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Abstract
Thermotolerant bacteria producing medium-chain-length polyhydroxyalkanoate (mcl-PHA) were isolated from various ther-
mal sites, including palm oil mill effluent, textile wastewater, and hot spring water, in Thailand. Fifteen strains were isolated at 
45 °C using nutrient-rich (NR) medium. However, only six isolates produced mcl-PHA at 0.41 ± 0.01 g/L to 0.80 ± 0.01 g/L, 
representing a mcl-PHA content of 29.44% to 50.77% of the dry cell weight (DCW). The six strains of bacterial isolates could 
utilise a variety of substrates; all were identified as Bacillus thermoamylovorans. The highest mcl-PHA content (50.77% of 
the DCW) was accumulated by the B. thermoamylovorans strain PHA005 isolated from palm oil mill effluent. The mcl-PHA 
from strain PHA005 was composed of five different monomers, 3-hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD), 
3-hydroxytetradecanoate (3HTD), 3-hydroxyhexadecanoic acid (3HHD), and 3-hydroxyoctadecanoic (3HOD), with a mono-
mer content of 24.12, 15.50, 13.00, 39.25, and 8.13 mol%, respectively. The optimum temperature for B. thermoamylovorans 
strain PHA005 growth is 45 °C, and it can survive at up to 60 °C. This is a first report of PHA synthesis by a thermotolerant 
B. thermoamylovorans. Moreover, the high content of 3HHD monomers (39.25 mol%) has never been reported in Bacillus.

Introduction

Polyhydroxyalkanoates (PHAs) are bio-polyesters synthe-
sized by bacteria as intracellular storage reserves of car-
bon and energy. PHAs have attracted great interest due to 
the similarities between their material properties and the 
material properties of thermoplastics and elastomers, as 
well as their origination from renewable resources and their 
complete biodegradability [1]. PHA can be divided into 

two groups, (i) short-chain-length PHA (scl-PHA) and (ii) 
medium-chain-length PHA (mcl-PHA), with 3–5 and 6–14 
carbon atoms in their monomeric units, respectively [2]. The 
mcl-PHA and its copolymers are more suitable for a wide 
range of applications than scl-PHA due to their structural 
diversity, which allows for the tailoring of their physical 
and mechanical properties [3]. However, the production of 
PHA on an industrial scale is still a major concern due to 
the higher production cost compared to conventional plas-
tic. The high production cost of PHA comes from (i) the 
cost of the substrate and (ii) the running cost of maintain-
ing a temperature suitable for microbial growth. Therefore, 
the screening of novel PHA-producing bacteria, which can 
be utilised as low-cost substrates and produce PHA under 
high temperature of fermentation (> 40 °C), is a major chal-
lenge for the economical production of PHA [4, 5]. Satoh 
et al. [2] reported that the thermotolerant Pseudomonas 
sp. strain SG4502, isolated from biodiesel fuel (BDF) by-
product, is able to accumulate mcl-PHA at a 45 °C culti-
vation temperature. The maximum amount of mcl-PHA 
(40.6% of the dry cell weight [DCW]), with 0–8 mol% of 
3-hydroxybutyrate (3HB), 5–7  mol% of 3-hydroxyhex-
anoate (3HHx), 1–25 mol% of 3–hydroxyoctanoate (3HO), 
8–59 mol% of 3-hydroxydecanoate (3HD), and 6–8 mol% 
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of 3-hydroxydodecanoate (3HDD), was observed in a 
medium containing BDF as the sole substrate. Pantazaki 
et al. [6] found that when using sodium gluconate or sodium 
octanoate as the substrate, Thermus thermophilus, a thermo-
philic bacterium, produced PHA at 35–40% of the DCW. 
The monomer composition of mcl-PHA was mainly 3HD 
(64 mol%).

A rapid, simple, and reliable screening method for PHA-
producing bacteria is key for a successful fermentation pro-
cess. Many screening methods to detect microorganisms 
that accumulate PHA have been developed using PHA-
detecting dyes, such as Nile red, Nile blue A, and Sudan 
black [7–9]. Moreover, a number of methods are available 
for screening, such as spectrophotometric analysis, Fourier 
transform infrared (FTIR) spectroscopy, high-performance 
liquid chromatography (HPLC), flow-cytometry and spec-
trofluorometry, gas chromatography-mass spectrometry 
(GC–MS), nuclear magnetic resonance (NMR), molecular 
weight determination, and thermal analysis of the extracted 
polymer [10]. Therefore, the goal of this study was to iso-
late thermotolerant bacteria capable of producing mcl-PHA 
under high temperatures (> 40 °C). Two screening methods, 
inducing Nile red fluorescence and spectrophotometry, were 
also applied, and their screening accuracy was calculated 
compared to gas chromatography (GC) analysis as a control 
method. The biochemical characteristics of PHA-producing 
bacteria were also investigated to determine their ability to 
consume a wide range of substrates. The superior isolates 
were selected and identified for their potential to produce 
mcl-PHA in a medium containing sodium octanoate as a 
carbon source. Moreover, the monomer composition of mcl-
PHA was analysed by GC–MS.

