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INTRODUCTION

In recent years the plastics consumption is increased due
to fast growth in population, industrialization and urbanization.
The majority of plastics and synthetic polymers are made from
petrochemicals and are not biodegradable, thus resulting in
the environmental pollution. They are thus not sustainable from
both a production and end of life management perspective [1].
The use and disposal of plastics has threatened natural environ-
ment, all over world. Therefore, biopolymers (environmentally
degradable polymers) are considered as a suitable alternative
candidate for petroleum-based plastics due to their properties
includes non-toxicity, completely biodegradability and biocomp-
atibility [2]. Among the various types of biopolymers, poly-3-
hydroxybutyrates (PHBs) are the most well known, being
recognized as biosynthetic, biodegradable with zero toxic waste,
widely distributed in nature, recyclable into organic waste and
can be made from renewable resources [3]. Poly-3-hydroxy-
butyrate (PHB) is the most common polyhydroxyalkanoate
(PHA) [4].

Currently, increasing regulations to ban the plastic bags,
other single-use plastic items included drinking straws and
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using biodegradable plastics in biomedicine, food industry,
microelectronics, malt extrusion industries, film formation, etc.
[5], are driving growing demand for biodegradable polymers
(BDP). In the year 2018, market value of PDB exceeded $1.1
billion and it could reach $1.7 billion by 2023. At present, the
global demand for PDB is 360,000 metric tons; total consum-
ption of PDB is expected to increase to almost 550,000 metric
tons by 2023 [6]. A wide variety of bacteria, under nutrient
imbalanced condition, they can accumulate PHB as a carbon
and energy storage materials [7,8]. However, one of the major
constraints of large-scale PHB production is the cost of carbon
substrate for PHB biosynthesizing microbes. Therefore, the
use of low-cost carbon sources as substrate can reduce the PHB
production cost. The most important approach to reduce costs
is using wastes and by-products as substrate for the PHB synthesis
process. Some novel technologies have been developed to
synthesize PHB from organic wastewater and activated sludge.
Hence, replacement of petroleum-based plastics with biodegra-
dable plastic from organic waste can contribute to sustainable
development of environment [3,9].

Sugar and starch have been used as simple carbon sources
to produce PHAs at laboratory and industrial scale [1,10]. These
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carbon sources are also a primary source of human food.
Researchers are seeking non-food carbon resources for PHB
production to avoid the competition with human food sources.
So many unexplored feedstock’s are available. The seaweed
is one among that which are distributed worldwide [11]. The
widely ranging chemical composition of seaweed biomass is
very often used as raw material for the production of different
ingredients [12]. First time we made an attempt to produce
PHB from crude extract of seaweed Ulva using bacterial strain
Bacillus subtilis rnM. This is the common seaweeds distributed
worldwide and they containing interesting chemical compo-
sition, which makes it commercial exploitation for various
product production [13].

The main objective of the present study was to evaluate
Ulva sp. biomass as a carbon source for biosynthesis of poly-
3-hydroxybutyrate (PHB) by B. subtilis rnM. Additionally, the
effect of physio-chemical pre-treatments on conversion of sea-
weed Ulva biomass into simple sugars and their subsequent
conversion to PHB by B. subtilis rnM was examined. The growth
and PHB biosynthesis by B. subtilis rnM on hydrolyzate was
compared to commercial simple sugars and mixed sugars. The
biosynthesized PHB was characterized.

EXPERIMENTAL

The chemicals used in the experiment for preparing various
media were of highest purity/analytical grade and purchased
from E-Mecrk India Ltd. Bacillus subtilis rnM mutant type
strain was used for poly-3-hydroxybutyrate (PHB) biosynthesis
throughout this study. Before using this bacterium was main-
tained in nutrient agar slant and stored at 4 ºC and revived after
every month.

