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Abstract

The effectiveness of inexpensive agro-industrial wastes such as sugarcane molasses, paper mill effluent, and dairy effluent for
the production of polyhydroxyalkanoates (PHASs) using Bacillus subtilis RS1 was assessed in this study. Laboratory-scale fer-
mentations were carried out with both raw and pre-treated agro-industrial effluents, and maximum PHAs yield was observed
in pre-treated effluents. Experimental variables such as pH, inoculum dose, and incubation time were further optimized to
maximize PHAs yield, and the optimal conditions were identified as incubation time 48 h; pH 7; and inoculum dose 10%
v/v. PHAs yield in pre-treated sugarcane molasses increased to 70.5% under optimal conditions. Fourier transform infrared
spectroscopy and gas chromatography—mass spectrometric analysis revealed that the extracted polymer was composed of
penta- and hexadecanoic acid methyl esters, a copolymer of PHAs. Results indicated that the pre-treated sugarcane molasses
could be used as an inexpensive substrate for the production of PHAs.
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Introduction

Environmental problems associated with petroleum-based
plastics and rapid depletion of natural resources have moti-
vated biologists to develop new biopolymers. Biopolymers
such as polynucleotides, polyamides, polysaccharides, poly-
oxoesters, polythioesters, polyanhydrides, polyisoprenoids,
and polyphenols have been reported as potential substitutes
for synthetic plastics. Of these, polyhydroxyalkanoates
(PHAs)—a group of polyoxoesters—have received intensive
attention because of their biodegradability, biocompatibil-
ity, thermoplastic properties, chemical diversity, and their
ability to be manufactured from renewable carbon sources
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(Muhammadi et al. 2015). PHAs are a family of naturally
occurring polyesters synthesized by various microorganisms
under unbalanced growth conditions as intracellular hydro-
phobic inclusions of carbon and energy storage compounds
in the cytoplasm or by an electron sink mechanism for reduc-
ing redundant power under conditions of limiting nutritional
elements such as N, P, S, O or Mg in the presence of excess
carbon source.

The increasing availability of raw renewable materi-
als and increasing demand for biodegradable polymers in
biomedical, packaging, and food applications along with
favourable green procurement policies are expected to ben-
efit the market growth of PHAs (Kourmentza et al. 2017).
According to a recent report published in 2017, the global
PHAs market is expected to reach US$ 93.5 million by 2021.
Several companies have initiated and industrialized the pro-
duction of PHAs, but their high production cost and thus
higher prices compared to conventional polymers remain a
major limitation factor. Production cost ultimately depends
on the substrate used as the carbon source and the extrac-
tion methodology. Hence, many efforts have been devoted
to reducing the production cost of PHAs using inexpensive
raw materials and efficient bacterial strains.
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In recent years, there has been an increasing trend towards
more efficient utilization of agro-industrial residues for the
production of several fermentation-related products (Pan-
dian et al. 2010). Carbohydrates, fats, proteins, minerals,
and vitamins present in agro-industrial effluents act as
nutrients for microbial growth and enhance the production
of fermented products. Numerous technologies have been
developed to produce PHAs from low-cost carbon substrates
like agro-industrial wastes and their by-products such as
palm oil mill effluent, cheese whey, sugarcane molasses,
cardboard industry effluent, date syrup, wheat bran, tapioca
hydrolysate, methanol and starch, food wastes, and munici-
pal wastes (Din et al. 2012; Bhuwal et al. 2014; Munir et al.
2015; Valentino et al. 2015). Bhuwal et al. (2014) reported
66.6% polyhydroxybutyrate production using cardboard
industry wastewater as a carbon source. Munir et al. (2015)
reported that the production of PHAs using paper mill efflu-
ent (50% v/v) significantly increased the polymer produc-
tion. Bio-on company, Italy, used sugarcane waste and sugar
beet to produce PHAs (Dietrich et al. 2017). However, only
a few studies have reported that PHAs production using
pre-treated agro-industrial effluent is several times higher
compared to untreated/raw industrial effluents. Bosco and
Chiampo (2010) reported that pre-treated dairy whey and
dairy wastewater activated sludge increased both biomass
and PHAs production. Similarly, Gomaa (2014) reported
that pre-treatment of cane molasses with H,SO, significantly
increased (~50%) PHAs production and biomass of Bacillus
subtilis and E. coli. Obruca et al. (2015) compiled the impor-
tance of agro-industrial pre-treatment and reported that acid-
or alkaline-pre-treated lignocellulosic wastes significantly
improved the production of PHAs.