Materials and Methods

Collection and Characterisation of Samples

High-temperature sediment and water samples were col-
lected from three sites included palm oil mill effluent (Uni-
vanich Palm Oil Public Company Limited, Krabi, Thailand), 
hot spring water (Khaochaison Hot Spring, Phatthalung, 
Thailand), and textile wastewater (Ban Phreak weaving 
group, Phatthalung, Thailand). Water (50 mL) was col-
lected at the middle of the pond using sterile bottles, and 
sediment (50 g) was collected at the edge of the pond by 
digging 5–10 cm deep into the land shore at different sites 
using sterile spoons. All samples were kept in 100 mL sterile 
bottles, transported to the biochemical laboratory (Thaksin 
University, Phatthalung) on ice, and stored at − 20 °C until 
use [11]. The water and sediment were subjected to pH 
determination using a pH meter, temperature determination 
using a thermometer, and chemical oxygen demand (COD) 

and total solid (TS) determination using the following stand-
ard method.

The COD value was measured by the closed reflux 
method using a mixture of potassium dichromate as a strong 
chemical oxidant. The COD was determined by a method of 
colorimetric determination using a HACH DR3900 spec-
trophotometer, and the results are displayed in mg/L. The 
dilution of the sample can be made if necessary in order to 
obtain the COD in the range; however, the content should be 
multiply by dilution multiple before the report. The TS con-
tent was determined by a gravimetric method at a tempera-
ture of 103–105 °C. Clean crucibles were weighed using an 
analytical balance. The crucible dish was heated at 103 °C 
in an oven for 1 h, allowed to cool in a desiccator, and then 
reweighed. This is recognised as the initial weight (B). Then, 
50 mL of each sample was added to the weighed crucibles 
and evaporated using a water bath for 24 h. Afterward, the 
residual samples remaining in the crucibles were dried in an 
oven at 103 °C for 2 h and then cooled in a desiccator and 
dry weight determination. This was recorded as the final 
weight (A). The TS concentration was calculated using the 
following  Eq. (1):

Culture Media and Screening of Thermotolerant 
Bacteria

Mineral salt (MS) medium and nutrient-rich (NR) medium 
were used as the screening and cultivating medium, 
respectively. The MS medium contained 9.0  g/L of 
 Na2HPO4⋅12H2O, 1.5 g/L of  KH2PO4, 0.1 g/L of  NH4Cl, 
and 0.2 g/L of  MgSO4⋅7H2O, and the NR medium contained 
5.0 g/L of peptone and 3.0 g/L of yeast extract. For the agar 
medium, 1.5% agar was added. Moreover, the NR medium 
containing 3.32 g/L of sodium octanoate was utilised as the 
mcl-PHA-producing medium [2].

One millilitre of water and 0.5 g of sediment from each 
site were first inoculated into 50 mL of MS medium and 
incubated at 45 °C with agitation at 150 rpm for 48 h. After-
ward, 100 μL of each sample was serial diluted, spread in 
a NR agar plate and incubated at 45 °C for 48 h. All of 
the cream- or yellow-pigmented colony was selected and 
streaked onto new NR plates. Streak plating was repeated 
until a single colony was obtained. Then, a single colony was 
transferred into a 5 mL NR medium and incubated 45 °C, 
150 rpm for 48 h. Thereafter, a culture was sequentially 
transferred to 25 mL and 125 mL of NR medium. The cul-
ture was cultivated at 45 °C, 150 rpm for 48 h for each step. 
After 48 h, each culture was collected and studied for the 
ability of the isolated strain to produce PHA. All isolated 

(1)Total solid (TS)(mg∕L) =
(A − B) × 100

volume(mL) of sample
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bacteria were kept frozen in 10% glycerol in Eppendorf tube 
and stored in refrigerator at − 20 °C. The culture were recul-
tured on NR medium every month [12].

Isolation of Polyhydroxyalkanoate (PHA)‑Producing 
Bacteria from Isolated Thermotolerant Culture

The isolated strains were tested for their ability to produce 
mcl-PHA. Two screening methods, including Nile red fluo-
rescence and UV–visible spectrophotometric methods, were 
used to detect the accumulation of PHA. Moreover, the 
screening accuracy using Nile red and spectrophotometric 
method was calculated and compared with GC analysis as 
a control method. For the PHA screening procedures use in 
this current study were described as below.

 The Nile red fluorescence method was used following 
Spiekermann et al. [7]. First, 1 mL of the suspension was 
centrifuged at 12,000×g for 5 min; only the pellet was col-
lected and resuspended in 1 mL of distilled water. After-
ward, 40 μL of dimethyl sulphoxide (DMSO) containing 
80 μg/mL Nile red was added. Therefore, a final concen-
tration of 3.1 μg Nile red per millilitre of suspension was 
obtained. The sample was incubated at room temperature 
(30 °C) for 30 min. Afterward, the suspension was centri-
fuged at 12,000×g for 5 min, and the pellet was collected. 
The pellet was resuspended in 1 mL of distilled water, and 
the suspension was vortexed. The suspension was trans-
ferred to a 96-well microplate, and the existing of PHA was 
detected at excitation and emission wavelengths of 535 nm 
and 605 nm, respectively [13]. A known concentration of 
PHA was utilised as a standard to generate a calibration 
curve. The calibration curve was used to estimate the accu-
mulated PHA, both as a concentration (g/L) and as content 
(%DCW), following Eqs. (2) and (3), as follows:

 where Kc is the calibration constant, IPHA is the fluorescence 
intensity of the stained suspension, Ccell is the cell concen-
tration (mg/mL), and DCW is the dry cell weight (mg/mL).

