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A B S T R A C T

This proof-of-concept study evaluates the thermophilic bacterium Caldibacillus thermoamylovorans PHA005 as a 
single-strain platform for the sequential conversion of coconut meal cellulose, a major by-product of coconut 
milk production, into polyhydroxybutyrate (PHB) without external hydrolytic enzymes. The strain exhibited 
pronounced endoglucanase activity, with CMCase peaking at 36 h and releasing up to 0.814 g/L reducing sugars 
within 72 h at 45 ◦C. Statistical optimization using Response Surface Methodology (RSM), employing the in 
situ–generated hydrolysate as the sole carbon source, increased PHB concentration from 0.12 to 0.16 g/L at 48 h, 
while PHB content rose from 17 to 26.4% of cell dry weight (CDW). Kinetic analysis showed that the specific 
growth rate (μ) increased from 0.0289 to 0.051 h− 1 and the specific PHB production rate (qₚ) from 0.00385 to 
0.00575 h− 1 under optimized conditions (pH 7.4, 45 ◦C, and 160 rpm). FTIR and DSC analyses confirmed the 
chemical identity and thermal properties of the extracted polymer, consistent with commercial PHB. A pre
liminary laboratory-scale assessment suggested an estimated unit production cost reduction of approximately 
25%. By integrating biomass saccharification and PHB biosynthesis within a single thermophilic strain, this 
approach simplifies process configuration and eliminates the need for external enzyme supplementation. The 
thermotolerant nature of PHA005 may further reduce cooling demand and contamination risk, supporting the 
development of a streamlined and potentially scalable bioplastic production strategy based on coconut residues.

1. Introduction

Plastics are widely used for their lightweight and excellent me
chanical properties, with global production projected to reach 760 
million tons by 2025 (Gross and Enck, 2021). Conventional disposal 
through incineration or landfilling causes long-term ecological damage, 
driving growing interest in biodegradable alternatives.

Biopolymers such as polyhydroxybutyrate (PHB), a member of the 
polyhydroxyalkanoate (PHA) family, are microbially synthesized stor
age polymers that readily degrade into water and carbon dioxide, of
fering a sustainable alternative to petrochemical plastics (De Donno 
Novelli et al., 2021). However, the high production cost of PHB remains 
a major barrier to industrial-scale implementation. This cost is largely 

driven by the use of refined carbon substrates, the need for chemical or 
enzymatic pretreatment of complex feedstocks, high energy inputs for 
sterilization and temperature control, and downstream recovery pro
cesses (Pérez et al., 2020). Consequently, the utilization of low-cost 
agricultural and agro-industrial residues rich in polysaccharides has 
emerged as a key strategy to improve the economic feasibility of PHA 
production while reducing environmental burdens.

Microorganisms of the genus Caldibacillus, commonly found in 
thermophilic and mesophilic composting environments, play important 
roles in cellulose and lignin degradation. Caldibacillus thermoamylovor
ans is a thermophilic, spore-forming bacterium capable of degrading 
diverse organic substrates under both aerobic and anaerobic conditions 
(Flint et al., 2017; Wushke et al., 2015), and certain strains have also 
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been reported to produce PHA (Choonut et al., 2020). Nevertheless, 
most reported cellulolytic or thermophilic PHA production systems rely 
on chemical and/or enzymatic hydrolysis of lignocellulosic substrates 
followed by separate fermentation steps (Hassan et al., 2025; Rehakova 
et al., 2023). In these systems, commercial cellulase cocktails are typi
cally required to generate fermentable sugars, substantially increasing 
process cost and complexity. As a result, truly integrated single-strain 
thermophilic systems that combine biomass depolymerization and 
PHA biosynthesis within a single organism remain scarce.

In this proof-of-concept study, a newly isolated strain, 
C. thermoamylovorans PHA005 (Choonut et al., 2020), was evaluated as a 
unified thermophilic biocatalyst for direct conversion of coconut meal 
cellulose into PHB through a single-strain, sequential process. Although 
the strain itself has been previously identified, its ability to couple in situ 
enzymatic saccharification of lignocellulosic biomass with intracellular 
PHB accumulation within a single thermophilic process has not been 
demonstrated. Accordingly, the novelty of this work lies in establishing 
C. thermoamylovorans PHA005 as an integrated thermophilic platform 
for biomass hydrolysis and PHB biosynthesis without the addition of 
commercial enzymes or multi-stage processing.

Although integrated thermophilic systems offer promising advan
tages in reducing process complexity and cost, production efficiency 
remains strongly influenced by environmental parameters such as 
temperature, pH, and aeration (Bolla et al., 2025). Statistical optimi
zation tools, particularly Response Surface Methodology (RSM), have 
been widely applied to enhance PHA production by identifying optimal 
cultivation conditions while minimizing experimental runs (Khamkong 
et al., 2022; Kumar Sachan et al., 2024). However, such systematic 
optimization has not yet been applied to thermophilic single-strain 
systems integrating biomass hydrolysis and PHB biosynthesis. There
fore, incorporating RSM into this study provides a rational approach to 
maximize PHB accumulation under thermophilic conditions. In addi
tion, the physicochemical properties of the produced polymer were 
characterized to confirm its identity and thermal behavior, including 
analysis by Fourier transform infrared spectroscopy (FTIR) and differ
ential scanning calorimetry (DSC).

This study systematically assessed cellulase production, in situ 
saccharification of coconut meal to release fermentable sugars, and 
subsequent intracellular PHB accumulation. Notably, PHA005 exhibits a 
dual functional capability by sequentially hydrolyzing lignocellulosic 
biomass and converting the released sugars into PHB using the same 
strain. By employing coconut meal, a regionally abundant residue from 
coconut milk processing and a major agro-industrial waste in Asia and 
Thailand (Sangkharak et al., 2020), this study demonstrates the poten
tial for sustainable conversion of coconut-processing residues into value- 
added biopolymers. This work provides a preliminary framework for 
sustainable thermophilic bioprocessing, supporting responsible pro
duction and consumption (SDG 12), climate mitigation (SDG 13), and 
sustainable terrestrial ecosystems (SDG 15).

2. Materials and methods

2.1. Bacterial strain

C. thermoamylovorans PHA005 used in this study was obtained from a 
previous investigation, in which thermotolerant PHA-producing bacte
ria were isolated from palm oil mill effluent (Choonut et al., 2020). 
According to the original report, PHA005 grows optimally at 45 ◦C and 
remains viable up to 60 ◦C, classifying it as a thermotolerant bacterium. 
In the present study, this strain was re-evaluated for its ability to func
tion under higher-temperature bioprocessing conditions (45 ◦C), 
focusing on cellulase production, in situ saccharification of coconut- 
meal cellulose, and subsequent PHB biosynthesis. This represents the 
first assessment of PHA005 for combined cellulolytic activity and PHB 
production from lignocellulosic biomass.

