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Production of Poly-3-hydroxybutyrate from Xylose by Bacillus megaterium J-65
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A microorganism capable of producing high level of poly-3-hydoxybutyrate (PHB) from xylose was 
isolated from soil. The isolated strain J-65 was identified as Bacillus megaterium based on the morpho-
logical, biochemical and molecular biological characteristics. The optimum temperature and pH for the 
growth of B. megaterium J-65 were 37oC and 8.0, respectively. The optimum medium composition for 
the cell growth was 2% xylose, 0.25% (NH4)2SO4, 0.3% Na2HPO4․12H2O, and 0.1% KH2PO4. The opti-
mum condition for PHB accumulation was same to the optimum condition for cell growth. Copolymer 
of β-hydroxybutyric and β-hydroxyvaleric acid was produced when propionic acid was added to 
shake flasks containing 20 g/l of xylose. Fermenter culture was carried out to produce the high con-
centration of PHB. In batch culture, cell mass was 9.82 g/l and PHB content was 35% of dry cell 
weight. PHB produced by B. megaterium J-65 was identified as homopolymer of 3-hydoxybutyric acid 
by GC and NMR.
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Introduction

Poly-3-hydroxybutyrate (PHB) is synthesized and accu-

mulated by a number of bacteria as an energy and carbon 

storage molecule, under unfavorable growth conditions in 

the presence of excess carbon sources [14,15]. Among the 

variety of currently known biodegradable polymers, PHB is 

considered to be a particularly attractive substitute for con-

ventional petrochemical plastics, due to the fact that it evi-

dences mechanical properties similar to those of a variety 

of thermoplastics and elastomers, as well as the fact that 

it is completely biodegradable in a number of environments 

[5,7,8,18,21,25]. Although PHB has been recognized as a 

good candidate for a biodegradable plastic, its high price 

compared to conventional plastics has limited its use in a 

broad range of applications [13].

In an effort to ameliorate the cost of PHB production, a 

great deal of effort has been devoted to the development 

of superior bacterial strains, as well as more efficient fermen-

tation/recovery processes [12,13]. One approach to reducing 

the cost of PHB production involves the use of less expensive 

carbon sources, for example, cane and beet molasses, cheese 

whey, plant oils, hydrolysates of starch (corn and tapioca), 

cellulose, and hemicellulose [3,15,27]. Agricultural waste ma-

terials, such as lignocellulose, are considered to be desirable 

as carbon sources for PHB production. Several techniques 

(e.g., chemical and enzymatic hydrolysis) have already been 

developed and new techniques are being pioneered to con-

vert the hemicellulosic fraction of agricultural residue and 

wood wastes for fermentable sugars, including xylose (a ma-

jor sugar component of hard woods), arabinose, glucose, and 

mannose [20]. Although xylose is one of the principal compo-

nents of lignocellulose, few commercial products can cur-

rently be obtained from xylose. Pseudomonas cepacia [20,29], 

P. pseudoflava [3], and recombinant E. coli harboring PHB bio-

synthesis genes from Ralstonia eutropha [14] have been shown 

to produce PHB from xylose, but the productivity of PHB 

in these cases was not as high as would be desirable [26].

This report describes the isolation of a microorganism 

which rapidly generates PHB from xylose. The character-

istics of cell growth and PHB accumulation in mineral salt 

media containing xylose were assessed in order to gain in-

sight into the primary physiological characteristics of an iso-

lated strain.

Materials and Methods

Isolation of soil bacteria for PHB production

Bacteria were isolated from soil located in Geumjeong-gu 



1626 생명과학회지 2008, Vol. 18. No. 12

and Buk-gu, both locations in Busan, Korea. Appropriately 

diluted soil samples were spread onto YM (3 g/l of yeast 

extract, 3 g/l of malt extract, 5 g/l of polypeptone, 10 g/l 

of glucose) agar plates. The colonies were isolated after 24 

hours of incubation at 30oC Several colonies were transferred 

to mineral salt media containing 10 g/l of xylose, and then 

incubated for 48 hours at 30oC. Each liter of mineral salt 

medium contained 10 g of xylose, 2 g of (NH4)2SO4, 4.5 g 

of Na2HPO4․12H2O, 1.5 g of KH2PO4, 0.2 g of MgSO4․

7H2O, 10 mg of FeSO4․7H2O, 20 mg of CaCl2․2H2O, and 

2 ml of a trace element solution (0.3 g of H3BO3, 0.2 g of 

CoCl2․6H2O, 0.1 g of ZnSO4․7H2O, 30 mg of MnCl2․

4H2O, 30 mg of NaMoO4, 20 mg of NiCl2․6H2O, and 10 

mg of CuSO4․4H2O per liter). 