The UV–visible spectrophotometric method was evalu-
ated following Mojaveryazdia et al. [14]. One millilitre of 
cell suspension was centrifuged at 12,000×g for 5 min, and 
the pellet was collected and resuspended in 1 mL of dis-
tilled water. Afterwards, 2 mL of concentrated  H2SO4 was 
added. The sample was mixed and hydrolysed in a water 
bath at 100 °C for 20 min to convert PHA in the pellet into 
crotonic acid. PHA was determined with a UV–visible 

(2)PHA concentration(g∕L) =

(

KCIPHA
)

Ccell

× DCW

(3)PHA content(%DCW) =

(

KCIPHA
)

Ccell

× 100

spectrophotometer at 235 nm.  H2SO4 and a known con-
centration of PHA were used as the blank and standard, 
respectively.

The production of PHA from all isolated were deter-
mined using both Nile red fluorescence and spectrophoto-
metric methods. The PHA production determined from both 
method were compared and the accuracy of each method was 
compared with the data analysed by GC as a control method. 
The accuracy was calculated by subtracting each PHA value 
from the PHA production obtained by GC method.

Determination of Medium‑Chain‑Length 
Polyhydroxyalkanoate (mcl‑PHA) Content 
and Composition by Gas Chromatography–Mass 
Spectroscopy (GC–MS) Analysis

GC analysis was used to determine the PHA content in a 
cell-containing polymer or purified PHA. First, 5–8 mg of 
lyophilised cells or 1–2 mg of purified PHA was metha-
nolised by adding the sample into a mixture of chloroform 
and methanol containing 15% (v/v)  H2SO4. THE PHA was 
converted into hydroxyacyl methyl ester and subjected to 
GC–MS analysis [15, 16]. GC analysis was performed on 
a Hewlett Packard GC-6890 system equipped with a mass 
spectrometer 5973 and HP-INNOWax capillary column 
(length, 30 m; internal diameter, 0.25 mm; film thickness, 
0.25 μm). The injection was done in splitless mode with 
Tinjector at 230 °C. The temperature program used was as 
follows: 40 °C to 240 °C at 20 °C/min, 240 °C for 10 min. 
Helium was used as carrier gas (3 mL/min). The MS was 
operated in scanning mode between 40 and 360 m/z. The 
identification of compounds was performed by compari-
son of mass spectra with standard ones. The MS data was 
searched in the NIST database to determine the monomer 
structure and the corresponding monomer content was cal-
culated from the peak area of the GC spectrum. The isolated 
strain that was able to produce mcl-PHA was selected and 
characterised the 16S rRNA and biochemical properties.

16S Ribosomal RNA Sequences

Six pure bacterial cultures able to produce mcl-PHA were 
obtained. The nucleotide sequence of the 16S rRNA gene of 
isolated bacteria was amplified by polymerase chain reaction 
(PCR) employing DNA polymerase. The universal primers 
I-179L (5′-ACA GAT CAA GTT CTA CAT CTT CGA C-3′) and 
I-179R (5′-GGT GTT GTC GTT CCA GTA GAG GAT GTC-3′) 
were used. The reaction mixture contained 10 μL of template 
DNA, 5 μL of reaction buffer, 2 μL of Taq DNA polymerase 
(3 U/μL), 5 μL of the four deoxynucleotide triphosphates 
(dNTPs) (200 μM each) (Amersham Biosciences, USA), 
4 μL of  MgCl2, and 2 μL of universal primer (20 μM); the 
final volume 50 μL. The thermal PCR profile was operated 
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according to Porwal et al. [17], as follows: initial denatura-
tion at 94 °C for 1 min and primer annealing at 55 °C for 
1.30 min. The elongation step was extended at 72 °C for 
10 min. The dideoxy chain termination method was used for 
DNA sequencing. The sequence was analysed and aligned 
using the National Center for Biotechnology Information 
(NCBI) BLAST tool. The 16S rRNA gene partial sequences 
were deposited in the NCBI database under accession num-
bers MK622835, MK622836, MK622837, MK622838, 
MK622840, and MK622843.

Biochemical Characterisation

Six bacterial isolates were also tested for biochemical char-
acterisation with KB009 and KB003 Hi Carbohydrate™ kits 
(Himedia). The test kit containing 33 different carbohydrates 
as the carbon source, 5 proteins as the nitrogen source, and 
7 enzyme activity were tested and used as described by the 
manufacturer [11].