2.2. Preparation of coconut meal waste-derived cellulose

Coconut meal waste remaining after oil extraction was used as the 
lignocellulosic substrate. The solid coconut waste was first dried at 50 ◦C 
until a constant weight was reached. For alkaline pretreatment, 5 g of 
dried biomass was mixed with 100 mL of 50% (w/v) NaOH in a 500-mL 
Erlenmeyer flask and autoclaved at 121 ◦C for 40 min. After treatment, 
the mixture was filtered to separate the liquid fraction from the solid 
residue. The solid fraction was repeatedly washed with distilled water at 
room temperature until the pH became neutral, and then dried at 50 ◦C 
to constant weight (Sangkharak et al., 2020). The pretreated cellulose- 
rich material was subsequently used as the substrate for enzymatic 
saccharification by PHA005.

2.3. Bacterial cultivation and enzyme preparation

2.3.1. Cultivation for enzyme production
C. thermoamylovorans PHA005 was inoculated into a basal medium 

containing (g/L): yeast extract 3, peptone 5, NaCl 5, and carboxymethyl 
cellulose (CMC) 10 as the inducer substrate. The culture was incubated 
at 45 ◦C with shaking at 150 rpm for 36 h (previously published, 2020), 
based on preliminary tests showing peak CMCase activity at this time. 
After incubation, the culture was centrifuged at 8000 ×g for 10 min at 
4 ◦C. The resulting supernatant was collected as the crude enzyme 
preparation and used immediately for cellulase activity assays.

2.3.2. Endoglucanase (CMCase) activity assay
CMCase activity was determined using the DNS method. Briefly, 0.5 

mL of crude enzyme was mixed with 0.5 mL of 1% (w/v) CMC in 50 mM 
phosphate buffer (pH 7.0) and incubated at 50 ◦C for 30 min. The re
action was stopped by adding DNS reagent, boiled for 5 min, cooled, and 
then diluted with distilled water. Reducing sugars released were quan
tified spectrophotometrically at 540 nm using a glucose standard curve. 
One unit (U) of CMCase activity was defined as the amount of enzyme 
releasing 1 μmol of glucose equivalents per minute under the assay 
conditions.

2.3.3. Total cellulase (FPase) activity assay
FPase activity was determined using a Whatman No. 1 filter paper 

strip (1 × 6 cm) as the substrate. The reaction mixture contained 0.5 mL 
of crude enzyme and 1 mL of 50 mM citrate buffer (pH 4.8) with the 
filter paper strip. After incubation at 50 ◦C for 60 min, the reaction was 
stopped by adding 3 mL of DNS reagent, boiled for 5 min, cooled, and 
diluted with distilled water. Reducing sugars released were measured at 
540 nm. One unit (U) of FPase activity was defined as the amount of 
enzyme releasing 1 μmol of glucose equivalents per minute from the 
filter paper under the assay conditions (Kadoguchi et al., 2024; Triola, 
2008).

2.4. In situ saccharification of coconut-derived cellulose

For enzymatic saccharification, C. thermoamylovorans PHA005 was 
first cultivated in basal medium at 45 ◦C and 150 rpm for 48 h. The 
culture was then centrifuged at 8000 ×g for 10 min at 4 ◦C, and the cell 
pellet was washed twice with sterile distilled water and resuspended to 
an optical density at 600 nm (OD₆₀₀) of 1.0, measured using a UV–Vis 
spectrophotometer (Model V-5100, Metash Instruments Co., Ltd.).

Enzymatic hydrolysis of coconut-derived cellulose was performed 
following the method of Liu et al. (2012). Briefly, 2% (w/v) pretreated 
cellulose was suspended in 50 mL of 50 mM citric acid/sodium citrate 
buffer (pH 4.8) in 100-mL Erlenmeyer flasks. The resuspended PHA005 
cells were added at 10% (v/v) inoculum, and the mixture was incubated 
at 45 ◦C with shaking at 150 rpm for 120 h (Liu et al., 2012). Aliquots 
were withdrawn at 24-h intervals, centrifuged at 10,000 ×g for 10 min, 
and the supernatant was stored at 4 ◦C. Reducing sugars released during 
saccharification were measured using the DNS method. Since the 
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inoculum was prepared from CMC-induced cultures as described in 
Section 2.3, a basal level of extracellular cellulase activity may have 
been present at the beginning of the saccharification experiment due to 
enzyme carryover. Therefore, the activity detected at 0 h represents pre- 
existing enzymes rather than de novo enzyme synthesis during the 
saccharification period.

2.5. Baseline PHB production

The hydrolysate obtained after 72 h of enzymatic saccharification 
(section 2.4) was adjusted to pH 7 and sterilized at 121 ◦C for 10 min 
prior to use as the sole carbon source for PHB production. PHA005 was 
inoculated at 10% (v/v) into 100 mL of hydrolysate medium in 250-mL 
Erlenmeyer flasks and cultivated at 45 ◦C with agitation at 150 rpm for 
120 h.

Samples were collected every 24 h to determine cell dry weight 
(CDW), PHB concentration (g/L), and PHB content (%CDW). The time- 
course data were used to evaluate biomass formation and intracellular 
polymer accumulation under non-optimized conditions. These results 
served as baseline information for subsequent process optimization.

2.6. Process optimization by response surface methodology (RSM)

Based on the baseline production results, process optimization was 
performed to enhance PHB accumulation using RSM. A Central Com
posite Design (CCD) with three independent variables was employed. 
The variables selected were incubation temperature (25–50 ◦C), initial 
pH (5–9), and agitation rate (50–250 rpm) (Table 1) (Choonut et al., 
2020).

The selection of these variables was based on their strong influence 
on microbial growth and PHB biosynthesis. Temperature affects meta
bolic activity and enzyme stability. Since PHA005 is a thermotolerant 
strain with optimal growth around 45 ◦C, a broad range was evaluated to 
assess production flexibility. Initial pH influences enzyme activity, 
nutrient availability, and overall cellular metabolism. Agitation rate was 
included due to its effect on oxygen transfer, which may influence 
intracellular PHB accumulation (Bolla et al., 2025).

A total of 17 experimental runs, including five center points, were 
generated using Design-Expert software (v13, StatEase Inc., USA). Each 
experimental unit consisted of hydrolysate medium inoculated with 
10% (v/v) active culture and incubated under the specified experimental 
conditions for 48 h. The cultivation time for RSM experiments was fixed 
at 48 h based on preliminary kinetic analysis indicating that significant 

PHB accumulation occurred within this period.
PHB content (%CDW) was selected as the primary response variable 

for model development. Experimental data were fitted to a second-order 
polynomial model, and the statistical significance of linear, quadratic, 
and interaction terms was evaluated using analysis of variance (ANOVA) 
at a 95% confidence level. Model adequacy was assessed by the coeffi
cient of determination (R2), adjusted R2, and the lack-of-fit test.