Hydrolyzate of seaweed Ulva sp. biomass: The seaweed
Ulva sp. was freshly collected from Tamil Nadu costal area of
Southern India and thoroughly washed in tap water followed
by distilled water. Then, the seaweed biomass was chopped into
small pieces and used for hydrolyzate preparation by HCl pre-
treatment. For pre-treatment experiments, the solid loading of
the seaweed was kept constant at 6 % (w/v). The concentrations
of HCl used were 1-3 %. Two different pre-treatment conditions
were tested; room temperature and high temperature and pressure
(HTP). The mixture of HCl and seaweed was agitated at 200
rpm for 24 h at room temperature (28 ± 2 ºC). Pre-treatment
using a combination of HCl and HTP was performed in an auto-
clave unit, whereby the mixture of seaweed and HCl was pre-
treated at 121 ºC and 0.1 MPa for 15 min. Before filtration,
samples were neutralized using 1 M NaOH. Then the filtered
hydrolyzate was stored and used as a feedstock for PHB bio-
synthesis by B. subtilis rnM. Three independent experiments
were carried out for each pre-treatment conditions. Data were
analyzed using the statistical software package-MINITAB 17
to determine the effects of various pre-treatments on digesti-
bility of the Ulva biomass and yield of sugars.

Biosynthesis of poly-3-hydroxybutyrate (PHB) using
laboratory grade sugars and hydrolyzates: The mutant strain
B. subtilis rnM was initially screened for its abilities to utilize
different monomeric sugars present in the Ulva biomass such
as arabidose, galactose, glucose, mannose, rhamnose, xylose
and uronic acids individually as sole carbon and energy source

for growth and PHB accumulation. Additionally, a mixture of
sugars similar to the composition of hydrolyzate was tested
for sugar co-utilization studies. Similarly, filtered sterilized
hydrolyzate was added to 100 mL mineral salt medium (MSM).
The experiments were carried out in 250 mL shaking flasks
using 100 mL of nitrogen limited (0.25 g/L NH4Cl) MSM with
3.5 g L-1 of final sugar concentration. Then the medium was
inoculated with 1% of B. subtilis rnM and incubated for 48 h
in a rotary shaker at room temperature (28 ± 2 ºC) and 150 rpm.
The experiments were carried out in triplicate for each study.
All values are represented as mean ± SD of three replications.
The standard deviation did not exceed 5 % of the average values.

Estimation of total reducing sugars and analysis of
monosaccharide: The sugar concentration of hydrolyzates and
culture supernatant was estimated by dinitrosalicylic (DNS)
acid method [14]. Monosaccharide composition of hydrolyzate
was determined by anion exchange chromatography using a
Dionex ICS-300 system (Thermo Scientific CA, USA) equipped
with a gold electrode and amperometric detector. The column
was a CarboPac SA10 (4 × 250 mm) equipped with a security
guard cartridge. The sample was eluted with 1 mM KOH under
isocratic condition at 1 mL/min and 25 ºC. The appropriate
monosaccharide standards (arabidose, galactose, glucose,
mannose, rhamnose, xylose and uronic acids) were used as a
reference for quantification. An appropriate dilution of the
water soluble hydrolyzate or culture supernatant was prepared.
The sample (0.5 mL) was filtered by Whatman Mini-UniPrep™
syringeless filters (0.45 µm Whatman Inc. NJ, USA) and a 10
µL of sample was used for all injections.

Determination of cell dry weight (CDW): The bacterial
cells were harvested by centrifugation at 8000 rpm for 10 min.
Then the pellet was collected and washed with distilled and
lyophilized. The lyophilized cells weight was determined and
the CDW was expressed in g L-1.

Extraction and estimation: Poly-3-hydroxybutyrate
(PHB) was extracted and estimated according to Koller et al.
[15] and Law and Slepecky [16] method, respectively.

Thermal transitions of poly-3-hydroxybutyrate (PHB) was
characterized by differential scanning calorimetry (TA
Instruments Q100, USA) and TGA was performed on a Perkin-
Elmer TGA 4000. The chloroform extract of PHB (4 mg) was
mixed thoroughly with KBr (spectroscopic grade) and dried at
100 ºC for 4 h. IR spectra of sample was recorded and analyzed
on a single beam Perkin-Elmer (Spectrum BX series, Sweden),
with the scan in the range of 4000-500 cm-1. The 1H NMR spectra
of sample was recorded at room temperature in CDCl3 (20 mg
mL-1) using Bruker AV 400 NMR spectrometer (Bruker, Swiss)
to determine the chemical structure and monomer composition
of sample by Kato et al. [17] method.

