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Introduction

Polyhydroxyalkanoates (PHAs) are polyesters accumulated in numerous bacteria as energy and carbon storage materials. PHAs have been regarded as good biodegradable substitutes for synthetic polymers because of their similar material properties to synthetic polymers and complete biodegradability after disposal. Generally, PHAs can be divided into two groups depending on the number of carbon atoms in the monomer units: short-chain-length (SCL) PHAs, consisting of 3-5 carbon atoms, and medium-chain-length (MCL) PHAs, consisting of 6-14 carbon atoms (Lee, 1996). Several bacteria capable to synthesize PHAs containing both SCL- and MCL- monomer units have recently been isolated. We have recently cloned the Aeromonas salmonicida achromogenes PHA synthase gene (phaCAsa), A. hydrophila enoyl-CoA hydratase gene (phaJAh) and orf1 gene. These Aeromonas strains were found to accumulate poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] from lauric acid (Lee et al., 2000). Metabolically engineered E. coli strains harboring these genes were able to produce P(3HB-co-3HHx) from lauric acid (Park et al., 2001).

In this study, we report that recombinant E. coli strain equipped with these new Aeromonas PHA biosynthesis genes could produce a terpolymer of 3HB, 3-hydroxyvalerate (3HV) and 3HHx [P(3HB-co-3HV-co-3HHx)] from lauric acid plus odd carbon number fatty acid. We also report that the orf1 gene of A. hydrophila plays a critical role in assimilating the 3HV monomer into the terpolymer. 

Experimental

Bacterial strain and plasmids E. coli LS5218 (fadR atoC (Con)) was used as a host strain for the production of P(3HB-co-3HV-co-3HHx). Recombinant plasmids prTrp3A-CnJB and prTrp3A-CnJBOF1, in which an artificial PHA operon composed of the Aeromonas PHA biosynthesis related genes and the Ralstonia eutropha reductase gene are constitutively expressed from the rtrp promoter, were previously constructed (Park et al., 2001). In prTrp3A-CnJB, the artificial PHA operon consisting of the A. salmonicida achromogenes phaCAsa gene, the A. hydrophila phaJAh gene and the R. eutropha phbBRe gene was expressed by the constitutive rtrp promoter. In prTrp3A-CnJBOF1, the A. hydrophila orf1 gene was inserted in front of the A. salmonicida achromogenes phaCAsa gene in prTrp3A-CnJB. The inverted sequence of Serratia marcescens trp promoter, designated as rtrp promoter, functions as a constitutive promoter in E. coli (Park et al., 2001). 

Culture conditions Recombinant E. coli LS5218 strains were cultivated in chemically defined MR medium (Lee et al., 2000) supplemented with lauric acid along with one of three different odd carbon number fatty acids including valeric acid, heptanoic acid or nonanoic acid. All flask cultures were carried out in a rotary shaker at 250 rpm and 37 oC. In the cultivation of recombinant E. coli strains, ampicillin (Ap, 50 mg/L) was added. The MR medium (pH 6.5) contains per liter: 6.67 g KH2PO4, 4 g (NH4)2HPO4, 0.8 g MgSO47H2O, 0.8 g citric acid, and 5 mL trace metal solution. The trace metal solution contains per liter of 5 M HCl: 10 g FeSO47H2O, 2 g CaCl2, 2.2 g ZnSO47H2O, 0.5 g MnSO44H2O, 1 g CuSO45H2O, 0.1 g (NH4)6Mo7O244H2O, 0.02 g Na2B4O710H2O. Carbon sources and MgSO47H2O were separately sterilized and were added to give desired concentrations. 

Analytical procedures Cell growth was monitored by measuring the absorbance at 600 nm (OD600; DU Series 600 Spectrophotometer, Beckman, Fullerton, CA). PHA concentration was determined by gas chromatography (Donam Co., Seoul, Korea) equipped with a fused silica capillary column (Supelco SPBTM-5, 30 m ( 0.32 mm ID 0.25 (m film, Bellefonte, PA) using benzoic acid as an internal standard. Cell concentration, defined as dry cell weight per liter of culture broth, was determined as previously described (Lee et al., 2000). The residual cell concentration was defined as the cell concentration minus PHA concentration. The PHA content (wt%) was defined as the percentage of the ratio of PHA concentration to cell concentration. 

