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Abstract. Biosynthesis of polyhydroxyalkanoate (PHA) from raw cassava starch as 

the carbon source by bacteria was investigated in this study. About 300 bacterial 

colonies were isolated from soil samples. Among them, sixteen bacterial strains 

were found to produce PHA from cassava starch. Strain D8 produced the highest 

poly(3-hydroxybutyrate) (PHB) content of 69.8 wt% was selected for further 

studies. Strain D8 was classified under the Bacillus megaterium group based on 

16S rRNA gene sequences. High cell dry weight (CDW) of 6.5 g/L and poly(3-

hydroxybutyrate) (PHB) content of 66.2 wt% were obtained by strain D8 after 21 h 

of cultivation in a bioreactor using batch culture mode. In this study, Bacillus 

megaterium D8 exhibited high promise for reducing the production cost of PHB.    

Keywords: Bacillus megaterium, cassava starch, poly(3-hydroxybutyrate), carbon source. 

1. Introduction  

In nature, many microorganisms accumulate polyhydroxyalkanoate (PHA) as 

reserves of carbon and energy, usually when grown in the presence of excess carbon and 

limitation of nutrients such as nitrogen, oxygen, phosphorus, and sulfur [1]. To date, there 

are over 150 PHA monomer subunits that have been found [2]. The properties of PHA 

are similar to those of common petrochemical-based synthetic thermoplastics and can 

hence potentially replace them in many application areas such as packaging and coating, 

as well as biodegradable carriers for a long-term dosage of drugs, medicines, hormones, 

insecticides, and herbicides. After use, they become completely degraded to carbon 

dioxide and water under aerobic conditions and methane and carbon dioxide under 

anaerobic conditions by various microorganisms in the environment [3, 4]. 

However, the production cost of PHA is currently too high as compared to that of 

the non-biodegradable plastics of fossil origin. Up to 50% of the total production cost is 

attributed to the carbon source [5]. Therefore, many studies have been focused on the 

use of inexpensive carbon substrates such as waste lipids, cheese whey, starch, starchy 

residues, lignocellulosic residues, and crude glycerol [2, 6, 7]. 
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Cassava is the world's fourth most important staple crop after rice, wheat, and 

maize, and plays an essential role in food security. Cassava is adapted to growing on 

poor degraded soils and can tolerate low pH, high levels of exchangeable aluminum, 

and low concentrations of phosphorus. Cassava starch is an important source of 

biomaterial for different food and non-food industrial applications. With more than 10 

million metric tons in 2017, Vietnam is the seventh cassava producing country [8]. 

Recently, cassava starch was considered as a cheap carbon source for PHA production. 

The mixture of cassava starch and valerate have been used as carbon sources for 

copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) production by 

Caldimonas taiwanensis [9]. 

The study aims to isolate bacteria that can use cassava starch as a sole carbon 

substrate for PHA production. The selected strain will be identified using 16S rRNA 

gene. The ability to use cassava starch as the source of carbon for PHA production by 

selected strain will also be evaluated.    

2. Content 

2.1.    Materials and methods  

2.1.1. Isolation of bacteria 

Soil samples collected from Hanoi were serially diluted with 0.9% NaCl solution, 

and then 100 µL of the dilution was spread on solid MPA (Meat-Peptone-Agar) medium 

containing (g/L): NaCl, 5g; meat extract, 5g; peptone, 5g; and granulated agar, 20. The 

plates were incubated at 35 oC for 48 h. More than 200 colonies were isolated by plating 

them again on a fresh agar medium. 

2.1.2. Screening of PHA producing bacteria 

PHA producing bacteria were then detected by Nile blue A staining method [10].  

For that, bacterial isolates were grown on modified MPA medium containing (g/L): 

NaCl, 5; meat extract, 1; peptone, 1; glucose, 20; granulated agar, 20; and Nile blue A 

(Sigma) (dissolved in dimethylsulfoxide) with a final concentration of 0.5 µg dye per 

mL of the medium. The agar plates were incubated at 35 oC for 48 h and then exposed 

to ultraviolet light (312 nm). The colonies with fluorescent bright orange were chosen for 

further studies. 

