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Introduction

Poly(3-hydroxybutyrate) [P(3HB)], is an energy and carbon reserve material synthesized by numerous bacteria and has attracted much attention as a candidate for biodegradable plastic material. One of the major problems that hinders the widespread commercial use of P(3HB) is its high price compared with conventional petrochemical-derived plastic materials. The cost of carbon substrate contributes significantly to the overall production cost. Whey is the major byproduct from the manufacture of cheese, representing 80-90% of the volume of milk transformed. It contains approximately 4.5% (w/v) lactose, 0.8% (w/v) protein, 1% (w/v) salts, and 0.1-0.8% (w/v) lactic acid. Its high biological oxygen demand (40 g/L) makes it difficult to dispose of. Since only about half of the 26 billion kg of liquid produced annually in the US is used in saleable products, the rest must be treated as a pollutant and must be disposed of at considerable cost.

Recombinant Escherichia coli strains harboring a plasmid containing the Ralstonia eutropha (formerly known as Alcaligenes eutrophus) polyhydroxyalkanoate (PHA) biosynthesis genes have been constructed, and used for the production of P(3HB) from glucose to a high concentration (80 g/L) with high productivity (2.1 g/L-h). Since various E. coli strains can utilize lactose, while other P(3HB) producers such as R. eutropha and Alcaligenes latus cannot, recombinant E. coli can be considered as a good candidate for P(3HB) production from whey. It has been previously observed that P(3HB) synthesis ability from glucose depended strongly on the E. coli strain employed. Therefore, careful screening for a good recombinant E. coli strain that can produce P(3HB) efficiently from whey is required. In this study, nine E. coli strains were transformed with two different plasmids containing the R. eutropha PHA biosynthesis genes, and were subsequently compared in shake-flask tests for their ability to produce P(3HB) from whey. Also, production of P(3HB) from whey by high cell density culture of recombinant E. coli was described. Whey powder or concentrated whey solution was fed into the fermentor when lactose was depleted in the medium. P(3HB) could be efficiently produced to a high concentration in this cheap medium.

Materials and Methods

Nine wild-type E. coli strains that grew well in a defined medium containing lactose as a sole carbon source were selected and used in this study. These were DSM (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) 499, DSM 6056, KCTC (Korean Collection for Type Cultures) 2223, GCSC (E. coli Genetic Stock Center) 6197, GCSC 3121, GCSC 2507, GCSC 6572, GCSC 4401, and GCSC 6576. A stable high copy-number plasmid pSYL105 (Lee et al. 1994), containing the R. eutropha PHA biosynthesis genes operon and plasmid pSYL107 (Lee 1994), which is pSYL105 containing the E. coli ftsZ gene, have described previously. Cells were transformed by electroporation as previously described (Lee et al. 1994).

In flask culture, Recombinant E. coli strains were cultivated in a defined medium (R medium, pH 7.0; Lee and Chang 1993) supplemented with varying concentrations of whey solution prepared as follows. Bovine whey powder consisting of 65% (w/w) lactose, 13% (w/w) protein, 2% (w/w) lactate, 8% (w/w) ash, and some uncharacterized components was from Sigma. It was dissolved in distilled water at 200 g/L with mild heating, and was autoclaved at 121 oC for 15 min. The supernatant after centrifuging the autoclaved solution at 11,000 (g for 15 min was used as a whey stock solution. Flask cultures were conducted in a rotary shaker at 250 rpm. Recombinant E. coli strains harboring pSYL105 were grown at 37 oC. Those harboring pSYL107 were grown at 30 oC.

Two fermentation strategies were employed for the production of P(3HB) by high cell density culture of E. coli from whey. In fermentation A, 35g of sterile whey powder was manually added into the fermentor after lactose depletion. The initial medium used was 0.9 L of R medium, and seed culture were prepared in 0.1 L R medium. In fermentation B, whey solution was prepared by dissolving 310 g of whey powder and other salts in 1 L of distilled water. An appropriate amount of feeding solution was automatically added when lactose depletion to increase the lactose concentration in the culture medium to 10 g/L. Because a relatively large volume of nutrient (7.4 L) was added into the fermentor in fermentation B, portions of the culture broth had to be removed during fermentation. When a total volume of 2.4, 4.8 and 6.3 L of nutrient feed solution was added into the fermentor, 2, 2.5 and 2 L of the culture broth, respectively, was removed from fermentor.