Cloning and Sequencing of PHA Synthase Gene of B. 
thermoamylovorans

PHA synthase gene (phaC) was analysed following Yang et 
al. [18] with a modification. The polymerase chain reaction 
(PCR) targeted at a part of the PHA synthase gene (phaC) 
was performed with the forward primer CF1: 5′-ATC AAC 
AAR TWC TAC RTC YTSGACCT-3′ and the reverse primer 
CR4: 5′-AGG TAG TTG TYG ACSMMRTAGKTCCA-3′using 
a PCR mixture consisting of 0.2 mM of deoxynucleotide 
(dNTP), 2.5 units of DNA polymerase (Fermentas), 0.03% 
of DMSO, and 2.5 μM of each primer. The amount of DNA 
used as a template was 50 ng in 100 μL of PCR mixture. The 
PCR mixture was pre-incubated at 94 °C for 10 min, 51 °C 
for 2 min, and 72 °C for 2 min. The PCR cycle consisted of 
20 s of denaturation at 94 °C, 45 s of annealing at 57 °C, 
and 1 min of extension at 72 °C. This cycle was repeated 
35 times and then incubated at 72 °C for 10 min for the 
final extension [19]. The PCR products were fractionated 
on 1% agarose gel, and DNA from appropriate band was 
recovered using a DNA gel purification kit (Sigma-Aldrich, 

USA). These fragments were subcloned into the pGEM-T 
Easy plasmid (Promega) and subsequently subcloned into 
the vector pBBR1MCS-5. Possitive colonies were screened 
by colony PCR using M13 forward and reverse primers 
(ThermoFisher, USA). Plasmid DNA was purified from 
overnight bacterial cultures and sequenced by an automatic 
DNA sequencer. A similarity search of nucleotide sequences 
was performed using the BLASTN non-redundant database. 
The nucleotide sequences of the phaC genes have been sub-
mitted to the GenBank database. The phaC partial sequences 
were deposited in the GenBank database.

Statistical Analysis

All experiments were performed in triplicate, and the data 
is expressed as mean values ± SD. One-way analysis of vari-
ance (ANOVA) at a 95% confidence interval was performed 
on data. The statistical package was installed directly in 
Excel through the Add-In function of Microsoft Word 2010.

Results and Discussion

Isolation of Thermotolerant Bacterial Strains

Water and sediment from thermal sites, including palm oil 
mill effluent, hot spring water, and textile wastewater, were 
collected and screened for thermotolerant bacteria. The 
partial characteristics of the samples, such as temperature, 
pH, TS, and COD, were determined (Table 1). The samples 
were collected in different (from palm oil mill effluent, hot 
spring water and textile wastewater) and represent moderate 
thermophilic to thermophilic (26–85 °C) and acidic to alka-
lophilic (pH 4.7–9.4) environments, with variable COD and 
TS at 42 to 55,000 mg/L and 6 to 40,000 mg/L, respectively. 
Fifteen bacterial strains were isolated using NR medium at 
45 °C. The textile wastewater yielded the highest number of 
bacterial isolates, about 54% of the total isolates, followed 
by the palm oil mill effluent (46%). However, no isolates 
were obtained from hot springs. The number of isolates in 
this study may be correlated to the environmental conditions, 

Table 1  Characteristic of 
water and sediment collected 
from palm oil mill wastewater 
pond, hot spring and textile 
wastewater pond

ND not determined

Samples Parameters

pH Temperature 
(oC)

Chemical oxygen demand, 
COD (mg/L)

Total solid, 
TS (mg/L)

Palm oil mill effluent (POME) 4.7 85 55,000 40,000
POME sediment 7.4 26 12,500 ND
Textile wastewater 9.4 40 1508 4200
Hot spring water 6.6 60 42 6
Hot spring sediment 7.5 27 252 ND
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such as temperature, pH, COD, and the nutritional status 
available. The ecological environment established in textile 
wastewater was suitable for microorganisms, while the hot 
springs was long-known to be moderate to high temperature 
and nutrient poor. All bacterial isolates were designated as 
strains PHA001–015 (Supplementary Table S1); all isolates 
grew well at 45 °C. Morphological characterisation revealed 
that the colonies were small, white and cream, and lens-
shaped. The cells were 0.45–0.50 mm wide and 3.0–4.0 mm 
long. Based on Gram staining, isolates can be divided into 
Gram-positive and Gram-negative. Sixty-seven percent of 
the total isolates showed a Gram-positive character, while 
the other strains were Gram-negative, as shown in Supple-
mentary Table S1.

All isolated strain were transferred to NR medium 
and cultured at 45 °C for 48 h. Thereafter, bacterial cells 
were harvested and subjected to Nile red fluorescence and 
UV–visible spectrophotometric methods to detect the accu-
mulation of PHA. GC was also used to confirm the accumu-
lation of PHA in microbial cells. The cell-produced PHA 
was selected and used throughout this study.