For PHB production, each of the strains was assessed us-

ing fluorescence microscopy after staining with Nile blue A 

[2] and then the PHB production strain was finally selected 

using gas chromatography (GC). 

Identification of an isolated strain 

The taxonomic characteristics of the isolate were de-

termined in accordance with Bergey's Manual of Systematic 

Bacteriology [6]. The bacterial 16S rRNA gene was amplified 

using the universal primer set, 27F (AGAGTTTGATCMTGG 

CTCAG) and 1492R (GGYTACCTTGTTACGACTT) (where 

M is A or C, Y is C or T), and the purified PCR products 

directly sequenced on an ABI 3730XL capillary DNA se-

quencer (Applied Biosystems, Foster City, CA) according to 

the manufacturer’s instructions. The 16S rRNA gene se-

quence was blasted in the NCBI database, and the closest 

type strains determined. The partial 16S rRNA gene se-

quence has the GenBank accession no. EU109501. 

Cultivation 

The optimum growth condition of the isolated strain J-65 

was determined in shake-flask cultures. Cells (10 ml) grown 

in YM broth for 18 hours at 37oC were inoculated into 500 

ml shake flasks containing 200 ml of the mineral salt me-

dium, and the cells were grown for 24 hours at 37oC and 

200 rpm. In order to determine the optimum condition for 

PHB production, a two-stage culture technique was utilized 

[10]. The cells were initially grown for 24 hours in mineral 

salt medium without nutrient limitation, after which an es-

sential nutrient, such as N, P, S, or Mg was deleted from 

the medium in order to facilitate efficient PHB synthesis. 

Batch cultivation was conducted in a 5-L Fermenter (Biostat, 

B. Braun Melsungun, Germany). The culture condition was 

as follow: Temperature, 37oC agitation speed, 300 rpm; air 

flow rate, 1 vvm; working volume, 3 l; inoculum size, 6% 

(v/v); culture pH was controlled to 7.0 by adding NaOH 

or HCl.

PHB purification

The biomass harvested by centrifugation from the culture 

broth was stored at 4oC Cells containing PHB were treated 

with NaOH solution. Lyophilized biomass (100 mg) was 

mixed with 10 ml of chloroform for 1 hour at 40oC Residual 

biomass was removed by filtration. Five volumes of cold 

methanol were added to the PHB solution. The precipitate 

was then pressed to remove methanol and dried for 2 days 

under ambient condition [11].

Analyses 

Xylose concentration was determined according to the 

method of Somogyi-Nelson [16,22]. The ammonium concen-

tration was quantified using a modified Berthelot reaction 

[23]. Dry cell weights was determined after drying to a con-

stant weight at 105oC after centrifuging 50 ml of culture 

broth for 10 min at 16,000× g, and washing once with de-

ionized water. 

The PHB and P (3HB-3HV) concentrations were de-

termined according to Braunegg et al [4] using gas chroma-

tography (Hewlett-Packard HP-5890A). The gas chromato-

graphic analyzer was equipped with a flame ionization de-

tector (FID) and a 6-foot glass packed column filled with 

10% carbowax 20 M. The detection condition was as follow: 

initial temperature, 140oC; final temperature, 180oC, with a 

rate of temperature increase of 10o DEG/min. PHB powders 

of R. eutropha (ICN Biomedical Co., USA) and P(3HB-3HV) 

(Sigma Aldrich Co., USA) were used as the standards. The 

chemical structure of the PHB produced was determined by 

measurement of 1H NMR at 300 MHz.

Results and Discussion

Screening of the strain and its PHB accumulation 

from xylose 

The colonies were stained with Nile blue A, and the PHB- 

containing cells emitted a bright orange fluorescence, which 

could be readily distinguished from the dark background. 

The colonies harboring PHB granules were screened further 

by GC for measurements of PHB content. Among the iso-
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lated strains, J-65 was selected for further detailed study. 