Cell concentration (gram cell dry weight per liter of culture broth) and P(3HB) concentration were determined as previously described (Lee et al. 1994). Residual cell concentration was defined as cell concentration minus P(3HB) concentration. P(3HB) content was defined as the percentage of the ratio of P(3HB) concentration to cell concentration.

Results and Discussion

XL1-Blue as well as several other E. coli K12 derivatives frequently used in the laboratory (such as DH5 and JM series) cannot be used for P(3HB) production from whey, because these strains have a Lac- phenotype and thus cannot utilize lactose. Several wide-type E. coli strains were therefore examined for their ability to grow in a defined medium containing 20 g/L lactose as a sole carbon source. The strains that grew best on lactose (those listed in Materials and Methods) were selected for further examination with regard to P(3HB) synthesis ability.

The strains selected for further characterization were transformed with pSYL105 and pSYL107. These recombinant strains were cultivated in a defined R medium containing various concentrations of whey to find the optimal whey concentration for each strain. The results show the strong dependence of P(3HB) synthesis ability on initial lactose concentration, thus highlighting the need to carefully optimize media compositions.

Experiments to define the optimal whey concentration were repeated for each of the E. coli strains in Materials and Methods following transformation with plasmids pSYL105 and pSYL107. The optimal whey concentration was defined for each system. Results at the optimal concentration of whey are summarized in Table.

Table. Comparison of recombinant E. coli strains for P(3HB) production from whey using the optimal whey concentration determined by screening studies.

Strain
Whey conc. (g/L)
Cell conc. (g/L)
P(3HB) conc. (g/L)
P(3HB) content (%)

DSM499(pSYL105)
20
1.1
0.07
6.7

DSM499(pSYL107)
40
6.3
2.6
42

DSM6056(pSYL105)
30
1.2
0.06
4.9

DSM6056(pSYL107)
30
2.1
0.35
17

KCTC2223(pSYL105)
40
6.0
0.48
8.0

KCTC2223(pSYL107)
10
2.3
0.06
2.6

GCSC6197(pSYL107)
35
2.6
0.9
35

GCSC3121(pSYL107)
35
2.9
1.2
41

GCSC2507(pSYL107)
70
6.9
3.5
51

GCSC6572(pSYL107)
35
2.5
1.1
44

GCSC4401(pSYL107)
30
5.7
4.5
79

GCSC6576(pSYL107)
30
6.4
5.2
81

This results clearly demonstrate that all the recombinant E. coli strains examined in this study were able to produce P(3HB) from whey but to different extents. Recombinant E. coli strain GCSC 6576 transformed with the plasmid pSYL107 accumulates extremely high level of P(3HB) using whey-based medium. Therefore, fed-batch culture of E. coli GCSC 6576 harboring pSYL107 was carried out.

In fermentation A, cell concentration of 109 g/L and P(3HB) concentration of 50 g/L were reached. P(3HB) productivity was 1.1 g/L-h. A total of 410 g of whey powder was added into the fermentor. Cell and P(3HB) yield were 0.25 and 0.11 g per g whey, which are equivalent to 0.38 and 0.17 g per g lactose, respectively.

Fermentation B was carried out using concentrated whey solution having the highest possible lactose concentration at room temperature. Insoluble particles were removed after autoclaving the solution. The concentration of lactose in nutrient feed solution was 210 g/L as measured by HPLC. At 49 h, cell and P(3HB) concentrations reached 87 and 69 g/L, respectively, resulting in P(3HB) content of 80% and a productivity of 1.4 g/L-h. If the fermentor was large enough and no culture broth was removed, the volume of final culture broth would be much larger than that of initial culture. In this case, the cell yield on whey can be approximated as the final cell concentration divided by the whey concentration in nutrient feed solution. Likewise, P(3HB) yield on whey is final P(3HB) concentration divided by the whey concentration in the nutrient feed solution. Based on these calculation, cell and P(3HB) yield were 0.27 and 0.22 g per g whey (0.42 and 0.33 g per g lactose), respectively.

This study demonstrated that P(3HB) can be efficiently produced from whey with high polymer content by high cell density culture of recombinant E. coli. The results in this study suggest that it is possible to convert environmentally-polluting whey into environmentally-friendly P(3HB) polymer. Also, the production cost of P(3HB) can be substantially reduced by using whey as the major substrate.
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