its biosynthesis of P(3HB-co-3HHx) over time (56 h). The results 

indicated that the content and compositions of P(3HB-co-3HHx) in E. coli-ABCAhJAh 

is time-dependent. After induction, the polymer content was gradually increased and 

reached the maximum when cell enter into the stationary phase. The fraction of 3HHx 

was sharply increased to the maximum at 3 mol% in the exponential growth phase. 

However, later, the 3HHx fraction was decreased to 1.4 mol%. This might be due to 

the less active β-oxidation in cell decreasing growth rate, the loss of recombinant 

plasmid, or the lesser amount of remaining dodecanoate after longer cultivation. It was 

then confirmed that the fraction of 3HHx was correlated to the amount of dodecanoate 

(Table 6.4). These suggested that, the fraction of MCL-units could be regulated by the 

amounts of fatty acid precursor substrate. 

Taken together, these data demonstrated that the constructed recombinant 

E. coli strains are able to produce P(3HB) and SCL-MCL-PHAs by using pure 

glycerol as a carbon source.  

 

 

7.3 Using crude glycerol as a carbon source for PHA biosynthesis 

The compositions of crude glycerol depend on the starting materials, the 

method of transesterification, and the recovery process (109). Since crude glycerol 

used in this study was partially purified; it was quite pure, consisting of 81% glycerol 

with smaller fractions of impurities (methanol, salts, and mono-, di-, and 

triglycerides); this is in contrast to some other previously characterized crude glycerol 

sources which contained 63-77% glycerol and 23-38% methanol (162). The possibility 

of utilizing this crude glycerol as a carbon source for biosynthesis of PHAs by our 

constructed recombinant E. coli strains was investigated. The result indicated that      

E. coli-ABCAh was able to grow using only crude glycerol as a carbon source. 

Moreover, the total cell dry weight of E. coli cells cultured in 1% (v/v) crude glycerol 
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was higher than that in pure glycerol. This suggested that some impurities in crude 

glycerol such as mono-, di-, triglyceride might enhance the bacterial growth.          

Teeka et al., (2010) also found that an unidentified bacteria strain, AIK7, grows better 

in crude glycerol (163). However, some previous studies found that some impurities 

especially sodium salt in crude glycerol suppressed the growth of bacteria (2, 130). 

Since our crude glycerol contained small amount of sodium salt ~0.01% (w/w), this 

might not affect cell growth. However, when the concentration of crude glycerol was 

gradually increased from 1% to 5% (v/v), the concentration of P(3HB) was gradually 

decreased from 14 wt% to 2 wt% of CDW, respectively. Furthermore, the expression 

level of recombinant proteins was also decreased with increasing crude glycerol 

concentration. These suggested that in the recombinant strains, crude glycerol 

concentration affected the expression level of recombinant proteins which then 

directly influence the amount of accumulated P(3HB). On the other hand, the decrease 

in protein expression level and P(3HB) productivity could have resulted from the 

effect of higher osmotic stress on the cells and/or the effect of some conditions such as 

higher pH and salts that might impede recombinant proteins expression and polymer 

biosynthesis (164). It should be noted that when the concentration of pure glycerol was 

increased from 1% to 5% (v/v), the % P(3HB) content was only slightly decreased (1.2 

fold); whereas, when the concentration of crude glycerol was increased from 1% to 

5% (v/v), the % P(3HB) content was significantly decreased (8.7 fold).  

Based on this result, 1% (v/v) crude glycerol was then tested for its 

possibility to use as a carbon source for biosynthesis of P(3HB-co-3HHx) copolymer 

by E. coli-ABCAhJAh. When crude glycerol was used, E. coli-ABCAhJAh only produced 