Strain J-65 evidenced catalase, gelatin hydrolysis, and starch 

hydrolysis activity, and also utilized a broad range of 

carbohydrates. In particular, this strain grew well on xylose, 

arabinose, and glucose, the main products of hemicellulose. 

According to Bergey's Manual of Systematic Bacteriology 

[6], this strain was identified as a Bacillus species. Analysis 

of the partial nucleotide sequence of the 16S rRNA indicated 

that the bacterium was similar to Bacillus megaterium (99.9%). 

Therefore, the strain was designated as B. megaterium J-65 

(Fig. 1). 

Optimum conditions for cell growth 

The optimum temperature and initial pH for the growth 

of B. megaterium J-65 were found to be 37oC and 8.0, 

respectively. For optimum cell growth, it is crucial that the 

concentrations of carbon, nitrogen, and phosphorus be 

controlled. In order to determine the effects of xylose con-

centration, test-tube cultures were conducted at a variety of 

xylose concentrations. The concentration of cells increased 

with increasing concentrations of xylose up to 20 g/l (data 

not shown). The cell growth observed with the various test-

ed nitrogen sources. Maximum growth was observed on 

polypeptone. However (NH4)2SO4 was suggested to be used 

to lower the final production cost, its optimum concentration 

was 2.5 g/l. We also evaluated the effects of different con-

centrations of other components of the mineral salt medium 

on growth. The optimum medium composition for the cell 

growth was 2% xylose, 0.25% (NH4)2SO4, 0.3% Na2HPO4․

12H2O, 0.1% KH2PO4, 0.02% MgSO4․7H2O, 0.003% FeSO4․

(a)                          (b)

Fig. 1. Transmission electron micrograph (TEM) of B. megaterium 

J-65. (a) It was identified as a Gram-positive and endo-

spore-forming rod-shape bacterium. (b) TEM revealed 

the presence of PHB granules.

7H2O, 0.001% CaCl2․2H2O, and 0.4% trace element solution. 

The optimum condition for PHB accumulation 

PHB synthesis is favored under certain unbalanced 

growth conditions, such as limitation of N, P, S, Mg and/or 

O2 [1]. Thus, a two-stage culture technique for the pro-

duction of PHB was employed. When nutrient limitation 

was applied, the cell concentration and PHB content de-

creased compared to those observed in nutrient-rich con-

dition (control). 

In order to evaluate the effect of a major cultivation varia-

ble, the C/N molar ratio, on PHB accumulation, B. mega-

terium J-65 was cultured in mineral salt medium using vari-

ous concentrations of (NH4)2SO4 ranging from 0 to 3.5 g/l, 

coupled with a fixed xylose concentration of 20 g/l (Fig. 2a). 

(a)

(b)

Fig. 2. Effects of C/N molar ratio and propionate concentration 

on PHB production of B. megaterium J-65. (a) The max-

imum PHB concentration, 1.8 g/l, was achieved at a C/N 

molar ratio of 15.2. (b) Cells were cultivated in optimum 

growth medium containing 2% of xylose as a primary 

carbon source and each concentration of propionic acid 

as a secondary carbon source. It shows the dry cell 

weight, concentration, and content of P (HB-co-HV), as 

well as the molar fraction of 3-hydroxyvalerate (3HV). 

*HV%: 3-hydroxyvaleric acid content in PHB/HV 

(w/w).
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In general, at high C/N molar ratios, the carbon source may 

be utilized principally for PHB accumulation due to the ni-

trogen limitation, whereas at a low C/N molar ratio, the 

carbon source may be utilized principally for cell growth, 

due to sufficient nitrogen availability [24]. However, this 

strain evidenced an increased final PHB concentration at a 

low C/N molar ratio. The above results show that B. mega-

terium J-65 is a growth-associated PHB producer. Some or-

ganisms, including a mutant strain of Azotobacter vinelandii 

[8,17], Pseudomonas olevorans [19], and certain strains of 

Alcaligenes latus [28], produced PHB in growth-related mode, 

regardless of nitrogen limitation conditions. The main ad-

vantage associated with growth-associated PHB producers 

are reduced fermentation time and easily regulated fermen-

tation. These qualities contribute significantly to a reduction 

in cost. 