The predicted optimal conditions were experimentally validated in 
triplicate. In confirmation experiments, CDW, PHB concentration (g/L), 
and PHB content (%) were determined and compared with model- 
predicted values within the 95% prediction interval.

2.7. Analytical methods

2.7.1. Determination of biomass (CDW)
Cell biomass was harvested by centrifugation at 8000 ×g for 10 min, 

washed twice with distilled water, and dried at 60 ◦C to constant weight. 
The CDW was recorded, and the true cell concentration was calculated 
by subtracting the PHB content from the total dry biomass.

2.7.2. PHB extraction and quantification
Dried cell biomass was extracted with chloroform under agitation at 

60 ◦C for 12 h to dissolve intracellular PHB. The chloroform phase was 
separated by filtration and concentrated by evaporation. PHB was 
precipitated by the addition of cold methanol (1:3, v/v), collected by 
filtration, and washed with methanol to remove residual impurities. The 
purified polymer was dried to constant weight and quantified gravi
metrically. PHB content was expressed as percentage of cell dry weight 
(PHB, % CDW).

Polymer identity was confirmed by FTIR using samples obtained 
under baseline cultivation conditions to verify the presence of charac
teristic PHB functional groups. As the carbon source and biosynthetic 
pathway remained unchanged throughout the optimization experi
ments, additional FTIR analyses were not performed for all RSM runs. 
Instead, the thermal properties of PHB produced under optimized con
ditions were evaluated by DSC (Rigaku Thermo Plus EVO2). The sample 
was heated from room temperature to 200 ◦C at 10 ◦C min− 1 under a 
nitrogen atmosphere to determine the melting temperature and thermal 
stability.

2.7.3. Kinetic parameter calculation
The kinetics of PHB production were analyzed using time-course 

data obtained under both baseline and optimized conditions to eval
uate the impact of process optimization on growth and polymer accu
mulation behavior.

2.7.3.1. Specific growth rate (μ, h− 1). The specific growth rate repre
sents the exponential growth rate of the biomass during the cultivation 
period and was calculated as: 

μ = [lnX − lnX0]/Δt 

where: X0 = initial biomass concentration (g/L), X = final biomass 
concentration (g/L) and Δt = time interval (h) between the two 
measurements.

2.7.3.2. Steady PHB production rate (qp, h− 1). The steady PHB produc
tion rate indicates the rate of polymer accumulation per hour during the 
cultivation period and was calculated using the linear portion of the PHB 
accumulation curve: 

qp = ΔP
/

Δt 

where: ΔP = P − P0 is the change in PHB concentration (g/L), and Δt is 
the corresponding time interval (h).

Table 1 
Central composite design (CCD) matrix for optimization of PHB production.

Run Temperature (◦C) pH Agitation (rpm) PHB content (% CDW)

1 50.0 9.0 150 18.46
2 37.5 9.0 250 15.71
3 37.5 7.5 150 24.00
4 37.5 6.0 50 11.02
5 37.5 7.5 150 26.67
6 25.0 7.5 50 8.46
7 50.0 6.0 150 17.14
8 37.5 6.0 250 12.22
9 25.0 9.0 150 6.32
10 25.0 6.0 150 7.91
11 37.5 9.0 50 14.12
12 37.5 7.5 150 27.50
13 25.0 7.5 250 9.92
14 37.5 7.5 150 24.44
15 50.0 7.5 250 27.50
16 50.0 7.5 50 21.82
17 37.5 7.5 150 24.41

Note: The experimental design consisted of a three-factor CCD including facto
rial, axial, and center points. The center point (37.5◦C, pH 7.5, 150 rpm) was 
replicated five times to estimate pure experimental error. PHB content is 
expressed as percentage of CDW.
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2.7.3.3. Substrate-normalized yield (Yₚ/ₛ, g/g). The substrate- 
normalized yield reflects the efficiency of sugar conversion into PHB: 

YP/S = P
/
S 

where: P = PHB concentration (g/L) and S = total sugar consumed 
during the cultivation (g/L). The yield in this study was 0.23 g PHB per g 
sugar, indicating efficient conversion of coconut hydrolysate sugars into 
PHB by PHA005.

2.8. Statistical analysis

All experiments were performed in triplicate, and results are pre
sented as mean ± standard deviation. For the RSM experiments, statis
tical analysis was conducted using Design-Expert software (version 13, 
Stat-Ease Inc., USA). The significance of the regression model and in
dividual terms was evaluated by analysis of variance (ANOVA) at a 95% 
confidence level (p < 0.05). Differences between baseline and optimized 
conditions were assessed using one-way ANOVA, with statistical sig
nificance accepted at p < 0.05.

3. Results and discussion

3.1. Hydrolytic capacity and cellulase production

The cellulolytic capacity of C. thermoamylovorans PHA005 was 
evaluated on CMC, revealing a hydrolytic capacity (HC) of 5.71 ± 0.23. 
FPase activity, representing total cellulase, initially reached 0.565 ±
0.020 U/mL and gradually declined to 0.314 ± 0.006 U/mL by 96 h. In 
contrast, CMCase activity, indicative of endo-acting cellulase, increased 
from 0.771 ± 0.009 U/mL at 0 h to a peak of 1.530 ± 0.066 U/mL at 36 
h before decreasing to 0.753 ± 0.028 U/mL at 96 h. The detectable 
activity at 0 h reflects baseline extracellular enzymes carried over from 
the CMC-induced preculture (Section 2.3), rather than newly synthe
sized enzymes during the monitored incubation period (Sulyman et al., 
2020). Consequently, the CMCase/FPase ratio increased from 1.365 to 
3.367 at 72 h (Fig. 1), indicating a predominance of endoglucanase 
activity during the later stages of cultivation.

The different temporal profiles of FPase and CMCase indicate that 
endoglucanase activity was more sustained than total cellulase activity 

during cultivation. While FPase continuously declined after reaching its 
maximum, CMCase activity remained relatively high until 36 h before 
decreasing at later time points. This suggests that strain PHA005 pref
erentially maintains endoglucanase activity under thermophilic condi
tions, which is particularly important for the hydrolysis of amorphous 
regions of cellulose. Similar trends have been reported for thermophilic 
Bacillus-related cellulolytic strains, where endoglucanase plays a domi
nant role in initial cellulose depolymerization (Shyaula et al., 2023).

3.2. Cellulase production using coconut meal cellulose

The cellulase production of C. thermoamylovorans PHA005 was 
evaluated on cellulose extracted from coconut meal biomass, reflecting 
its ability to hydrolyze lignocellulosic residues under thermophilic 
conditions (Fig. 2). FPase activity started at 0.203 ± 0.010 U/mL and 
peaked at 0.350 ± 0.010 U/mL at 12 h, before gradually declining to 
0.112 ± 0.012 U/mL at 96 h. CMCase activity followed a similar pattern, 
peaking at 0.528 ± 0.039 U/mL at 12 h and decreasing to 0.090 ±
0.011 U/mL at 96 h. The CMCase/FPase ratio fluctuated from 1.717 at 0 
h to a maximum of 2.253 at 36 h, indicating a predominance of endo
glucanase activity during the mid-phase of cultivation, important for 
breaking down amorphous cellulose.