P(3HB) homopolymer, indicating that using just crude glycerol cannot lead to the 

production of SCL-MCL-PHAs. This is in contrast to the previous study which 

demonstrated that Pseudomonas corrugata can use crude glycerol as a sole carbon 

source for biosynthesis of MCL-PHA suggesting that fatty acid precursors remaining 

in crude glycerol undergoes β-oxidation to provide MCL-monomers (132). It should 

be noted that crude glycerol used in that contains fatty acid soap, fatty acid methyl 

ester, mono-, and di-glyceride in total at 34% which were approximately 300 times 

higher than that present in the crude glycerol used in our study (mono-, di-, tri-

glycerides in total at 0.12%). Therefore, it is possible that the fatty acid precursors 
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remaining in our crude glycerol might not be enough to be converted to                

MCL-monomers for copolymer biosynthesis. By adding dodecanoate into the culture 

media, recombinant E. coli-ABCAhJAh is able to produce P(3HB-co-HHx) copolymer 

as expected. The results suggest that crude glycerol used in this study has a potential to 

use as a carbon source for recombinant cells growth and PHAs biosynthesis.  

 

 

7.4 PHA properties characterization 

The weight average molecular weight (Mw) values of P(3HB), P(3HB-1 

mol% 3HHx), and P(3HB-3 mol% 3HHx) produced in this study were in the degree of 

10
5
 Da suggesting that the recombinant strains produced high molecular weight 

polymers comparable to the previous studies using glycerol for PHA biosynthesis 

(122, 131, 165). However these obtained values were slightly lower than those 

obtained from copolymers produced by recombinant E. coli using glucose as a carbon 

source [(4.6-6.5) x 10
5
 Da] (166). According to the previous studies, it has been 

demonstrated that lower Mw of PHAs (122, 124, 131) was because glycerol can act as 

an end-cap to terminate the polymerization reaction (167).  

On the other hand, incorporation of 3HHx fraction into the polymer causes 

changes in the thermal properties of produced PHAs. The results showed that glass 

transition temperature (Tg) values were inversely correlated to the 3HHx fraction 

(Table 6.8), in which increasing 3HHx fraction decreased the values of Tg. In general, 

the lower Tg values are resulted from the higher of the segmental mobility of polymer 

chains (147, 168). Therefore, the incorporation of 3HHx unit, which contains longer 

flexible side-chain than 3HB, resulted in copolymers with higher segmental mobility. 

In addition, the incorporation of 3HHx unit also affected the melting temperature (Tm) 

of polymers in which increasing 3HHx fraction resulted in decreasing Tm of P(3HB-

co-3HHx) copolymers. This result suggested that the crystallinity of P(3HB) 

homopolymer was decreased by 3HHx incorporation. Since typical PHAs suffer from 

thermal degradation during the melting process (168), increasing the gap between 

melting temperature and thermal decomposition temperature is required. Therefore the 

lower Tm of P(3HB-co-3HHx) copolymer is advantageous because the material 
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melting process can be carried out at lower temperature than its thermal decomposition 

condition.  

Moreover, the results of TGA analysis showed that a small fraction of 

3HHx incorporated in the polymers slightly increased their thermal degradation 

temperature (Td), up to 299
o
C. During thermal degradation, P(3HB) undergoes a 

random chain scission via β-hydrogen transfer through the formation of a six-

membered ring intermediate (169). Therefore, the steric hindrance of propyl side chain 

of 3HHx might disturb the formation of six-membered ring which causes the increase 

in the thermal degradation temperature of P(3HB-co-3HHx) when compared to 

P(3HB). However, the difference was not significant as the fraction of 3HHx was not 

high. Besides the MCL-unit fraction that affects the thermal stability of polymers, the 

presence of some impurities, such as some fermentation residues or some salts in 

polymers, may also affect the thermal stability (169, 170). Considering the Td values 

of P(3HB), P(3HB-1 mol% 3HHx), and P(3HB-3 mol% 3HHx) extracted from the 

recombinant strains in this study, the results indicated that Td of these PHAs are 

superior than those of previously obtained from P(3HB) produced from glycerol by 

Burkholderia cepacia (281.5
o
C) (124) or from P(3HB-co-3HHx) produced from wheat 

germ oil by A. hydrophila 7966 (~250
o
C) (31). Taken together, the results suggested 

that the PHA polymers produced from either pure or crude glycerol by our 

recombinant E. coli possess the properties suitable for various industrial applications 

such as softeners, pharmaceutical agents, and also in some nano-particles (130, 171, 