Cultivation of B. megaterium J-65 under balanced- 

growth condition

Cell growth was activated relatively rapidly from 4 h, and 

the stationary phase was achieved at the 21 hr of 

fermentation. The dry cell weight and PHB content, meas-

ured after 21 hours, were 9.82 g/l and 35%, respectively (Fig. 

3). This strain began to accumulate PHB during the early 

Fig. 3. Time course of batch culture of B. megaterium J-65. 

Culture was carried out in 5-L fermentor at pH 7.0, 

37
oC, 1 vvm and 300 rpm; 2% xylose and 0.25% 

(NH4)2SO4. It shows the patterns of total cell growth, 

PHB accumulation for B. megaterium J-65 cultured in a 

5-L fermenter.

exponential growth phase, while a sufficient amount of 

(NH4)2SO4 remained in the medium. The result observed 

from the batch fermentation of B. megaterium J-65 using xy-

lose as a carbon source indicates that PHB production oc-

curred in a growth-related mode. At the stationary phase 

of cell growth, PHB production was also halted, even though 

the carbon source remained at a concentration of 10 g/l. 

After stationary phase, the PHB concentration decreased as 

the result of cell catabolism of PHB as a carbon source. For 

the efficient production of PHB by a growth-related 

PHB-producing strain, it will be crucial to develop a 

fed-batch culture strategy, considering the determined bal-

ance between cell growth and PHB synthesis. 

P(HB-co-HV) biosynthesis of B. megaterium J-65 

When propionic acid was added to flasks containing 20 

g/l of xylose, the industrially more interesting P(HB-co-HV) 

copolymer was generated (Fig. 2b). As the result of the in-

crease in the propionic acid concentration, both cell growth 

and PHB production were inhibited due to propionate tox-

icity in the medium. Propionic acid was shown to inhibit 

the growth of R. eutropha at the concentration above 1 g/l 

in the fermentation broth [9]. Hence, the feeding of propionic 

acid must be controlled precisely in the fermentation process 

for copolymer synthesis. 

Identification and characterization of polymer 

The structure of PHB was characterized via 1H nuclear 

magnetic resonance (NMR) analysis using a 300 MHz spec-

trometer in deuterochloroform. The purified PHB was found 

Fig. 4. 300 MHz 1H-NMR spectrum of PHB produced by B. meg-

aterium J-65. 
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to be identical to the standard PHB (Fig. 4). According to 

the results of NMR analysis, the PHB produced from xylose 

was identified as a homopolyester of D-3-hydroxybutyric 

acid.

Acknowledgments 

This work was supported by Brain Korea 21 program of 

the Korean Ministry of Education (Brain Korea 21 program) 

and for two years by Pusan National University Research 

Grant.

References 

 1. Anderson, A. J. and E. A. Dawes. 1990. Occurrence, metabo-

lism, metabolic role, and industrial uses of bacterial 

polyhydroxyalkanoates. Microbiol. Rev. 54, 450-472.

 2. Anthony, G. O. and J. G. Holt. 1982. Nile blue A as a fluo-

rescent stain for Poly-β-hydroxybutyrate. Appl. Environ. 

Microbiol. 44, 238-241.

 3. Bertrand, J. L., B. A. Ramsay, J. A. Ramsay and C. Chavarie. 

1990. Biosynthesis of Poly-beta-Hydroxyalkanoates from 

Pentoses by Pseudomonas pseudoflava. Appl. Environ. 

Microbiol. 56, 3133-3138.

 4. Braunegg, G., B. Sonneleitner and R. M. Lafferty. 1978. A 

rapid gas chromatography method for the determination of 

polyhydroxybutric acid in microbial biomass. Eur. J. Appl. 

Microbiol. Biotechnol. 6, 29-37.

 5. Choi, J. and S. Y. Lee. 1999. Factors affecting the economics 

of polyhydroxyalkanoate production by bacterial 

fermentation. Appl. Microbiol. Biotechnol. 51, 13-21.

 6. Claus, D. and R. C. W. Berkeley. 1986. Genus Bacillus Cohn, 

pp. 1105-1139, In Sneath, P. H. A., N. S. Mair, M. E. Sharpe, 

and J. G. Holt (eds.), Bergey's manual of systematic bacteriol-

ogy, Vol. 2, The Williams & Wilkins Co., Baltimore, 

Maryland.