Compared to CMC, overall enzyme activities were lower on coconut 
meal cellulose, likely due to its complex lignocellulosic structure in 
which cellulose is embedded within lignin and hemicellulose, limiting 
enzyme accessibility, as the chemical and physical properties of cellu
lose strongly influence enzymatic degradability (Erdal and Hakkarainen, 
2022). Nevertheless, PHA005 efficiently hydrolyzed the biomass during 
the first 36–48 h, indicating its capacity to initiate saccharification of 
recalcitrant substrates.

Notably, the earlier peak of CMCase activity observed on coconut 
meal–derived cellulose, relative to CMC, may be attributed to the 
presence of low-molecular-weight soluble sugars and oligosaccharides 
released during alkaline pretreatment and early hydrolysis, which can 
act as inducers of cellulase expression. Cellulase synthesis is known to be 
inducible by cellulose-derived compounds such as cellobiose and soph
orose, whereas CMC requires initial enzymatic depolymerization before 
sufficient inducers accumulate, resulting in a delayed maximum in 
CMCase activity (Kaur et al., 2006).

Fig. 1. Time profiles of FPase and CMCase activities of strain PHA005 during cultivation on carboxymethyl cellulose. Error bars represent standard deviation (n = 3).
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3.3. Reducing sugar release from coconut meal cellulose

The enzymatic activity of C. thermoamylovorans PHA005 was re
flected in measurable reducing sugar accumulation from coconut meal 
cellulose (Fig. 3). The reducing sugar concentration gradually increased 
from 0.693 ± 0.010 g/L at 0 h to a peak of 0.814 ± 0.012 g/L at 72 h, 
corresponding to a yield of 14.284 ± 0.209 mg-RS/g-cellulose. After the 
peak, sugar levels slightly decreased to 0.741 ± 0.005 g/L at 120 h, 
suggesting partial utilization of the released sugars or minor degradation 
over time.

The accumulation of reducing sugars correlated with the measured 
FPase and CMCase activities, confirming that PHA005 effectively hy
drolyzed accessible cellulose fractions. The slower sugar release during 
the early phase reflects the recalcitrant nature of lignocellulosic 
biomass, where cellulose is embedded within lignin and hemicellulose 
matrices (Troiano and Studer, 2025). The peak sugar concentration at 

72 h indicates the optimal harvesting time for maximal recovery. It 
highlights the strain's potential for enzymatic saccharification of agri
cultural residues in a single-strain, thermophilic process, supporting the 
proof-of-concept for biomass-to-bioplastic conversion.

3.4. Baseline PHB production

The PHB production by C. thermoamylovorans PHA005 using coconut 
meal cellulose–derived hydrolysate demonstrated that the strain can 
effectively convert lignocellulosic sugars into intracellular biopolymer. 
Biomass accumulation (CDW) reached a maximum of 1.30 ± 0.01 g/L at 
96 h. PHB content peaked earlier at 48 h (17 ± 0.04%) and slightly 
decreased to 15.00 ± 0.08% at 96 h (Fig. 4). Correspondingly, PHB 
concentration increased from 0.12 g/L at 48 h to a maximum of 0.19 ±
0.01 g/L at 96 h, primarily due to continued biomass accumulation. 
These results suggest that PHB synthesis was predominantly growth- 

Fig. 2. Time profiles of FPase and CMCase activities of strain PHA005 during cultivation on coconut meal cellulose. Error bars represent standard deviation (n = 3).

Fig. 3. Time profile of reducing sugar production from coconut meal cellulose hydrolyzed by strain PHA005. Error bars represent standard deviation (n = 3).
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associated, with intracellular polymer accumulation occurring during 
the active growth phase. Although the volumetric PHB concentration 
was highest at 96 h, 48 h was selected as the optimal production time 
because it provided higher intracellular PHB content together with a 
substantially shorter cultivation period, thereby improving overall 
process productivity and operational efficiency.

The moderate specific growth rate (μ = 0.0289 h− 1) and consistent 
PHB production rate (qₚ = 0.00385 h− 1) suggest that although the strain 
actively metabolizes mixed sugars from the hydrolysate, minor inhibi
tory compounds or substrate complexity may limit rapid growth, a 
behavior widely reported in PHA/PHB-producing strains grown on 
lignocellulosic substrates, including thermophilic and mesophilic or
ganisms (Allegue et al., 2021; Hassan et al., 2025; Zhou et al., 2025). The 
relatively stable biomass-based PHB yield (0.146–0.162 g/g CDW) and 

substrate-normalized yield (Yₚ/ₛ = 0.23 g/g sugar) highlight that co
conut meal cellulose hydrolysate serves as a viable carbon source for 
polymer biosynthesis, comparable to yields reported for thermophilic 
Aneurinibacillus spp. and Caldimonas thermodepolymerans cultivated on 
complex polysaccharides (Rehakova et al., 2023; Zhou et al., 2025).

FTIR spectroscopy further supported the identification of the poly
mer as PHB, showing characteristic functional groups of PHB, including 
a strong ester carbonyl band near 1720 cm− 1 and C–O–C stretching vi
brations in the range of 1050–1250 cm− 1 (Fig. 5A). As shown in Fig. 5B, 
the absorbance intensity of the C––O peak of the polymer extracted from 
PHA005 (0.228) was lower than that of commercial PHB (0.444), which 
is consistent with the lower intracellular polymer content obtained from 
the culture (17% CDW). However, the absorbance intensities of the 
C–O–C stretching peaks at 1279 cm− 1 (0.154) and 1100 cm− 1 (0.124) 

Fig. 4. Time profiles of cell dry weight (CDW), PHB concentration, and PHB content of strain PHA005 cultivated on coconut meal cellulose–derived hydrolysate. 
CDW and PHB concentration (g/L) are plotted on the left Y-axis, while PHB content (%) is plotted on the right Y-axis. Error bars represent standard deviation (n = 3).

Fig. 5. FTIR spectra (A) and normalized absorbance intensities of key PHB functional groups (C––O at 1720 cm− 1, C–O–C at 1279 and 1100 cm− 1) comparing 
PHA005-produced polymer and commercial PHB (B).
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were comparable to those of the PHB standard (0.271 and 0.123, 
respectively), indicating that the ester backbone structure of PHB was 
correctly formed. No additional peaks associated with medium-chain- 
length or copolymer PHA structures were observed, suggesting that 
the accumulated polymer was predominantly a PHB homopolymer.