RESULTS AND DISCUSSION

Parameters influencing the conversion of biomass into
fermentable sugar by acid pre-treatment: As an initial step,
the Ulva biomass was subjected to acid pre-treatment (1-3 %
HCl) with two different pre-treatment conditions such as room
temperature and high temperature and pressure (HTP). As
shown in Table-1, the maximum total reducing sugar yield of
416.33 ± 33 mg g-1 was obtained from using 2 % HCl at HTP,
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TABLE-1 
ACID PRE-TREATMENT OF Ulva BIOMASS FOR  

EXTRACTING TOTAL REDUCING SUGARS 

Room temperature High temperature and 
pressure 

Treatments Solids 
recovered 

(%) 

Sugar 
produced 
(mg)/raw 

biomass (g) 

Solids 
recovered 

(%) 

Sugar 
produced 
(mg)/raw 

biomass (g) 
Control 100±0.0 48.21±0.56 2.01±0.45 114.01±0.34 

1.0 % HCl 5.21±0.21 325.12±0.16 1.21±0.32 415.33±0.12 
1.5 % HCl 3.21±0.14 326.21±0.14 1.01±0.24 415.32±0.48 
2.0 % HCl 3.01±0.21 325.10±0.12 0.56±0.14 416.33±0.33 
2.5 % HCl 2.15±0.31 325.01±0.55 0.52±0.25 415.13±0.45 
3.0 % HCl 2.15±0.11 325.06±0.42 0.55±0.22 414.89±0.15 

 
than room temperature condition using 1.5 % HCl (326.21 ±
0.14 mg/g raw biomass).

The compositional analysis and monosaccharide concen-
tration of hydrolyzates obtained from untreated, 1.5 % HCl
treated at room temperature and 2.0% HCl treated HTP of
Ulva biomass were given in Table-2. The different hydrolyzates
showed it to contain predominantly glucose and rhamnose but
it also contained hexoses and pentoses. The maximum yield
of both the hexoses and pentoses were observed in hydrolyzate
obtained by 2 % HCl treated HTP. In this pre-treatment maxi-
mum glucose concentration of 53.21 g/100 g total was obtained,
than the other monosaccharide. The high concentration of
glucose in the hydrolyzate indicated that most of the lignin
and a major portion of hemicellulose were removed by acid
pre-treatment processes. The hydrolyzate prepared from Ulva
biomass by 2.0% HCl treated HTP was used for PHB biosyn-
thesis. This is the first attempt we made to use seaweed Ulva
biomass hydrolyzate as feedstock for PHB biosynthesis.

Poly-3-hydroxybutyrate (PHB) biosynthesis by B. subtilis
rnM using hydrolyzate: This study evaluated B. subtilis rnM
strain for its ability to utilize different sugars present in the
hydrolyzate obtained by 2 % HCl treated at HTP. As shown in
Fig. 1, the maximum PHB of 43.41 ± 0.11 g L-1 were obtained
from HTP hydrolyzate treated 2 % HCl. This yield is slightly
higher than commercially purchased simple sugars and mixed
sugars tested in this study for PHB biosynthesis. This could be
due to some PHB biosynthesis-enhancing component present
in the hydrolyzate. Similarly, bacterial growth on hydrolyzate,
which indicated the absence of any growth inhibitors [18].
Very less residual sugar (0.02 mg L-1) was detected in culture
supernatants after 48 h of cultivation of test strain in the hydro-
lysate. A critical and important feature of any effective fermen-
tation process is the assimilation and utilization of these sugars
by microorganisms. Various bacterial strains are metabolically
versatile and known for its PHA biosynthetic ability from diff-
erent of organic substrates [19,20].
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Fig. 1. PHB biosynthesis using hydrolyzate and laboratory grade sugars