Screening of PHA‑Producing Bacteria from 15 
Isolated Strains

To investigate the PHA content of the 15 isolated strains, 
they were cultivated on NR medium supplemented with 
sodium octanoate (3.32 g/L) as a carbon source. Nile red 
fluorescence and spectrophotometric analysis was first used 
to identify and quantify the PHA produced by the isolated 
bacteria. Only 6 (PHA001, PHA003, PHA005, PHA007, 
PHA009, and PHA012) of the 15 strains showed the abil-
ity to produce PHA, as detected by the GC method (Sup-
plementary Table S1). Thereafter, the efficiency of PHA-
screening methods, including Nile red fluorescence and 
spectrophotometric methods, was also determined. Nile 
red fluorescence showed that the highest PHA content was 
observed in strain PHA005 (48.45% of the DCW), followed 
by PHA007 (42.88% of the DCW) and PHA003 (21.23% 

of the DCW). However, using spectrophotometric meth-
ods, the highest PHA was PHA003 (58.11% of the DCW), 
followed by PHA012 (42.05% of the DCW) and PHA009 
(24.29% of the DCW (Table 2). Notably, the PHA content 
determined by Nile red fluorescence and spectrophotometric 
methods was different. To test the accuracy of the methods, 
the PHA content from GC analysis was utilised as a con-
trol value. The results showed that the Nile red fluorescence 
gave a smaller difference in PHA value when compared to 
GC analysis (Table 2). Only a 1.56–8.35% difference was 
observed. However, a large difference was observed from 
the spectrophotometric methods (7.01–2.67% difference). 
It can be clearly seen that the Nile red fluorescence method 
is relevant to the investigated GC analysis method. It can be 
applied as a rapid and reliable method for PHA screening.

Normally, GC analysis is the most well-known method for 
PHA analysis due to the automated sample analysis, accu-
racy of PHA quantification, high separation power, detec-
tion sensitivity, and GC method enabled both quantitative 
and qualitative analysis of PHA [20]. However, it still has 
limitations in that it requires many sample preparation steps, 
which can take up to 24 h [21]. Moreover, this method is 
not environmentally friendly due to the production of haz-
ardous waste (solvents and acids). Therefore, the Nile red 
fluorescence method can be used as a front-line method 
for the screening and identification of novel microbes with 
PHA production potential. The advantages of this method 
include the ease of sample preparation, low cost, use less 
labour, and short analysis time [22–24]. Moreover, the Nile 
red fluorescence method can be done using wet cells, leading 
to rapid PHA monitoring. The poor accuracy of the spectro-
photometric method in this study may be due to the amount 
of PHA present. It has been reported that the spectropho-
tometric method is suitable for samples containing 0.001 
to 20 mg of PHA [25]. This method is only applicable to 
samples with a relatively large quantity of polyesters [26]. 
Moreover, the presence of endogenous components in the 
cell can interfere with the result, and matrix interference 
can result in overestimation of PHA content [20, 21, 23]. 

Table 2  Comparison of 
PHA content between GC, 
Nile red fluorescence and 
spectrophotometric methods

Values in the same column with different letters are significantly different (P < 0.05)

Bacillus thermoa-
mylovorans strain

GC method Nile red fluorescence method Spectrophotometric method

PHA content (% 
of DCW)

PHA content (% 
of DCW)

Differentia-
tion (%)

PHA content (% 
of DCW)

Differ-
entiation 
(%)

PHA001 32.00c 24.04c 7.96a 41.00b 9.00c

PHA003 29.44c 21.23c 8.21a 58.11a 28.67a

PHA005 50.77a 48.45a 2.32c 38.44c 12.33b

PHA007 44.44b 42.88b 1.56d 32.12d 12.32b

PHA009 31.30c 39.65b 8.35a 24.29e 7.01c

PHA012 30.00c 23.42c 5.58b 42.05b 12.05b
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The determination of PHA content and composition is the 
most important issue because it has multiple effects on the 
PHA yield and recovery efficiency [27]. The research and 
development of a novel, simple, cheap, and rapid method of 
PHA detection and quantification for the efficient economic 
production of PHA is still a challenge. From the results, 
all methods clearly indicated that only six isolates (includ-
ing PHA001, PHA003, PHA005, PHA007, PHA009, and 
PHA012) were able to produce PHA. Therefore, six PHA-
producing bacteria were subjected to further analysis.

16S Ribosomal RNA Sequences and Biochemical 
Characterisation

The 16S ribosomal RNA sequences of six PHA-producing 
bacteria were determined and compared with the databank 
contents using Nucleotide BLAST. Using the BLAST pro-
gram, the 16S rRNA sequence from 6 isolated (PHA001, 
PHA003, PHA005, PHA007, PHA009 and PHA012) was 
determined and aligned with the bacterial sequence available 
in GenBank. A 361 bp of 16S rRNA sequence was obtained 
from PCR using universal primer (I-179R and I-179L). The 
result revealed that all isolates belonged to the Firmicutes 
(Bacillus sp.) and that the closest phylogenetic neighbour of 
the strains is Bacillus thermoamylovorans, with a 99% iden-
tity. Moreover, a phylogenetic tree was constructed based on 
the 16S rRNA sequence alignment. The result showed that 
the six strains and B. thermoamylovorans are clustered and 
are relatively distant from the other Bacillus sp. (Fig. 1). It 
is not a surprise that all isolates are Bacillus; this may due 
to the ability of this genus to resist and adapt to extreme 

environmental condition [28]. Sangkharak and Prasertsan 
[11] isolated 50 strains of bacteria from palm oil mill efflu-
ent (POME), fermented food, and dung under various selec-
tive conditions. The results showed that all dominant species 
belonged to the Bacillus genus.