In addition, PHB is the most commonly reported PHA type produced 
by members of the Bacillaceae and related thermophilic genera when 
grown on sugars or carbohydrate-rich substrates, as their PHA biosyn
thesis is typically dominated by the β-ketothiolase (PhaA), acetoacetyl- 
CoA reductase (PhaB), and PHB synthase (PhaC) (PhaA–PhaB–PhaC) 
pathway leading to PHB (Sooksawat et al., 2025). The use of cellulose- 
derived sugars as the main carbon source in this study, therefore, 
further supports that PHB, rather than other PHA types, was preferen
tially accumulated by C. thermoamylovorans PHA005.

These spectral features closely matched those of a commercial PHB 
standard, confirming that the polymer produced from coconut meal 
cellulose–derived sugars exhibits the characteristic functional groups of 
PHB. Moreover, the FTIR profiles and relative band intensities are 
consistent with previous reports identifying PHB as the dominant 
intracellular polymer produced from lignocellulosic hydrolysates 
(Hassan et al., 2025), supporting the biological feasibility of PHB 
biosynthesis from coconut meal–derived sugars under thermophilic 
conditions. These results demonstrate the feasibility of integrating 
enzymatic saccharification and PHB biosynthesis in a single thermo
philic strain as a proof-of-concept strategy for valorizing coconut- 
processing residues into biopolymer precursors. This approach aligns 
with recent strategies for valorizing lignocellulosic agro-forestry resi
dues (Li et al., 2025).

Despite successful PHB production under baseline conditions, the 
moderate accumulation level indicates that further optimization of 
cultivation parameters is required to enhance polymer yield. Therefore, 
RSM was applied to systematically evaluate the interactive effects of 
temperature, pH, and agitation rate on PHB production.

3.5. Process optimization by RSM

3.5.1. Model adequacy and statistical validation
To enhance PHB accumulation, RSM based on a CCD was employed 

to evaluate the combined effects of temperature (A), pH (B), and 
agitation rate (C) on PHB content (% of CDW). A second-order quadratic 
polynomial model was fitted to the experimental data. The ANOVA re
sults demonstrated that the model was highly significant (F = 22.51, p =
0.0002), confirming that the regression adequately explained the vari
ability in PHB production (Supplementary Table 1). The coefficient of 
determination (R2 = 0.9666) indicated that 96.66% of the variation in 
PHB content was explained by the model, while the adjusted R2 (0.9237) 
showed good agreement, confirming model reliability. Although the 
predicted R2 (0.6259) was lower than the adjusted R2, this discrepancy 
may be attributed to the limited number of experimental runs inherent 
to the CCD design and possible experimental variability (Supplementary 
Table 2). Nevertheless, the model remained statistically acceptable for 
optimization within the studied design space within the studied design 
space, particularly for process navigation rather than precise prediction 
outside the experimental domain.

The lack-of-fit test was not significant (p = 0.1824), indicating that 
the model adequately represented the experimental data. Furthermore, 
the adequate precision value (12.64), which exceeded the threshold 
value of 4, confirmed an adequate signal-to-noise ratio and the suit
ability of the model for navigation within the experimental domain. 
Collectively, these statistical indicators demonstrate that the quadratic 
model is robust and reliable for predicting PHB accumulation under the 
investigated conditions.

3.5.2. Effect of temperature (A)
Among the linear terms, temperature exerted the most significant 

influence on PHB production (p < 0.0001) with the highest F-value 

(81.18), identifying it as the dominant factor. This finding aligns with 
previous studies demonstrating that temperature strongly affects mi
crobial metabolic activity and PHA accumulation kinetics. Mohanrasu 
et al. reported maximal PHB production by Bacillus megaterium at 37 ◦C, 
whereas higher temperatures reduced polymerase enzyme activity 
(Mohanrasu et al., 2020). Similarly, Fernández et al. observed signifi
cantly higher PHA productivity at 30 ◦C compared to 18 ◦C in Pseudo
monas aeruginosa (Fernández et al., 2005). However, optimal 
temperature is highly strain-dependent. Mascarenhas reported 
maximum PHA yield at 28 ◦C for B. megaterium JHA (Mascarenhas, 
2021), whereas Ensifer sp. HD34 showed reduced growth and PHA 
accumulation at 45 ◦C due to possible thermal inactivation of key 
biosynthetic enzymes (Khamkong et al., 2022). In contrast, thermophilic 
bacteria such as Bacillus thermoamylovorans can grow optimally at 50 ◦C 
and tolerate up to 58 ◦C (Coorevits et al., 2011), emphasizing the 
species-specific nature of thermal tolerance. From a biochemical 
perspective, moderate temperature elevation enhances substrate solu
bility, diffusion coefficients, and enzymatic reaction rates, potentially 
improving metabolic flux toward PHB synthesis. However, exceeding 
the optimal threshold can disrupt membrane stability, protein confor
mation, and enzymatic integrity, leading to reduced biomass formation 
and polymer accumulation (Asad-ur-Rehman et al., 2016). Therefore, 
the significant temperature effect observed in this study reflects a bal
ance between enhanced metabolic kinetics and thermal stress on cellular 
physiology, as further illustrated by the response surface plots (Fig. 6A 
and 6B).

3.5.3. Effect of pH (B)
Although the linear effect of pH was not statistically significant, the 

quadratic term (B2) was highly significant (p < 0.0001), indicating that 
PHB production is strongly dependent on a narrow optimal pH range 
rather than following a simple linear relationship. This curvature sug
gests that even small deviations from the optimum substantially alter 
metabolic activity and carbon partitioning toward PHB biosynthesis. 
Such behavior is consistent with enzyme-mediated processes, where 
catalytic efficiency is highly sensitive to proton concentration. Previous 
studies frequently report neutral pH as optimal for PHA production. 
Mohammed et al. demonstrated maximum PHA production by Bacillus 
cereus at pH 7.0 (Mohammed et al., 2020), while Bacillus thuringiensis 
also exhibited peak productivity near neutral conditions (Odeniyi and 
Adeola, 2017). Mechanistically, pH influences enzyme conformation, 
catalytic activity, membrane transport systems, redox balance, and 
intracellular homeostasis (Wei et al., 2011). Deviation from the optimal 
pH may activate degradative enzymes or depolymerases, resulting in 
simultaneous PHB synthesis and consumption. Additionally, pH fluctu
ations can alter metabolic flux distribution and polymer composition 
(Villano et al., 2010). The pronounced quadratic response observed here 
confirms that precise pH control is critical for maximizing PHB pro
duction and that optimal pH is strain-specific rather than universally 
neutral. The curvature of the response is also evident from the elliptical 
contour patterns observed in the interaction plots (Fig. 6A and 6C), 
supporting the existence of a narrow optimal pH range.