172). 
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CHAPTER VIII 

CONCLUSIONS 

 

 

In this study, the recombinants E. coli with ability to convert glycerol to 

PHAs have been successfully developed. The recombinant E. coli strains harboring    

β-ketothiolase (PhaA) and acetoacetyl-CoA reductase (PhaB) from R. eutropha and a 

PHA synthase enzyme (PhaC) from either R. eutropha, A. hydrophila, or P. putida 

showed the ability to utilize glycerol as a sole carbon source for biosynthesis of 

P(3HB). The difference in the expression level and the specific activity/substrate 

specificity of the three PhaCs influence the amount of accumulated P(3HB). Under the 

same cultivation conditions, cells expressing PhaAB with PhaC from R. eutropha               

(E. coli-ABCRe) or PhaC from A. hydrophila (E. coli-ABCAh) produced similar amount 

of P(3HB); whereas, cells expressing PhaAB with PhaC2 from P. puida                    

(E. coli-ABC2Pp) produced the lowest amount of P(3HB). The cultivation parameters 

including types of carbon source, carbon: nitrogen ratio, and the stage of the cells at 

the induction point are found to be important for further optimization of P(3HB) 

production. Using glucose as a carbon source, E. coli-ABCAh produced less amount of 

P(3HB) than using glycerol; while, high carbon: nitrogen ratio and the induction at the 

early exponential growth phase accelerated the ability to synthesize P(3HB) from 

glycerol by E. coli-ABCAh. 

Furthermore, the hybrid pathway for biosynthesis of SCL-MCL-PHA 

copolymers has been established. Co-expressing PhaAB with three different PhaCs 

and three different PhaJs led to the production of various types of SCL-MCL-PHA 

copolymers. The copolymers produced consisted of C4 to C10 monomers with various 

fractions of MCL-units up to 64 mol%. In this study, in vivo substrate specificities of 

two PhaC enzymes from A. hydrophila ATCC 7966 (PhaCAh) and P. putida KT2440 

(PhaC2Pp) were identified, i.e.  PhaCAh is specified to C4 and C6 monomers, while 

PhaC2Pp had broader substrate specificity toward C4 to C10 monomers. Moreover, the 

results demonstrated that PhaJ from        A. hydrophila (PhaJAh) could produce various 
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types of MCL-monomer, up to C10. Also, the correlation between the molar fraction 

of MCL-unit and the amount of dodecanoate was demonstrated which was increasing 

amount of dodecanoate increased molar fraction of MCL-unit.  

This work also showed that crude glycerol can be used as a sole carbon 

source for biosynthesis of P(3HB). E. coli-ABCAh produced P(3HB) at 14 wt% of 

CDW from 1% (v/v) crude glycerol. E. coli-ABCAhJAh produced P(3HB-co-3HHx) 

copolymer by using crude glycerol supplemented with dodecanoate. Although both 

recombinant strains (E. coli-ABCAh and E. coli-ABCAhJAh) accumulated less % content 

of PHAs from crude glycerol than pure glycerol, the higher amount of total CDW was 

obtained from crude glycerol, thus leading to higher PHA concentration (g/L).  

Incorporation of 3HHx unit (MCL-unit) in polymer decreased both glass 

transition temperature (Tg) and melting temperature (Tm) of P(3HB) homopolymer. 

These properties are superior to P(3HB) homopolymer and are required for ease of 

melting process.  

In my thesis work, I have constructed several recombinant E. coli strains 

for production of PHAs from glycerol and provided information for optimization of 

higher PHA production yield from glycerol with the designed properties to achieve 

overall improvement in economic competitiveness in the bio-plastic industry. 

Moreover, this work will encourage the development of PHA biosynthesis system 

integrated with biodiesel production to reduce the production cost of PHA and 

simultaneously reduces the problem of surplus crude glycerol. 
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