 7. Kim, B. S. and H. N. Chang. 1998. Production of poly-(β- 

hydroxybutyrates) from starch by Azotobacter chroococcum. 

Biotechnol. Lett. 20, 109-112.

 8. Kim, J. H. and J. K. Lee. 1997. Cloning, nucleotide sequence 

and expression of gene coding for poly-β-hydroxybutyric 

acid (PHB) synthase of Rhodobacter sphaeroides 2.4.1. J. 

Microbial. Biotechnol. 7, 229-236.

 9. Kim, J. M., B. G. Kim and C. Y. Choi. 1992. Effect of pro-

pionic acid on poly(β-hydroxybutyric-co-β-hydroxyvale-

ric)acid production by Alcaligenes eutrophus. Biotechnol. Lett. 

14, 903-906.

10. Lee, I. Y., E. S. Choi, G. J. Kim, S. W. Nam, Y. C. Shin, 

H. N. Chang and Y. H. Park. 1994. Optimization of 

fed-batch fermentation for production of poly-β-hydroxybu-

tyrate in Alcaligenes eutrophus. J. Microbial. Biotechnol. 4, 

146-150.

11. Lee, I. Y., H. N. Chang and Y. H. Park. 1995. A simple meth-

od for recovery of microbial poly-β-hydroxybutyrate by al-

kaline solution treatment. J. Microbial. Biotechnol. 5, 238-240.

12. Lee, S. Y. 1996. Bacterial Polyhydroxyalkanoates. Biotechnol. 

Bioeng. 49, 1-14.

13. Lee, S. Y. 1996. Plastic bacteria? progress and prospects for 

polyhydroxyalkanoates production in bacteria. Trends 

Biotechnol. 14, 431-435.

14. Lee, S. Y. 1998. Poly-(3-hydroxybutyrate) production from 

xylose by recombinant Escherichia coli. Bioprocess Eng. 18, 

397-399.

15. Liu, F., W. Li, D. Ridgway and T. Gu. 1998. Production of 

poly-β-hydroxybutyrates on molasses by recombinant 

Escherichia coli. Biotechnol. Lett. 20, 345-348.

16. Nelson, N. J. 1944. A photometric adaptation of the 

Somogyi method for the determination of glucose. J. Biol. 

Chem. 153, 375-380.

17. Page, W. J. and O. Knosp. 1989. Hyperproduction of 

Poly-beta-Hydroxybutyrate during Exponential Growth of 

Azotobacter vinelandii UWD. Appl. Environ. Microbiol. 55, 

1334-1339.

18. Parshad, J., S. Suneja, K. Kukreja and K. Lakshminarayana. 

2001. Poly-3-hydroxybutyrate production by Azotobacter 

chroococcum. Folia Microbiol. 46, 315-320.

19. Preusting, H., R. van Houten, A. Hoefs, E. K. van 

Langenberghe, O. Favre-Bulle and B. Witholt. 1993. High 

cell density cultivation of Pseudomonas olevorans: Growthand 

production of poly(3-hydroxybutyrate) in two-liquid phase 

batch and fed-batch systems. Biotechnol. Bioeng. 41, 550-556.

20. Ramsay, J. A., M. C. Aly Hansan, and B. A. Ramsay. 1995. 

Hemicellulose as a potential substrate for production of 

poly-(β-hydroxybutyrates). Can. J. Microbiol. 41, 262-266.

21. Ryu, H. W., K. S. Cho, B. S. Kim, Y. K. Chang, H. N. Chang, 

and H. J. Shim. 1999. Mass production of poly(3-hydrox-

ybutyrate) by fed-batch cultures of Ralstonia eutropha with 

nitrogen and phosphate limitation. J. Microbial. Biotechnol. 

9, 751-756.

22. Somogyi, M. 1952. Notes on sugar determination. J. Biol. 

Chem. 195, 19-23.

23. Srienc, F., B. Arnold and J. E. Bailey. 1984. Characterization 

of intracellular accumulation of poly-β-hydroxybutyrate in 

individual cells of A. eutrophus H16 by flow cytometry. 

Biotechnol. Bioeng. 26, 982-987.