3.5.4. Effect of agitation rate (C)
The linear effect of agitation rate was not statistically significant; 

however, its quadratic term was significant, suggesting the presence of 
an optimal region. Although agitation is a mechanical parameter, it 
plays a fundamental physiological role through its influence on oxygen 
transfer and dissolved oxygen (DO) levels. Oxygen availability is a 
critical determinant of microbial growth and PHA biosynthesis. Previous 
studies have demonstrated that oxygen limitation may enhance PHA 
accumulation, whereas higher aeration primarily promotes biomass 
formation (Madhusoodanan et al., 2022; Shantini et al., 2015). In aer
obic PHA-producing bacteria, oxygen serves as the terminal electron 
acceptor, directly influencing ATP generation and carbon flux distribu
tion. Under oxygen-sufficient conditions, carbon substrates are 
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preferentially directed toward cell growth. In contrast, moderate oxygen 
limitation can redirect excess carbon toward intracellular PHB storage to 
maintain redox balance. Excessively high agitation may also introduce 
shear stress and elevated oxygen transfer rates that reduce metabolic 
stress conditions necessary for polymer accumulation. Conversely, 
insufficient agitation can create oxygen gradients, nutrient heteroge
neity, and cell aggregation, limiting both growth and polymer synthesis 
(Serafim et al., 2008). The quadratic trend observed in this study, 
therefore, reflects the balance between adequate oxygen supply for cell 
viability and controlled metabolic stress to stimulate PHB accumulation. 
This behavior is consistent with the contour profiles shown in Fig. 6B 
and 6C, where PHB accumulation increased within an intermediate 
agitation range before declining at higher levels.

3.5.5. Response surface analysis and optimal region
All quadratic terms (A2, B2, and C2) were statistically significant (p <

0.01), indicating curvature in the response surface and the presence of a 
well-defined optimal region. In contrast, the interaction terms (AB, AC, 
and BC) were not significant, suggesting that individual quadratic 

contributions exerted greater influence than factor interactions within 
the studied domain. The final quadratic regression model in terms of 
coded factors was expressed as:

PHB content = 25.41+6.54A+ 0.79B+1.24C+0.73AB+1.06AC   

+0.09BC − 4.65A2 − 8.31B2 − 3.84C2.

The positive linear coefficient of temperature indicates enhanced 
PHB accumulation within the experimental range, whereas the negative 
quadratic coefficients reflect the existence of a maximum response 
within the investigated design space. Three-dimensional response sur
face and contour plots (Fig. 6) exhibited elliptical patterns, further 
supporting the quadratic nature of the model.

Based on the model prediction, the highest PHB content (approxi
mately 26–27% of CDW) was obtained at a temperature of 45 ◦C, pH 
around 7.4, and agitation between 160 rpm. From a bioprocess engi
neering perspective, these conditions indicate that PHB accumulation is 
favored under moderately elevated temperature, near-neutral pH, and 
controlled aeration. This observation is consistent with previous reports 

Fig. 6. Response surface and contour plots showing the effects of process variables on PHB content (% of CDW): (A) interaction between temperature and pH; (B) 
interaction between temperature and agitation rate; and (C) interaction between pH and agitation rate. The red regions indicate the predicted maximum PHB 
accumulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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emphasizing the critical roles of temperature, pH stability, and oxygen 
availability in regulating PHA biosynthesis (Madhusoodanan et al., 
2022; Mohammed et al., 2020; Mohanrasu et al., 2020). The optimiza
tion outcome highlights the importance of balancing metabolic activity 
and environmental stress to strategically decouple biomass formation 
from polymer storage, a phenomenon widely observed under controlled 
oxygen limitation strategies (Serafim et al., 2008).

3.5.6. Confirmation experiment
To validate the adequacy of the developed RSM model, a confirma

tion experiment was performed under the optimal conditions predicted 
within the experimental design space. The selected solution corre
sponded to the highest predicted PHB production. The predicted optimal 
conditions were incubation time of 48 h, temperature of 45 ◦C, pH 7.4, 
and agitation rate of 160 rpm. Under these conditions, the model pre
dicted a PHB content of 27.71% of CDW. The validation experiment was 
conducted in triplicate (n = 3), yielding an experimental PHB content of 
26.4 ± 1.05% of CDW. This value was in close agreement with the 
predicted response. The 95% prediction interval (PI) ranged from 
24.15% to 31.27%, and the experimentally obtained value fell well 
within this interval, confirming the reliability and predictive capability 
of the quadratic model. The relative error between predicted and 
experimental values was approximately 3.3%, indicating good model 
accuracy and suitability of RSM for process optimization. Overall, the 
confirmation test verified that the developed model can reliably predict 
PHB production within the studied range of process variables. The close 
agreement between predicted and experimental values demonstrates the 
robustness of the model and confirms its applicability for scale-up and 
further process development.

To further characterize culture performance under the optimized 
condition, key kinetic parameters were determined. The specific growth 
rate (μ) reached 0.051 h− 1 compared with 0.0289 h− 1 under the non- 
optimized condition. Similarly, the specific PHB production rate (qₚ) 
increased to 0.00575 h− 1. In contrast, the yield coefficient (Yₚ/ₛ) 
decreased slightly to 0.196 g/g, suggesting that although polymer 
accumulation accelerated, substrate conversion efficiency toward PHB 
formation was marginally reduced (Ali et al., 2024). These kinetic trends 
indicate enhanced metabolic activity under the optimized environ
mental conditions.

DSC analysis was performed to evaluate the thermal properties of the 
extracted polymer (Supplementary Fig. 1). The thermogram exhibited a 
single sharp endothermic peak corresponding to the melting transition 
of PHB. The onset, peak melting temperature (Tm), and endset tem
peratures were 167.1 ◦C, 175.6 ◦C, and 180.1 ◦C, respectively. The 
melting enthalpy (ΔHm) was 74.01 J/g. The observed melting temper
ature falls within the typical range reported for PHB (170–180 ◦C) 
(Mandragutti et al., 2024; Pradhan et al., 2018), confirming the for
mation of a highly crystalline polymer. Based on the theoretical 
enthalpy of fusion of 146 J/g for 100% crystalline PHB (Pradhan et al., 
2018), the degree of crystallinity was estimated to be approximately 
51%. These results indicate that the produced PHB possessed good 
thermal stability and crystallinity comparable to previously reported 
PHB materials.

3.6. Comparison of PHB production before and after optimization

To evaluate the effectiveness of the optimization strategy, PHB 
production performance under baseline and optimized conditions was 
compared (Table 2). Under the initial condition (45 ◦C, pH 7.0, 150 
rpm), PHB content reached 17% of CDW with a PHB concentration of 
0.12 g/L after 48 h. Following optimization (45 ◦C, pH 7.4, 160 rpm), 
PHB content increased markedly to 26.4% of CDW, while PHB concen
tration increased to 0.16 g/L. This represents an approximately 59% 
increase in intracellular PHB content and a 33% increase in PHB con
centration. Kinetic analysis further revealed that the specific growth rate 
(μ) increased from 0.0289 h− 1 to 0.051 h− 1, and the specific PHB 

production rate (qₚ) increased from 0.00385 h− 1 to 0.00575 h− 1 under 
optimized conditions. Although the yield coefficient (Yₚ/ₛ) slightly 
decreased from 0.23 g/g to 0.196 g/g, the enhanced growth and pro
duction rates indicate improved metabolic activity and carbon flux to
ward PHB biosynthesis.