PHAs are synthesized by various microbial species such
as Ralstonia eutropha, Alcaligenes sp., Aeromonas sp.,
Pseudomonas sp., Enterococcus sp., Brevundimonas sp., and
Bacillus sp. (Bhuwal et al. 2014), of which Bacillus sp. are
found to be ideal by numerous industries and academia, as
the Bacillus sp. are genetically stable, are fast growing, can
use several agro-industrial wastes as a source of carbon, and
have the ability to produce endotoxin-free PHAs compared
to Gram-negative bacteria (Mohapatra et al. 2017). Des-
ouky et al. (2017) reported 88.0% of PHAs production using
Bacillus flexus strain AZU-A2 after 24 h in batch fermenta-
tion. Most of the studies suggest that the Bacillus sp. is ben-
eficial to produce PHAs due to their capacity to accumulate
higher concentration of PHAs (Khiyami et al. 2011). Hence,
the objectives of the present study were to (i) assess the
efficiency of untreated/raw and pre-treated sugarcane molas-
ses, paper mill effluent and dairy effluent for PHAs produc-
tion using B. subtilis RS1 in a laboratory-scale bioreactor,
(ii) optimize the experimental variables to maximize PHAs
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production, and (iii) provide characterization of extracted
polymer to understand the polymeric composition.

Materials and methods
Bacterial strain and inoculum preparation

Bacillus subtilis RS1 was procured from the Department
of Environmental Science, PSG College of Arts and Sci-
ence, Coimbatore, Tamil Nadu, India. The culture preserva-
tion and PHASs screening by Sudan Black B staining were
reported in our previous study (Rathika et al. 2018). For
inoculum preparation, the cells were grown on a LB broth
for 24 h at 37 °C on a rotary shaker at 150 rpm and log-phase
culture was used for the fermentation studies.

Procurement of agro-industrial effluents

The agro-industrial effluents such as dairy effluent, paper
mill effluent, and sugarcane molasses were collected from
Tamil Nadu, India. The effluents were carefully transported
to the laboratory and stored at 4 °C for further use.

Treatment of agro-industrial effluents

The dairy effluent was pre-treated according to Bosco and
Chiampo (2010). In brief, the initial pH of the dairy effluent
was adjusted to 4.5 with 0.1 N HCl and autoclaved at 121 °C
for 15 min. Later, the effluent was cooled, centrifuged at
10,000 rpm for 15 min, and filtered with a glass fibre filter.
The filtrate was used as a substrate for the production of
PHAs using B. subtilis RS1.

Paper mill effluent: The paper mill effluent was treated
according to Munir et al. (2015). In brief, the initial pH of
the paper mill effluent was adjusted to 5 with 0.1 N HC1
solution and boiled for 10 min. Later, the effluent was cen-
trifuged at 4000 rpm for 10 min, autoclaved at 121 °C for
15 min, cooled, and used as a substrate for the production
of PHAs.

Sugarcane molasses: The sugarcane molasses was treated
according to Gomaa (2014). In brief, the sugarcane molasses
was initially adjusted to pH 3.0 with 0.1 N H,SO, solution
and the effluent was centrifuged at 3000 rpm for 15 min.
Later, the effluent was autoclaved at 121 °C for 15 min,
cooled, and used as a substrate for the production of PHAs.

Fermentation studies

PHAs were produced aerobically in a 5-L laboratory-scale
bioreactor manufactured by LARK, India. Log-phase culture
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of B. subtilis RS1 (5% v/v) was carefully inoculated into a
bioreactor vessel containing 2 L of raw/untreated or pre-
treated effluents and incubated at 37 °C for 24 h with an
agitation speed of 500 rpm. The pH of the substrate medium
was controlled automatically by the addition of 0.5 N NaOH
and 0.5 N HCI. After incubation, cell growth (OD at 660 nm)
and PHAs production were determined according to Rathika
et al. (2018). Experimental variables considered were (i)
type of industrial effluent on cell growth and PHAs produc-
tion and (ii) the effect of incubation time (24-96 h), pH (5, 7,
and 9), and inoculum dosage (5-25%) on PHAs production.