24. Suzuki, T., T. Yamane and S. Shimizu. 1986. Mass pro-

duction of poly-β-hydroxybutyric acid by fed-batch culture 

with controlled C/N feeding. Appl. Microbiol. Biotechnol. 24, 

370-374.

25. Thakur, P. S., B. Borah, S. D. Baruah and J. N. Nigam. 2001. 

Growth-associated production of poly-3-hydroxybutyrate 

by Bacillus mycoides. Folia Microbiol. 46, 488-494.

26. Tsuge, T., K. Tanaka, M. Shimoda and A. Ishizaki. 1999. 

Optimization of L-lactic acid feeding for the production of 

poly-D-3-hydroxybutyric acid by Alcaligenes eutrophus in 

fed-batch culture. J. Biosci. Bioeng. 88, 404-409.

27. Yamane, T. 1993. Yield of poly-D(-)-3-hydroxybutyrate from 

various carbon sources: a theoretical study. Biotechnol. 

Bioeng. 41, 165-170.



1630 생명과학회지 2008, Vol. 18. No. 12

28. Yamane, T., M. Fukunaga and Y. W. Lee. 1995. Increased 

PHB productivity by high-cell density fed-batch culture of 

Alcaligenes latus, a growth-associated PHB producer. 

Biotechnol. Bioeng. 50, 197-202.

29. Young, F. K., J. R. Kastner and S. W. May. 1994. Microbial 

production of poly-β-hydroxybutyric acid from D-xylose 

and lactose by Psudomonas cepacia. Appl. Environ. Microbiol. 

60, 4195-4198.

록：Bacillus megaterium J-65에 의한 xylose로부터 poly-3-hydroxybutyrate 생산

홍기․진 희․김해남1․김윤태2․김삼웅․백형석*

(부산 학교 자연과학 학 미생물학과, 1마산 학 뷰티 어과, 2서울의과학연구소)

본 연구는 생분해성 라스틱인 poly-β-hydroxybutyrate (PHB)의 생산단가를 낮추기 한 노력으로 가의 

기질로부터 PHB 량생산을 한 기 자료를 얻는데 그 목 을 두었다. Hemicellulose hydrolysate는 지구상에 

풍부하게 존재하는 가의 waste by-product로서 xylose가 많이 포함되어 있다. 본 연구에서는 xylose로부터 PHB를 

생산할 수 있는 균주를 토양에서 분리하여, 분류학  치를 밝히고, 균체 생육 최  조건, PHB 생산을 한 최  

발효 배양 조건, PHB의 구조 확인 등을 검토 하 으며, 그 결과는 다음과 같다. 토양으로부터 분리한 균주 J-65는 

형태학 , 배양 , 생화학   partial 16S rRNA sequence에 근거하여 Bacillus megaterium로 동정하 다. B. mega-

terium J-65의 균체 생육 최  조건은 온도 37oC, 발 pH 8.0이었으며 2% xylose, 0.25% (NH4)2SO4, 0.3% Na2HPO4․

12H2O, 0.1% KH2PO4 다. PHB 축 에 향을 미치는 요인을 검토하기 해 균체생육 최 배지에서 37oC, 24시간 

1차 배양한 후, 균체를 회수하여 각종 양분이 결핍된 배지에 2차 배양을 실시한 결과 B. megaterium J-65는 균형생

육조건(balanced-growth condition)에서 PHB를 합성하는 균주로 나타났다. PHB보다 물성이 향상된 PHB/HV 공

합체를 생산하기 하여 보조기질로 propionic acid를 첨가하 을 때, 0.1% propionic acid 농도에서 HV mol%가 

14%인 PHB/HV 공 합체가 합성되었다. 5 l 용량의 발효조에 B. megaterium J-65를 회분배양하 을 때 배양 21시간

에 건조균체량 10 g/l, PHB 3.5 g/l를 얻을 수 있었고, 유가배양을 실시한 결과 배양 48시간에 건조균체량 26.52 

g/l, PHB 9.28 g/l를 얻을 수 있었다. 생산된 PHB를 alkaline solution 처리와 chloroform을 이용한 유기용매 추출법

을 이용하여 추출․정제한 후 Gas Chromatography로 정제를 확인하고 300MHz 1H-NMR을 실시한 결과 3-hy-

droxybutyrate의 homopolymer임을 확인하 다. 