The selected bacterial strains were grown in 20 mL of liquid MPA medium in 100 mL 

Erlenmeyer flasks with rotary shaking at 180 rpm for 13 h. Subsequently, 1 mL of each 

culture was inoculated in 50 mL of modified MPA medium in 250 mL Erlenmeyer 

flasks. The medium contains (g/L) NaCl, 5; meat extract, 1; peptone, 1; cassava starch, 

20, the pH of this medium was initially adjusted to 7.0. The cultures were incubated at 35 oC 

with rotary shaking at 180 rpm. Samples were withdrawn at 48 h of cultivation for cell 

dry weight (CDW) determination and PHA content analysis.   

2.1.3. Phylogenetic characterization of the selected PHA producing bacterium 

The genomic DNA of the selected strain was extracted by Thermo Scientific 

GeneJET Genomic DNA Purification Kit according to the manufacturer’s 

recommendations. The 16S rRNA gene was amplified using the universal primers, 341F 

(5’-CCTACGGGAGGCAGCAG-3’) and 907R (5’-CCGTCAATTCCTTTGAGTTT-3’). 
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Sequencing of the amplified DNA fragment was performed at 1st Base (Singapore), and 

the GenBank database was used to search for 16S rRNA genes similarities. Phylogenic 

analysis based on 16S rRNA gene was performed with the aid of MEGA6 software [11] 

using the neighbor-joining distance correlation method [12]. 

2.1.4. Effect of different nitrogen sources on growth rate and PHA accumulation of 

the selected strain 

The selected strain was grown in a modified liquid minimum medium containing 

(g/L): NaCl, 5; MgSO4.7H2O, 0.4; FeSO4.7H2O, 0.02; 0.05 M phosphate buffer (pH 7); 

starch, 20; and 2 g of different nitrogen sources (ammonium chloride - AC, ammonium 

sulfate - AS, ammonium nitrate - AN, Urea, sodium nitrate - SN, potassium nitrate - PN, 

Glutamate - Glu, meat extract and peptone - ME+P). After 30 h of cultivation at 35 °C and 

180 rpm, the bacterial cells were collected by centrifugation for CDW and PHA analysis. 

2.1.5. PHA production in batch fermentation 

The selected bacterial strain was initially grown in 6 different 250 mL flasks 

containing 50 mL MPA medium at 35 oC with rotary shaking at 180 rpm for 15 h. The 

culture was then used to inoculate 2.7 liters of modified MPA medium containing 20 g/L 

cassava starch as a carbon source in a 10-liter bioreactor. The cultivations were 

performed in batch mode during which temperature was kept constant at 35 oC and pH 

was maintained at 7.0 by adding 5 M HCl/NaOH. Stirring velocity and aeration, initially 

set at 250 rpm and 1 L/min, were increased during the fermentation and reached 500 

rpm and 3 L/min, respectively. Samples were taken at different time intervals for CDW, 

PHA, and reducing sugar analysis.  

2.1.6. Analytical methods 

CDW was determined by centrifuging 3 ml of the culture samples at 10 000 rpm for 

10 min in a pre-weighed centrifuge tube, the pellet was washed once with 3 mL distilled 

water, centrifuged and dried at 105 oC until a constant weight was obtained. The 

centrifuge tube was weighed again to calculate the CDW. 

The amylase activity was determined based on the release of reducing sugar from 

starch (Merck) using the dinitrosalicylic acid (DNS) method [13]. A standard curve was 

made using glucose (Merck) as the standard. One unit of amylase activity was defined 

as the amount of enzyme releasing 1 μmol reducing sugar equivalent to glucose/min 

under the standard assay conditions. 

The concentration of reducing sugar during the fermentation process was also 

analyzed by using the DNS method [13]. 

PHA content (wt%) in dried cell mass and its composition were determined by gas 

chromatography (GC) [14]. Approximately 10-15 mg lyophilized cells were mixed with 

2 mL methanolysis solution (contains 15% H2SO4 and 85% methanol, v/v) and 2 mL 

analytical grade chloroform. The methanolysis process was carried out for 140 min at 

100 oC by using thermoblock. After cooling down to room temperature, 1 mL MiliQ 

water was added to the mixture and vortexed for 30 seconds. The bottom layer 

containing methyl ester was transferred to sodium sulfate anhydrous to remove the 

remaining water and analyzed by using Trace 1310 GC system (Thermo Scientific, Italy) 
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equipped with capillary HP-5 column. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

containing 12 % valerate (Sigma) was used as a standard for calibration. 

