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Introduction

Whey is the major by-product in the manufacture of cheese or casein from bovine milk, representing 80-90% of the volume of milk transformed. It contains approximately 4.5% (w/v) lactose, 0.8% (w/v) protein, 1.0 % (w/v) salts, and 0.1%-0.8% (w/v) lactic acid. Disposal of whey is being managed at considerable costs due to its high biological oxygen demand. Polyhydroxyalkanoates (PHAs) are polyesters, which are accumulated as energy and/or carbon storage materials by numerous microorganisms under the unfavorable growth conditions. PHAs have been considered to be good substitutes for petroleum-derived synthetic plastics because of their similar material properties to synthetic polymers and complete biodegradability after disposal. High production cost of PHAs has been major drawback to the commercialization of PHAs. According to the economic evaluation of the process for the production of poly(3-hydroxybutyrate) [P(3HB)], which suggests that overall P(3HB) production cost is composed of the substrate cost (up to 50%) (Choi and Lee, 1997), it should be  economically desirable to produce P(3HB) from cheap carbon source such as whey.

In this study, we report the fermentation strategies for the production of P(3HB) from whey by recombinant E. coli in pilot-scale fermentor. 

Experimental

Bacterial strain and plasmid E. coli CGSC 4401 (E. coli Genetic Stock Center, New Haven, Conn., USA) was used in this study. The plasmid pJC4 containing the A. latus PHA biosynthesis genes has been described previously (Choi et al., 1998). E. coli strain were transformed with pJC4 by electroporation. Cells were maintained as a 15% (v/v) glycerol stock at –75 oC after growing in LB medium (pH 6.7).
Fed-batch cultivation Fed-batch cultivation of recombinant E. coli CGSC 4401 (pJC4) was carried out in 30 L stirred tank fermenter (Korea Fermenter Company, Incheon, Korea) in MR medium at 30 oC. The MR medium (pH 6.9) 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. During the fermentation, no oxygen was supplemented to maintain dissolved oxygen concentration (DOC) resulting in gradual decrease of DOC to zero. Seed culture (1L) was prepared in five flasks containing 200 mL of MR medium supplemented with 2 g/L of lactose, respectively. The pH-stat feeding strategy was employed for the fed-batch cultures. Lactose was added to the fermentor upon upon the pH rise to give desired lactose concentration. Treatment of whey was carried out following the previously reported procedure (Ahn et al., 2000).
Analytical procedures Cell growth was monitored by measuring the absorbance at 600 nm (OD600; DU Series 600 Spectrophotometer, Beckman, Fullerton, CA). P(3HB) 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 after drying harvested cells at 80 oC for 12 h. 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

Two fermentations were carried out to examine the effect of oxygen limitation on the production of P(3HB) from whey in pilot-scale fermentor. Wang and Lee (1997) suggested that fed-batch cultivation could be divided into two phases: an active growth phase during which P(3HB) content is kept constant at a low level and an active P(3HB) synthesis phase during which P(3HB) is actively accumulated with the concomitant increase of P(3HB) content. To separate the cell growth phase and P(3HB) accumulation phase under the oxygen limited condition, the lactose concentration after feeding was maintained at low level during early state of fermentation and then increased to 20 g/L. In fermentation A, lactose was added to the concentration of 20 g/L according to the depletion of carbon sources. Rapid accumulation of P(3HB) due to the oxygen limitation and high concentration of lactose in the medium resulted in low concentration and productivity of P(3HB). In fermentation B, lactose concentration was reduced to 2 g/L to decrease the P(3HB) accumulation rate in early stage of fermentation. After the cell concentration reached to relatively high with low P(3HB) content, lactose was added to the concentration of 20 g/L to trigger the synthesis of P(3HB). As shown in Fig. 2, reducing the concentration of lactose successfully suppressed the rapid accumulation of P(3HB) in early stage of fermentation resulting in high concentration and productivity of P(3HB) of 35.45 g/L and 1.36 g P(3HB)/L/h. 
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Figure 1. Time profiles of cell concentration ((), P(3HB) concentration ((), residual cell concentration (() and P(3HB) content (() during the fed-batch culture of E. coli CGSC 4401 (pJC4) in 30 L fermentor. Lactose was added to the concentration of 20 g/L when the carbon source was depleted. 
Figure 2. Time profiles of cell concentration ((), P(3HB) concentration ((), residual cell concentration (() and P(3HB) content (() during the fed-batch culture of E. coli CGSC 4401 (pJC4) in 30 L fermentor. Lactose was added to the concentration of 2 g/L in the early stage of fermentation and P(3HB) synthesis was triggered by increasing the concentration of lactose to 20 g/L.
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