Moreover, using KB009 and KB003 Hi Carbohydrate™ 
kits, six isolates were subjected to biochemical characteri-
sation to determine their ability to utilise different carbon 
and nitrogen sources (Table 3). The results showed that 
all isolates had similar phenotypic patterns. Six isolates 
could utilise various tested compounds, including lactose, 
xylose, maltose, fructose, dextrose, galactose, trehalose, 
sucrose, L-arabinose, mannose, sodium gluconate, salicin, 
d-glucoside, rhamnose, cellobiose, melezitose, and escu-
lin. However, they were not able to use raffinose, melibi-
ose, inulin, glycerol, dulcitol, sorbitol, mannitol, adonitol, 
arabitol, erythritol, d-mannoside, xylitol, o-Nitrophenyl-β- 
d-galactopyranoside (ONPG), d-arabinose, malonate, or 
sorbose. From an economic point of view, all isolates had 
an interesting profile due to their ability to use a wide range 
of substrates. Therefore, the strains may possible to utilise 
the substrate and convert into PHA with a novel PHA mono-
mers. Notably, the isolates can utilise cheap substrates, such 
as xylose, cellobiose, and glycerol. Xylose and cellobiose 
are the most abundant sugars in the plant cell wall, whereas 
glycerol is a main by-product in biodiesel plants. Therefore, 
the isolated bacteria show great potential for producing PHA 
in a low-cost substrate, which can reduce PHA production 
costs because the cost of the substrate is the most important 
factor for PHA production. Due to the ability to use a wide 
range of substrates, B. thermoamylovorans may be more 

Fig. 1  Phylogenetic tree of 
six strains and their related 
microorganisms. The 16S rRNA 
gene sequence of the six strains 
was aligned using Molecular 
Evolutionary Genetics Analysis 
(MEGA X) software version 
X. The additional strains of the 
species B. thermoamylovorans 
were chosen for comparison. A 
phylogenetic tree was con-
structed using the neighbour-
joining method. The numbers 
on the tree indicate the percent-
ages of bootstrap sampling, 
derived from 1000 replications
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advantageous than a commercial PHA producer (Ralstonia 
eutropha or Pseudomonas putida) since it can use more 
diversified substrates and applications.

All strains were determined for their ability to grow at 
37–60 °C. The highest growth (0.80 ± 0.01 g/L) and PHA 
production (50.77% of the DCW) was observed in B. ther-
moamylovorans strain PHA005 at 45 °C (Fig. 2). A similar 
pattern was observed in all tested strains. Six isolates could 
grow at an optimum temperature of 45 °C able to survive 
up to a cultivation temperature of 50 °C and no growth was 
observed at 60 °C; hence, it is considered a moderately 
thermophilic bacterium. The result was in agreement with 

Combet-Blanc et al. [29], who found that the upper tem-
perature limit for B. thermoamylovorans growth is 60 °C. 
Thermotolerant bacteria are useful in industrial applica-
tions using a fermentation process. A seriously increasing 
of temperature in the recent year make a serious problem 
to fermentation process since high cost of cooling system 
was paid for sustaining the optimum temperature. There-
fore, the production of PHA by thermotolerant bacteria is of 
interest due to the economic and thermal advantages [30]. 
Moreover, cultivation of bacteria at > 45 °C decreases the 
contamination risk of other microorganisms because only a 
few microorganisms can grow under these temperatures [6].

Table 3  Biochemical activity 
of bacterial isolates including 
the ability to utilize different 
carbon and nitrogen sources and 
hydrolytic enzyme activity

(+) Positive response and (−) negative response

Biochemical 
characteris-
tics

Reaction Bacillus thermoamylovorans

PHA001 PHA003 PHA005 PHA007 PHA009 PHA012 DKPT

Lactose Utilization + + + + + + +
Xylose + + + + + + +
Maltose + + + + + + +
Fructose + + + + + + +
Dextrose + + + + + + +
Galactose + + + + + + +
Raffinose − − − − − − −
Trehalose + + + + + + +
Melibiose − − − − − − +
Sucrose + + + + + + +
l-Arabinose + + + + + + +
Mannose + + + + + + +
Inulin − − − − − − −
Gluconate + + + + + + +
Glycerol − − − − − − −
Salicin + + + + + + +
Dulcitol − − − − − − −
d-Arabinose − − − − − − −
Citrate − − − − − − −
Malonate − − − − − − −
Sorbose − − − − − − −
d-Glucoside + + + + + + +
Rhamnose + + + + + + +
Cellobiose + + + + + + +
Melezitose + + + + + + +
d-Mannoside − − − − − − −
Xylitol Utilization − − − − − − −
ONPG Detects 

β-galactosidase
− − − − − − +

Esculin Hydrolysis + + + + + + +
Inositol Utilization − − − − − − −
Sorbitol − − − − − − −
Mannitol − − − − − − −
Adonitol − − − − − − −
Arabitol − − − − − − −
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Cloning and Sequencing of PHA Synthase Gene of B. 
thermoamylovorans