FTIR analysis: The FTIR spectra of biosynthesized PHB
showed amorphous PHB characteristics (Fig. 2). An absorption
peak at 3436.80 cm-1 indicative of presence of hydroxyl group
in a polymer chain [21]. The peak at 2978.80 cm-1 was assigned
for asymmetric methyl group. The peak at 2834.50 cm-1 was
stretching vibration which is allocated to asymmetric CH2 of
the lateral monomeric chains. The intensity of the band has
suggested that the polymer was less crystalline. Absorption
band of 1732.90 cm-1 has been reported to be a PHB marker
band which is assigned for carbonyl ester (RC=O) stretching
vibration. Absorption peak at 1284.10 cm-1 was assigned for
terminal CH3 groups [21], while the peak at 1187.80 cm-1 was
assigned for C-O stretching vibration in the amorphous phase.
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Fig. 2. FTIT spectrum of biosynthesised PHB

1H NMR analysis: The 1H NMR spectrum of PHB was
obtained with CDCl3 solution. In Fig. 3, methyl protons (-CH3)
appear to have a double resonance at 1.50 ppm, methylene
protons (-CH2) appear to have a multiplet resonance at 2.40 ppm,
methine proton (-CH) of bacterial polyhydroxybutyrate also
has a multiplet resonance at 5.20 ppm. The 1H NMR spectra
implied that the PHB contained the two monomeric units hydroxy-
butyrate (HB) and hydroxy valerate) (HV). The 1H NMR spectrum
resonances of P(HB-co-HV) at 1.50, 2.40 and 5.20 ppm for -CH3

TABLE-2 
MONOSACCHARIDE CONCENTRATIONS OF HYDROLYZATE OBTAINED FROM OPTIMUM PRE-TREATMENTS OF Ulva BIOMASS 

Monosaccharide composition (%) 
Treatments 

Arabidose Galactose Glucose Mannose Rhamnose Xylose Uronic acids 
No pre-treatment at room temperature  0.42 3.26 35.21 1.32 31.02 2.5 10.32 
1.5 % HCl at room temperature 1.56 4.21 48.22 1.68 39.21 3.2 12.02 
No pre-treatment at HTP 1.51 4.21 39.21 1.45 37.12 3.8 13.31 
2 % HCl at HTP 2.51 5.21 53.21 2.34 49.32 4.1 16.32 
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Fig. 3. 1H NMR spectrum of biosynthesised PHB

(HB side group), -CH2 (HV and HB bulk structure) and -CH
(HV and HB bulk structure) groups, respectively are shown in
Fig. 3.

Thermal analyses: The composition of the polyesters was
affected by the choice of substrate. A polyhydroxybutyrate
homopolymer was produced from glucose or any other carbon
sources. In the DSC thermogram (Fig. 4), the endothermic Tm

of PHB was observed at 172.01 ºC. This observation was also
found to be in agreement with reported literature [22,23]. As
shown in the Fig. 5, there is a relationship between the mixture
of sugars and the polymer thermal stability in the gravimetric
thermogram. For instance, feeding sugars mixture resulted in
PHB polymer with TGA degradation temperature (Td) of 248.01
ºC. This observation was also found to be in agreement with
the report of Liu et al. [23].
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Fig. 4. DSC curve of biosynthesised PHB

Conclusion

Pre-treatment technique is the most important process for
the extraction of sugar rich substrate from highly digestible
biomass, which can be utilized for biosynthesis poly-3-hydroxy-
butyrate (PHB). In this study, the maximum yield of both the
hexoses and pentoses were observed in hydrolyzate of Ulva
obtained by 2 % HCl treated HTP. In this pre-treatment maximum
glucose concentration of 53.21 g/100 g total was obtained,
than the other monosaccharide. Therefore, this hydrolyzate

100

80

60

40

W
ei

gh
t (

%
)

0  100 200 300 400 500
Temperature (°C)

248.01 °C
98.85 %

Fig. 5. TGA curve of biosynthesised PHB

was used for further PHB biosynthesis. The mutant bacterial
strain B. subtilis rnM was able to grow and biosynthesis PHB,
utilizing hydrolyzate of seaweed Ulva as the sole carbon and
energy source. The maximum PHB (43.41 ± 0.11 g/L) was
obtained from 2 % HCl treated at HTP hydrolyzate. The bio-
polymer PHB was conformed and estimated its melting temp-
erature by FTIR, NMR and DSC, TGA, respectively. This study
demonstrates the broadened possibility for improved low cost
poly-3-hydroxybutyrate (PHB) biosynthesis through the utili-
zation of waste sugars available from seaweed biomass.
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