Results and discussion

There have been several reports on the production of P(3HB-co-3HV-co-3HHx) in wild type bacteria from various fatty acids, but not in recombinant E. coli (Brandl et al., 1989). Also it was not possible to modulate the monomer units in terpolyester in previous reports. In this study, we showed that P(3HB-co-3HV-co-3HHx) terpolymer could be easily produced from fatty acids in recombinant E. coli harboring the artificial PHA operon consisting of the A. hydrophila orf1 gene, the A. salmonicida achromogenes phaCAsa gene, the A. hydrophila phaJAh gene and the R. eutropha phbBRe gene. Flask cultures of recombinant E. coli LS5218 harboring two different plasmids were carried out. One of the three different odd carbon number fatty acids, valeric acid, heptanoic acid and nonanoic acid, was supplemented at varying concentrations to the MR medium containing 5 g/L lauric acid. Even though the odd carbon number fatty acid, the putative substrate for 3HV monomer, was added to the medium, no assimilation of 3HV into PHA was found when recombinant E. coli LS5218 harboring prTrp3A-CnJB was cultivated in MR medium containing lauric acid plus odd carbon number fatty acid. Only P(3HB-co-3HHx) copolymer was accumulated. However, a terpolymer P(3HB-co-3HV-co-3HHx) was produced by recombinant E. coli LS5218 harboring prTrp3A-CnJBOF1 (Table 1). When the A. hydrophila orf1 gene was co-expressed, the 3HV monomer was started to be incorporated to the PHA. As summarized in Table 1, the 3HV fraction was highly dependent on the concentration of odd carbon number fatty acid. As the concentration of heptanoic acid or nonanoic acid was increased, the content of 3HV fraction was increased up to 30.8 mol% in the terpolymer. When the valeric acid was supplemented, however, the highest 3HV fraction in terpolymer was obtained at 10 mM valeric acid. The 3HV fraction in the terpolymer decreased when valeric acid concentration was higher than 10 mM, which is different from the effect observed with other fatty acids. Because valeric acid is activated by metabolic pathway different from other fatty acids used in this experiment, it seems that increasing the concentration of valeric acid does not have the same effect on the 3HV fraction as other fatty acids. The supplementation of heptanoic acid higher than 10 mM resulted in the inhibition of cell growth due to the toxic effect to the cell. The monomer fraction of terpolymer did not change significantly as the odd number carbon fatty acid was supplemented at different cell growth stages (Table 1). As shown in flask cultures, the monomer composition in terpolymer was found to be affected by the orf1 gene product, especially in assimilating 3HV into terpolyester. The recombinant E. coli LS5218 strain harboring prTrp3A-CnJB, which does not have the orf1 gene, was not able to produce P(3HB-co-3HV-co-3HHx). 
This study clearly demonstrated that P(3HB-co-3HV-co-3HHx) terpolymer having different monomer compositions could be produced by changing the fatty acids and by the co-expression of the A. hydrophila orf1 gene. 
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Table 1. The results of flask cultures of recombinant E. coli LS5218 (prTrp3A-CnJBOF1). 

	Supplemented odd carbon no. fatty acid (mM)a
	DCW

(g/L)
	PHA

 Conc.

(g/L)
	PHA content

(wt%)
	3HB fraction

(mol%)
	3HV fraction

(mol%)
	3HHx fraction

(mol%)

	No Supplementation
	2.90
	0.29
	10.0
	81.1
	0
	18.9

	(A)

Valeric acid
	1
	1.48
	0.19
	12.8
	91.4
	0
	8.6

	
	5
	0.83
	0.13
	15.9
	80.6
	10.7
	8.7

	
	10
	1.91
	0.20
	10.6
	62.7
	32.8
	4.5

	
	20
	3.00
	0.46
	15.3
	70.6
	16.5
	12.9

	Heptanoic acid
	1
	2.88
	0.24
	8.4
	78.9
	0.5
	20.6

	
	5
	2.64
	0.33
	12.4
	73.2
	12.1
	14.7

	
	10
	1.13
	0.37
	33.3
	70.4
	21.6
	8.0

	Nonanoic acid
	1
	2.41
	0.42
	17.5
	78.5
	2.4
	19.1

	
	5
	2.73
	0.41
	14.9
	71.2
	18.1
	10.7

	
	10
	2.68
	0.49
	18.5
	71.4
	17.8
	10.8

	
	20
	1.68
	0.15
	9.2
	58.4
	30.8
	10.8

	(B)

   Valeric acid
	1
	1.56
	0.09
	5.4
	83.3
	8.1
	8.6

	
	5
	1.10
	0.11
	10.0
	60.9
	33.6
	5.5

	
	10
	2.10
	0.09
	4.1
	61.1
	33.2
	5.7

	
	20
	3.61
	0.45
	12.4
	67.4
	19.3
	13.3

	Heptanoic acid
	1
	2.86
	0.26
	8.9
	79.1
	5.4
	15.5

	
	5
	2.78
	0.29
	10.5
	73.1
	13.7
	13.2

	
	10
	2.18
	0.24
	11.2
	69.2
	21.1
	9.7

	Nonanoic acid
	1
	2.65
	0.25
	9.4
	79.2
	0
	20.8

	
	5
	2.38
	0.21
	8.7
	75.5
	2.4
	22.1

	
	10
	2.69
	0.33
	12.3
	67.1
	21.5
	11.4

	
	20
	1.99
	0.19
	9.4
	73
	17.7
	9.3


aThe odd carbon number fatty acids were added (A) initially or (B) at 24 h of cultivation.