PHA synthase gene of B. thermoamylovorans was also 
isolated and characterized. Dieffenbach and Dveksler [31] 
have been reported that PHA synthase genes possess high 
G+C contents. Therefore, DNA templates with a high G+C 
content usually hamper PCR amplification; the reagents 
formamide, glycerol, DMSO and betaine are often used as 
PCR additives to improve the PCR amplification of GC-
rich DNA sequences [18]. In this current study, DMSO was 
added to the PCR reaction mixture. Approximately, 400 bp 
of PhaC gene was obtained from PCR using CF1 and CR4 
primer. The size of PhaC was similar with the PhaC from 

Yang et al. [18] and Sheu et al. [19]. The PhaC from B. 
thermoamylovorans was compared with other Bacillus sp. 
phaC from B. thermoamylovorans showed similarities with 
other Bacillus sp. up to 91% (Table 4). The data suggested 
that Class I PHA synthase is the dominant type of PHA 
synthase in B. thermoamylovorans. However, there are some 
PCR clones were closer to the Class II PHA synthase (data 
not show). PHA synthases have been categorized into four 
major classes based on their primary sequences, substrate 
specificity, and subunit composition [32]. Class I comprises 
enzymes consisting of only one type of PhaC, which forms 
a homodimer, while Class II contains two types of syn-
thases, PhaC1 and PhaC2. Class III and IV synthases form 
heterodimers, comprising PhaC-PhaE and PhaC-PhaR, 

Fig. 2  Growth curve (a) and 
PHA production (b) of B. 
thermoamylovorans PHA005 
cultivated in nutrient-rich (NR) 
medium supplemented with 
sodium octanoate at indicated 
temperature
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respectively. Class I, III and IV synthases tend to favour 
short-chain-length (SCL) monomers comprising C3-C5 car-
bon chain lengths. A typical example of a C4 SCL monomer 
is (R)-3-hydroxybutyrate (3HB), and PhaC polymerizes the 
acyl moieties of 3-hydroxybutyryl-coenzyme A (3HB-CoA) 
to the high molecular weight PHA product poly-hydroxy-
butyrate (PHB). Class II synthases favour medium-chain-
length (MCL) monomers comprising C6-C14 carbon chain 
lengths, such as the C6 monomer 3-hydroxyhexanoate 
(3HHx) [33].

Production of PHA by Thermotolerant Isolated 
Bacteria Using Nutrient‑Rich (NR) Medium 
Supplemented with Sodium Octanoate

The production of PHA was observed in six isolated bac-
teria. Most of the isolates produced PHA during the log 
phase (48 h) in NR medium supplemented with 3.32 g/L 
sodium octanoate (Fig. 2). PHA production accumulated 
in B. thermoamylovorans varied from 29.44% of the DCW 
by PHA003 to 50.77% of the DCW by strain PHA005. 
The B. thermoamylovorans strain PHA005 gave the high-
est values for mcl-PHA production (50.77% of the DCW 
and 0.8 ± 0.01 g/L). GC analysis was used to determine the 
composition of PHA. In this current study, five remark-
able monomer was accumulated by B. thermoamylovorans 
PHA005 in medium supplemented with sodium octanoate: 
3HO, 3HD, 3-hydroxytetradecanoate (3HTD), 3-hydrox-
yhexadecanoic acid (3HHD), and 3-hydroxyoctadecanoic 
acid (3HOD) at 24.12, 15.50, 13.00, 39.25 and 8.13 mol%, 
respectively. Therefore, this indicated that PHA from B. 
thermoamylovorans PHA005 was mcl-PHA since it was 
composed of monomer units with 8–18 carbon atoms. Sha-
hid et al. [34] reported that the B. megaterium strain DSM 
509 produces mcl-PHA consisting of 3HB, 3-hydroxyvaler-
ate (3HV), 3HO, 3HD, 3HHD, and 3HTD using octanoic 

acid as the sole substrate. In this study, the production of 
mcl-PHA by B. thermoamylovorans PHA005 with a 3HHD 
monomer proportion as high as 39.25% and using sodium 
octanoate as a carbon source was reported for the first time. 
3HHD was first discovered by Singh and Mallick [35] in 
P. aeruginosa MTCC7925 when grown in palm oil cake, 
but only at 14.30 mol%. Gumel et al. [36] and Munawar 
et al. [37] reported 6.3 mol% 3HHD in P. putida Bet001 
grown in palmitic acid and palm kernel oil, respectively. 
Singh et al. [38] reported 2.70 mol% 3HHD in P. aerugi-
nosa MTCC7925 when grown in jatropha oil. Therefore, 
the current study is the first report of B. thermoamylovorans 
PHA005 producing mcl-PHA with a 3HHD monomer pro-
portion as high as 39.25% using sodium octanoate as a 
carbon source. Bacillus species have not been reported to 
accumulate the mcl-PHA monomer 3HHD in the produc-
tion medium. The HHD monomer of mcl-PHA is of special 
interest due to its good properties. Singh et al. [38] reported 
that the 3HHD monomer is elastomeric, biodegradable, and 
biocompatible, with low crystallinity and high elongation 
to break. Therefore, it shows great potential in a wide range 
of applications, especially biomedical applications where 
flexible biocompatible biomaterials are required.