Overall, these results demonstrate that RSM-based optimization 
significantly enhanced PHB accumulation and overall process perfor
mance. The slight reduction in CDW and Yₚ/ₛ after optimization may be 
attributed to a metabolic shift favoring intracellular PHB accumulation 
rather than biomass formation under the optimized conditions. Such 
redistribution of carbon flux toward polymer storage has been 
commonly reported in PHA-producing systems (Anderson and Dawes, 
1990; Khanna and Srivastava, 2005) and does not necessarily indicate 
reduced process efficiency.

3.7. Relationship between cellulase activity, sugar utilization, and PHB 
biosynthesis

3.7.1. Logical explanation: enzyme → sugar → PHB
The temporal patterns of cellulase activity, reducing sugar release, 

and PHB accumulation indicate a sequential relationship between 
biomass hydrolysis and polymer biosynthesis. Elevated CMCase and 
FPase activities during the early cultivation phase promoted cellulose 
depolymerization, resulting in the gradual accumulation of soluble 
sugars in the hydrolysate. These sugars were subsequently assimilated 
by C. thermoamylovorans PHA005, supporting biomass growth and 
intracellular PHB synthesis, as commonly observed in cellulolytic PHA/ 
PHB-producing systems utilizing lignocellulosic substrates (Allegue 
et al., 2021; Hassan et al., 2025; Rehakova et al., 2023; Zhou et al., 
2025).

The peak PHB content observed at 48 h coincided with active cell 
growth and sufficient carbon availability, suggesting that PHB produc
tion was predominantly growth-associated rather than a strictly 
stationary-phase storage response. This behavior is consistent with re
ports indicating that many members of the family Bacillaceae, including 
Bacillus and related genera within the order Bacillales, are capable of 
PHA accumulation during exponential growth under balanced or 
carbon-excess conditions (Mohapatra et al., 2017).

As cultivation progressed, partial depletion of fermentable sugars 
and the accumulation of inhibitory by-products derived from lignocel
lulosic hydrolysates may have constrained further polymer accumula
tion, leading to a slight decline in PHB content at later stages. This trend 
is consistent with previous findings showing that PHA accumulation is 
closely linked to intracellular carbon flux and the availability of key 

Table 2 
Comparison of PHB production and kinetic parameters before and after 
optimization.

Parameter Before 
optimization

After 
optimization

Improvement 
(%)

Temperature (◦C) 45 45 –
Initial pH 7.0 7.4 –
Agitation rate (rpm) 150 160 –
Cultivation time (h) 48 48 –
CDW (g/L) 0.74 0.58 − 21.6
PHB concentration (g/L) 0.12 0.16 +33.3
PHB content (% CDW) 17 26.4 +59.2
Specific growth rate, μ 

(h− 1)
0.0289 0.051 +76.5

Specific PHB production 
rate, qₚ (h− 1)

0.00385 0.00575 +49.4

Yield coefficient, Yₚ/ₛ (g/ 
g)

0.23 0.196 − 14.8

Note: Values were obtained after 48 h of cultivation under both baseline and 
optimized conditions. μ, specific growth rate; qₚ, specific PHB production rate; 
Yₚ/ₛ, PHB yield coefficient based on substrate consumption; CDW, cell dry 
weight.
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precursors, such as acetyl-CoA and reducing equivalents (NADPH), 
during active metabolism rather than being exclusively triggered by 
nutrient limitation in the stationary phase (Kalia et al., 2007).

3.7.2. Hypothetical metabolic pathway of PHB production
A hypothetical metabolic pathway for PHB biosynthesis from coco

nut meal cellulose–derived sugars is proposed to explain the observed 
relationship between cellulase activity, sugar utilization, and intracel
lular PHB accumulation. Cellulolytic enzymes secreted by 
C. thermoamylovorans PHA005 hydrolyze cellulose into soluble oligo
saccharides and glucose, which are subsequently transported into the 
cells and metabolized via glycolysis and the pentose phosphate pathway 
to generate pyruvate and, ultimately, acetyl-CoA. Under conditions of 
excess carbon relative to other essential nutrients, surplus acetyl-CoA is 
redirected toward PHB biosynthesis through the classical three-step 
pathway involving PhaA, PhaB, and PhaC, leading to intracellular 
accumulation of PHB granules (Sagong et al., 2018).

This canonical route, widely recognized as the primary pathway for 
PHB formation from sugar substrates in bacteria, can be conceptually 
summarized as: (1) extracellular cellulose depolymerization, (2) sugar 
uptake and intracellular availability, (3) central carbon metabolism, (4) 
acetyl-CoA formation, (5) carbon flux redirection under carbon-excess 
conditions, (6) PHB biosynthesis via the PhaA–PhaB–PhaC pathway, 
and (7) intracellular PHB accumulation.

This PHB biosynthetic pathway is highly conserved among PHB- 
producing members of the family Bacillaceae (Senila et al., 2023), 
including mesophilic and thermophilic genera closely related to Bacillus 
and Caldibacillus that utilize lignocellulosic or biomass-derived sub
strates for PHB production. Therefore, the observed PHB accumulation 
from coconut meal cellulose–derived sugars in this study are biochem
ically plausible and supports the feasibility of integrating biomass 
depolymerization and PHB biosynthesis within a single thermophilic 
strain.

3.8. Comparison with previous PHA production studies using 
lignocellulosic substrates

Several studies have investigated microbial PHA production from 
lignocellulosic and agro-industrial residues using both mesophilic and 
thermophilic microorganisms (Allegue et al., 2021; Hassan et al., 2025; 
Rehakova et al., 2023; Zhou et al., 2025). Reported PHA yields generally 
range from 16 to 30% CDW, depending on the strain, substrate, and PHA 
type. For instance, the mesophilic bacterium Mycolicibacterium smeg
matis accumulated 22–28% CDW PHB when cultivated on sugarcane 
bagasse hydrolysate (Hassan et al., 2025), while purple phototrophic 
bacteria produced up to 21 wt% PHA from lignocellulosic hydrolysates 
(Allegue et al., 2021). Among thermophiles, C. thermodepolymerans 
achieved 16–30% CDW when grown on beechwood xylan or wheat 
arabinoxylan (Zhou et al., 2025). However, most of these processes 
require prior enzymatic or chemical hydrolysis of lignocellulosic sub
strates, which increases cost, complexity, and waste disposal burdens 
due to the use of commercial enzymes or chemical reagents.