2.2.   Results and discussion 

2.2.1. Isolation and screening of PHA producing bacteria 

Soil samples were serially diluted and spread on an MPA medium. After 48 h of 

cultivation, about 300 bacterial colonies were collected by plating on fresh MPA 

medium. They were then grown on agar plate medium containing Nile blue A for the 

screening of PHA producers. After 48 h of cultivation, the plates were exposed under 

UV light and the colonies showed fluorescent bright orange were labeled. The cells of 

labeled strains were then stained with 1% safranin and observed under a light 

microscope, 31 bacterial strains accumulated PHA granules were selected. The 31 

bacterial strains were cultured in the modified MPA medium containing 20 g/L cassava 

starch. As shown in Table 1, sixteen bacterial strains could use cassava starch as a 

carbon source for PHA production with the PHA content ranged from 24.7 to 69.84 

wt%. Besides, all 16 bacterial strains were found to synthesize extracellular amylase 

with activities ranged from 0.7 to 1.73 IU/mL. Among them, strain D8 exhibited the 

highest PHA content of 69.84 wt% and a PHA concentration of 3.36 g/L was chosen for 

further studies (Figure 1 and Table 1). The data of GC analysis showed that strain D8 

accumulated homopolymer poly(3-hydroxyburtyrate) (PHB) (a typical polymer 

found in the PHA family) from cassava starch. 

Table 1. PHA production by isolated strains using cassava starch as carbon substrate 

Strain 
CDW 

(g/L) 

PHA content 

(wt%) 

PHA conc. 

(g/L) 

Amylase 

(IU/mL) 

D3 4.82 58.8 2.83 1.73 

D6 5.24 52.88 2.77 1.46 

D7 5.02 59.94 3.01 0.7 

D8 4.81 69.84 3.36 1.14 

D11 5.82 54.48 3.17 0.82 

D43 5.78 46.59 2.69 1.18 

D44 4.83 66.71 3.22 1.26 

D77 4.03 65.19 2.63 1.56 

D92 4.56 64.98 2.96 0.95 

D96 3.04 67.22 2.04 0.64 

D117 4.33 67.73 2.93 0.8 

D138 5.65 59.59 3.37 1.69 

D164 4.48 48.16 2.16 0.7 

D188 3.88 56.17 2.18 1.53 

D189 3.67 57.23 2.1 1.12 

D241 1.06 24.7 0.26 1.05 
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Figure 1. Transmission electron micrographs showing PHA granules in bacterial cell 

2.2.1. Identification of selected PHB producer 

Strain D8 was an aerobic, Gram-positive, rod-shaped, and spore-forming 

bacterium. The strain was mesophilic with optimum temperatures for growth of between 

32 oC and 35 oC, and grows well at pH between 7 and 8. Strain D8 was able to produce 

extracellular enzymes such as amylase and protease. The phylogenetic characterization 

of the strain D8 was analyzed using its 16S rRNA gene partial sequences. The results 

showed that strain D8 belonged to genus Bacillus, and showed the closest similarity 

with Bacillus megaterium LY6 and B. megaterium S29 (100%), B. aryabhattai B8W22, 

and B. aryabhattai POD1 (99.8%) (Figure 2).  

 

Figure 2. Neighbor-joining phylogenetic tree based on the comparison of 16S rDNA 

sequences, showing the relationships between the selected strain and other strains 

 of the genus Bacillus. Bar, 0.01 subtitutions per nucleotide position 
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Bacillus species are extensively studied in the PHA world since the exploration of 

PHB in the cells of Bacillus megaterium by the French Lemoigne in 1926 [15]. Some 

Bacillus species have been reported to produce high PHA content up to 80 wt% of 

bacterial cells when growing under nutrients imbalance [16]. Bacillus species are also 

capable of producing PHA copolymers utilizing relatively simple, inexpensive, and 

structurally unrelated carbon sources such as sugars, starch, or glycerol [17]. 