Extraction of PHAs

The biomass was collected, and PHAs were extracted by
sodium hypochlorite digestion method (Heinrich et al.
2012). Briefly, the biomass was mixed with diluted sodium
hypochlorite solution (3% v/v), digested at 37 °C for 2 h,
and centrifuged at 8000 rpm for 15 min. Later, the cell pel-
lets were washed with water, acetone, and diethyl ether and
were dissolved in hot chloroform. The dissolved pellets were
evaporated to collect PHAs granules.

Quantification of PHAs

Determination of dry cell weight (DCW) and PHAs: The
biomass was separated from the samples by centrifuga-
tion (10,000 rpm for 10 min), washed with saline solution
(0.9 g/L), and dried to estimate DCW. The percentage of
PHASs accumulation was estimated using the following equa-
tion (Desouky et al. 2017).

PHASs accumulation (%)
= [PHAs (g/L) + Dry cell weight (¢/L)| x 100% (1)

UV-Visible spectrophotometer analysis of PHAs

The extracted PHAs and commercial PHAs (Sigma-Aldrich)
were acid-hydrolysed (Law and Slepecky (1961)) using
10 ml concentrated H,SO, and heated for 20 min at 100 °C
in a water bath. The PHA crystals were converted into
crotonic acid by dehydration. The resultant brown colour
crotonic acid solution was cooled, and the absorbance was
measured at 230—400 nm in an UV Spectrophotometer (UV
1700 PharmaSpec, Shimadzu).

Fourier transform infrared spectroscopy (FTIR)
The extracted PHAs (10 mg) and commercial PHAs were

mixed individually with dried potassium bromide (KBr) in a
sufficient ratio to make transparent pellet, and it was ground

in a mortar and pestle using hydraulic pressure instrument.
The pellet was kept in sample holder (FTIR-Miracle 10
Single Reflection ATR Accessory, Shimadzu), and IR rays
were passed through it at 400-4000 cm™~! (Getachew and
Woldesenbet. 2016). The obtained results were analysed for
the determination of functional groups present in the PHAs.

Gas chromatography-mass spectrophotometer
(GC-MS) analysis

The monomeric composition of the extracted PHAs was
determined by GC-MS analysis as described by Mohandas
et al. (2018). Briefly, 10 mg of the extracted polymer was
suspended in 1 ml of chloroform and 1 ml of methanol/sul-
phuric acid (85:15v/v) mixture in a screw capped tube and
incubated at 100 °C for 2 h. After cooling, the bottom chlo-
roform phase was separated and used for GC-MS analysis
(GC-MS, QP2010 plus, Shimadzu). Helium (1 ml/min) was
used as carrier gas. The injector and detector were kept at
250 and 200 °C, respectively.

Results and discussion

Bacterial growth and PHAs yield

The present study explored the potential of carbon-rich
raw/untreated and pre-treated agro-industrial effluents as

a substrate for the production of PHAs using B. subtilis
RS1. The growth rate of the strain RS1 in raw/untreated and
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Fig. 1 Growth of B. subtilis RS1 in raw and pre-treated agro-indus-
trial effluents (SR raw sugarcane molasses, ST pre-treated sugarcane
molasses, DR raw dairy effluents, DT pre-treated dairy effluents, PR
raw paper mill effluents, PT pre-treated paper mill effluents). The bac-
teria exhibited maximum growth in pre-treated sugarcane molasses
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pre-treated agro-industrial effluents was evaluated, and the
results are presented in Fig. 1. Results indicated that RS1
was capable of utilizing carbohydrates and polyols present
in industrial effluents as a nutrient source for cell growth and
PHAs synthesis. The log-phase was attained within 6 h of
incubation, and the maximum growth was obtained at 48 h.
The decline phase started at 72 h and could be due to lack
of adequate nutrients. Most of the Bacillus sp. have intrin-
sic ability to exploit various inexpensive carbon substrates
as nutrients owing to their metabolic activity. Santimano
et al. (2009) reported that the Bacillus sp strain COLI/A6
isolated from humus utilized carbon-rich agro-wastes such
as starch, wafer residues, citrus pulp waste, and cane molas-
ses as growth supplements and produced higher quantities
of PHAs (65.25+0.91%) with 24 h of incubation time. A
difference in the growth rate of the strain RS1 was observed
between pre-treated and raw/untreated industrial effluents.
Increased growth rate in pre-treated industrial effluents could
be due to the alteration of pH and removal of residues. The
results are consistent with previous study reporting that the
alteration of the pH of cane molasses significantly increased
the growth rate of B. subtilis and E. coli (Gomaa 2014).
DCW and PHAs yield in raw/untreated and pre-treated
industrial effluents were evaluated, and the results are
presented in Table 1. In general, maximum DCW was
observed in pre-treated agro-industrial effluents compared
to untreated/raw industrial effluents. DCW of pre-treated
sugarcane molasses was 4.5 g/L followed by dairy efflu-
ent (3.8 g/L) and paper mill effluent (3.6 g/L), whereas
in untreated/raw industrial effluents, it was 2.4, 1.8, and
1.6 g/L, respectively. The increased DCW in pre-treated
molasses could be due to the increased availability of nutri-
ents to the bacteria. This was supported by the results from
growth studies where increased growth rate of the strain RS1
was observed in pre-treated industrial effluents compared to
untreated/raw industrial effluents. The results are consistent