In contrast, our study employing C. thermoamylovorans PHA005 
demonstrates a single thermophilic strain capable of both enzymatic 
saccharification and PHB accumulation using coconut meal waste. The 
strain accumulated up to 17% PHB from the released sugars, high
lighting its dual capacity to hydrolyze lignocellulosic biomass and syn
thesize PHB within an integrated biomass-to-bioplastic process. PHA005 
produces cellulolytic enzymes in situ to degrade coconut meal and 
subsequently converts the liberated sugars into PHB, thereby mini
mizing the need for external enzymatic or chemical pretreatment. In 
addition to this integrated bioconversion capability, the application of 
RSM further strengthened process performance. Unlike many previous 
studies that reported PHA yields under non-optimized or one-factor-at- 
a-time conditions, the present work systematically optimized tempera
ture, pH, and agitation rate to enhance intracellular PHB accumulation. 

Although the maximum PHB content (26.4% CDW) falls within the 
lower-to-middle range reported in literature, the combination of ther
mophilic operation, in situ enzymatic saccharification, and statistical 
process optimization provides a robust framework for future scale-up 
and further yield improvement. Overall, these findings provide a clear 
proof-of-concept for the sustainable thermophilic bioconversion of 
coconut-processing waste. Supplementary Table 3 summarizes previous 
studies and the present work, including microorganisms, substrates, 
cultivation temperatures, PHA types, yields, and key distinguishing 
features.

3.9. Preliminary cost analysis

A preliminary laboratory-scale cost assessment of PHB production 
from coconut meal hydrolysate estimated a total operating cost of 
approximately 17.7 USD per batch, corresponding to ~8.9 USD per 
gram of PHB based on a baseline yield of 2.0 g per batch (Supplementary 
Table 4). At this experimental scale, solvent consumption during poly
mer extraction and precipitation constituted the dominant cost fraction, 
which is typical of laboratory recovery protocols that rely on single-use 
organic solvents. In contrast, raw materials and medium components 
represented a comparatively minor proportion of the total cost. There
fore, these values should be interpreted strictly as laboratory-scale es
timates rather than projections of industrial production cost.

Following statistical optimization using RSM, PHB concentration 
increased from 0.12 to 0.16 g/L. Under identical working volume and 
material input conditions, this corresponds to an estimated batch yield 
of approximately 2.67 g. Because the optimization involved only minor 
adjustments in cultivation parameters (pH and agitation rate) without 
increasing substrate loading, medium composition, solvent volume, or 
processing steps, the total batch operating cost was reasonably assumed 
to remain comparable at the laboratory scale. Under this assumption, 
the unit production cost decreased from ~8.9 to approximately 6.63 
USD/g, representing a reduction of about 25%. These results indicate 
that improvements in volumetric productivity can directly improve 
process economics, even when absolute operating costs remain 
unchanged.

The analysis further identifies clear opportunities for cost reduction 
through solvent recycling, alternative downstream recovery strategies, 
and additional gains in PHB productivity. The thermotolerance of 
C. thermoamylovorans PHA005 may contribute to improved process 
economics by reducing cooling demand and lowering contamination 
risk during fermentation. Elevated operating temperatures may also 
facilitate efficient biomass hydrolysis due to enhanced mass transfer and 
the thermal stability of cellulolytic enzymes in high-solid systems. 
Importantly, the capability of a single strain to perform both sacchari
fication and PHB biosynthesis eliminates the requirement for external 
enzyme supplementation, a major cost contributor in conventional 
lignocellulose-based PHA production processes.

Consequently, further scale-up, solvent recovery integration, and 
downstream process optimization are expected to substantially improve 
overall economic feasibility, as fermenter utilization efficiency, energy 
integration, and capital expenditure become increasingly dominant 
factors in large-scale production (Ozturk et al., 2025).

3.10. Limitations and future perspectives

This study demonstrates that C. thermoamylovorans PHA005 can 
hydrolyze coconut meal derived cellulose and convert the released 
sugars into PHB within a single thermophilic platform. Although the 
primary objective was to establish integrated saccharification and 
biopolymer biosynthesis, key cultivation parameters were subsequently 
optimized using RSM, leading to improved PHB productivity. A pre
liminary laboratory-scale cost assessment was also conducted to 
examine the economic impact of enhanced productivity.

Despite these advances, several limitations remain. Pretreatment 
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severity and hydrolysis efficiency were not systematically optimized in 
relation to enzyme kinetics or solid loading, and comprehensive 
compositional analysis of the hydrolysate was not performed. Future 
investigations should therefore include quantitative profiling of released 
sugars, potential inhibitory compounds, and carbon flux distribution to 
better elucidate substrate utilization efficiency and metabolic allocation 
toward PHB synthesis.

Although ATR-FTIR and DSC analyses confirmed the chemical 
identity and thermal transition behavior of the extracted polymer, 
additional physicochemical characterization, such as X-ray diffraction 
(XRD) and thermogravimetric analysis (TGA), is required to further 
assess crystallinity, thermal stability, and material performance. Such 
analyses will be important for evaluating processing feasibility and 
application potential.

Process performance could be further enhanced through improved 
enzyme expression, refined fermentation control (including temperature 
modulation, agitation strategy, and feeding regime), or metabolic and 
systems-level optimization. While the single-strain approach eliminates 
the need for external enzyme supplementation, comparative assessment 
with co-culture systems or engineered strains may help define produc
tivity limits and scalability potential.

Finally, scale-up studies integrated with techno-economic and life 
cycle assessments will be essential to determine industrial viability. At 
larger production scales, solvent recovery integration, energy efficiency, 
and reactor design are expected to become dominant factors influencing 
overall process economics. Collectively, these directions outline a clear 
pathway for advancing this thermophilic, single-strain PHB production 
system toward practical and sustainable bioplastic manufacturing.

4. Conclusions

This study demonstrates that C. thermoamylovorans PHA005 exhibits 
dual functionality by directly hydrolyzing coconut meal–derived cellu
lose and converting the released sugars into PHB within a single ther
mophilic system. Endogenous cellulolytic enzyme production enabled 
effective biomass saccharification, while the resulting sugars supported 
bacterial growth and intracellular PHB accumulation, confirming the 
feasibility of integrating enzymatic hydrolysis and biopolymer biosyn
thesis in one microorganism. Process optimization using RSM signifi
cantly enhanced PHB accumulation, increasing intracellular PHB 
content from 17% to 26.4% of CDW and improving key kinetic param
eters, thereby demonstrating the importance of statistical optimization 
in strengthening process performance. Thermal analysis by DSC further 
confirmed that the extracted polymer exhibited melting characteristics 
typical of PHB, indicating the formation of a highly crystalline 
biopolymer. The key novelty of this work lies in the use of a single 
thermophilic strain capable of simultaneous biomass depolymerization 
and PHB production from coconut-processing residues without the need 
for external enzymes or multi-step microbial consortia. Compared with 
conventional lignocellulose-based PHB processes that rely on commer
cial cellulases and separate hydrolysis–fermentation stages, this 
consolidated bioprocessing strategy offers a simplified and potentially 
more cost-effective route for agro-industrial waste valorization. 
Although this study establishes the technical feasibility of the proposed 
system, further improvements in process optimization, comprehensive 
polymer characterization, and scale-up assessment will be necessary to 
fully evaluate industrial applicability.
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