2.2.3. Effect of different nitrogen sources 

The effect of different nitrogen sources on cell growth rate and PHB accumulation 

by strain Bacillus megaterium D8 was investigated in flask experiments. Figure 3 

showed that B. megaterium D8 was able to grow and accumulate PHA from all tested 

nitrogen sources. The highest CDW of 5.01 g/L was reached when a mixture of meat 

extract and peptone (ME+P) was used, whereas high PHB content of 52.3 wt% was 

obtained when and ammonium sulfate (AS) was used as a nitrogen source. Among 8 

different tested nitrogen sources, ammonium chloride, ammonium nitrate, glutamate, 

and a mixture of meat extract and peptone were found to be favorable nitrogen sources 

for both cell growth rate and PHB accumulation by B. megaterium D8 (Figure 3). The 

highest PHB concentration of 2.35 g/L was obtained on the medium using a mixture of 

meat extract and peptone as nitrogen sources. 

2.2.4. Production of PHB in a bioreactor 

The production of PHA by B. megaterium D8 was carried out in a 10-L bioreactor 

using batch cultivation mode. Bacterial cell mass and PHA accumulation were increased 

during fermentation, maximum CDW of 6.5 g/L was achieved after 21 h, and PHB 

content of 69.5 wt% was reached after 24 h of cultivation. Reducing sugar was 

increased and reached a maximum value of 4.8 g/L after the first 10 h of fermentation; it 

was then consumed by strain B. megaterium D8 and finished after 27 h of cultivation. A 

maximum PHB concentration of 4.3 g/L was obtained after 21 h of cultivation (Figure 4). 

The PHB yield from cassava starch under batch cultivation mode was 0.215 g/g 

(product/substrate, P/S). 

 

 

Figure 3. Effect of different nitrogen sources on the cell growth rate  

and PHB accumulation by strain B. megaterium D8 
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Figure 4. Profile of the growth rate and PHB accumulation by strain D8  

in a bioreactor using batch culture mode 

There are only a few bacteria can use directly raw starch as a carbon source for 

PHA production. For example, Caldimonas taiwanensis produced copolymer poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) when cultivated on starch and valerate [9], 

Bacillus cereus [18], Saccharophagus degradans [19], Bacillus aryabhattai [20] 

synthesized PHB when used starch as carbon substrate,  and wild type strain Bacillus 

megaterium could also synthesize PHBV when starch was used as a carbon substrate [21]. 

Table 2 showed that PHA productivity and yield obtained by B. megaterium D8 in 

this study were much higher than those obtained by other bacteria, suggested that 

B. megaterium D8 could be a promising candidate for PHA production from cassava starch. 

Table 2. PHA production by bacterial strains using starch as a carbon source 

Strain PHAs 
Carbon 

source 

CDW 

(g/L) 

PHA 

content 

(wt%) 

PHA 

productivity 

(g/L/h) 

Yield 

(g/g) 

P/S) 

References 

B. cereus PHB S 1.0 48 0.007 0.024 [18] 

S. degradans PHB S 7.44 7.12 0.022 0.028 [19] 

B. aryabhattai PHB S 4.4 46 0.067 0.067 [20] 

C. taiwanensis PHBV CaS+V 2.8 67 0.058 0.121 [9] 

CoS+V 3.3 65 0.067 0.138  

WS+V 4.1 42 0.054 0.111  

B. megaterium PHBV S 1.72 24 0.023 0.083 [21] 

B. megaterium  PHB CaS 6.5 66.2 0.205 0.215 This work 

Note: S – soluble starch; CaS – cassava starch; CoS – corn starch;  

WS – wheat starch; V - valerate 
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3.   Conclusions 

Sixteen bacterial strains were found to produce PHA when cultivated on starch 

medium. Among them, strain B. megaterium D8 can produce high PHB content of 69.8 

wt% from cassava starch and a mixture of meat extract and peptone. This is an 

interesting feature considering that cassava starch could be renewable, cheap, and 

widely available carbon source. This work will contribute to finding the most effective 

way to reduce PHA production costs.    
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