The production of mcl-PHA from B. thermoamylo-
vorans strain PHA005 cultivated in NR medium contain-
ing 3.32 g/L of octanoate at pH 7 and 45 °C was also com-
pared with other research (Table 5). Polyhydroxybutyrate 
and scl-PHA were observed in B. megaterium, B. cereus, 
B. thuringiensis, and B. mycoides when cultivated in a 
medium containing glucose, decanoate, glycerol, fructose, 
sucrose, decanoic, and acetate as the sole substrate [22, 
39–42]. Sangkharak and Prasertsan [11] reported that the 
accumulation of poly (hydroxybutyrate-co-hydroxyvalerte) 
[P(HB-co-HV)], a copolymer of scl-PHA, was observed 
by B. cereus PHA008 when cultivated in a medium sup-
plemented with POME. P. thermotolerans SG4502 and 

Table 4  Similarities and 
differences of the PHA 
synthesis gene (phaC) products 
of Bacillus thermoamylovorans 
PHA005 to proteins of other 
Bacillus species

a The level similarity was determined by pairwise comparison to B. thermoamylovorans PHA005 genes by 
using the tblastX software
b The level identical amino acids was determined in comparison to B. thermoamylovorans PHA005 genes 
by a BLAST search using the tblastX software

Species or strain Length 
(base pair)

phaC Accession no

%Similaritya %Identityb

Bacillus thermoamylovorans PHA005 393 100 100 This study
Bacillus cereus m1550 384 91 90.59 EEK90425.1
Bacillus thuringiensis Bt407 377 91 90.59 EEM29883.1
Bacillus toyonensis 361 90 90.33 WP_098162256.1
Bacillus sp. G3(2015) 361 90 90.33 WP_058840099.1
Bacillus sp. RUTrin4 361 90 90.33 WP_079519174.1
Bacillus albus 361 90 90.31 WP_157409488.1
Bacillus wiedmannii 361 90 89.57 WP_098088975.1
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T. thermophiles HB8 produced a smaller amount of 
mcl-PHA (28.0 to 40.6% of the DCW) at 45 °C [2, 43] 
when compared to mcl-PHA from B. thermoamylovorans 
PHA-005 (50.77% of the DCW) (Table 5). Moreover, a 
different monomer composition was also observed. 3HB, 
3HH, 3HO, and 3HD monomers, the high 3HO mono-
mers (82.5 mol%) were accumulated by P. thermotolerans 
SG4502 using the BDF by-product as a substrate [2]. In 
addition, T. thermophiles HB8 was able to produce mcl-
PHA with a high proportion of 3HD monomers (35.0% of 
the DCW and 64.0 mol%), with sodium gluconate as a car-
bon source [42]. The production of PHA and the monomer 
composition may depend on the bacterial strain and the 
substrate. This study successfully isolated a thermotolerant 
bacterium producing a satisfactory amount of mcl-PHA 
(50.77% of the DCW) when grown in octanoate. Moreo-
ver, a high proportion of 3HHD monomers (39.25 mol%) 
from B. thermoamylovorans PHA005 has never been 
reported before. B. thermoamylovorans PHA005 is very 
interesting for industrial applications due to its thermotol-
erant characteristics and its ability to produce mcl-PHA. 

Conclusions

Fifteen strains of thermotolerant mcl-PHA-producing 
microorganisms were isolated from different environmental 
sources, with the temperature of each site from 26–85 °C. 
However, only six strains of bacteria produced PHA at a 
concentration of 0.41 ± 0.01 to 0.80 ± 0.01 g/L (correspond-
ing to a PHA content of 29.44 to 50.77% of the DCW). 
Of the six naturally promising strains, PHA005 was found 
to be the most efficient mcl-PHA producer. Bacterial strain 
PHA005 produced a high amount of mcl-PHA, with 50.77% 
of the DCW (0.80 ± 0.01 g/L) with 24.12, 15.50, 13.00, 
39.25, and 8.13 mol% of 3HO, 3HD, 3HTD, 3HHD, and 
3HOD unit fractions, respectively. The results of the 16S 
rRNA analysis indicated that all isolated PHA-producers 
were Gram-positive, belonging to the Firmicutes (Bacillus 
sp.). The 16S rRNA gene sequence analysis revealed that 
strain PHA005 was phylogenetically affiliated with the spe-
cies B. thermoamylovorans. The bacterium is a facultative 
anaerobe that can grow and produce PHA at an optimum 
temperature of 45 °C. B. thermoamylovorans PHA005 is a 
novel thermotolerant bacterium producing mcl-PHA. The 
production of mcl-PHA by B. thermoamylovorans PHA005 
with a 3HHD monomer proportion as high as 39.25% using 
sodium octanoate as a carbon source has never been reported 
before. The optimisation and characterisation of PHA, espe-
cially mcl-PHA, from B. thermoamylovorans strain PHA005 
under various substrates and environmental conditions will 
be presented in a future study.
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