with earlier study reporting that the DCW and PHAs yield
increased in pre-treated agro-industrial effluents. Gomaa
(2014) reported that H,SO,-treated molasses increased the
dry cell biomass of bacteria (B. subtilis 10.98 g/L and E.
coli 7. 63 g/L)) compared to crude (B. subtilis 5.66 g/L and
E. coli 3.55 g/L), centrifuged (B. subtilis 7.63 g/L and E.
coli 4.22 g/L), and calcium phosphate-treated (B. subtilis
9.44 g/L and E. coli 6.18 g/L) molasses.

The dark-coloured intracellular granules (Fig. 2) in Sudan
Black B staining confirmed the production of PHAs by the
strain RS1 (Gomaa 2014). The results were further con-
firmed by crotonic acid assay where a sharp UV absorbance
peak was observed at 233 nm (Fig. 3a). The UV absorb-
ance was consistent with the commercial PHAs where the
maximum absorbance was observed at 231 nm (Fig. 3b).
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Fig.2 Sudan Black B staining showing PHAs granules in B. subtilis
RS1

Table 1 PHAS production in

. . Time (h) Raw effluent Pre-treated effluent
raw and pre-treated industrial
effluents using B. subtilis RS1 DCW (g/) PHA(g/l) PHAyield(%) DCW (g/l) PHA (g/) PHA yield (%)
Sugarcane molasses
24 2.4+0.12 1.0£0.09  41.7 4.5+0.08 2.01+0.09 447
Paper mill effluent
24 1.6+0.02 0.6+0.14 375 3.6+0.03 1.1+0.21  30.6
Dairy effluent
24 1.8+0.04 0.6+0.06 333 3.8+0.15 1.2+0.02  31.6

Maximum yield was observed in pre-treated sugarcane molasses

+ Standard error

=
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Fig.3 UV spectrum of PHAs extracted from B. subtilis RS1 and
commercial PHA. The extracted PHAs exhibited maximum absorb-
ance at 233 nm, whereas commercial PHAs exhibited maximum
absorbance at 231 nm

Ojha and Das (2018) and Salgaonkar and Braganca (2017)
reported similar UV absorbance peak (235 nm) for PHAs
extracted from Wickerhamomyces anomalus VIT-NNO1 and
Halogeometricum borinquense E3.

The production of PHAs in raw/untreated and pre-
treated agro-industrial effluents using the strain RS1 was
evaluated, and the results are shown in Table 1. Results indi-
cated that PHAs production was high in pre-treated efflu-
ents compared to raw/untreated effluents. The maximum
PHAs yield was observed in pre-treated sugarcane molas-
ses (44.7%) followed by dairy effluent (31.6%) and paper
mill effluent (30.6%). However, in raw/untreated effluents,
the PHAs yield in sugarcane molasses was 41.7% followed
by paper mill effluent (37.5%) and dairy effluent (33.3%).
The decreased PHAs yield was due to the limited growth of
the strain RS1 in raw/untreated effluents. Excessive proteins
and residues present in the raw/untreated effluents may limit
the production of PHAs by the strain RS1. The results are
in accordance with the previous studies reporting excessive
production of PHAS in pre-treated agro-industrial effluents.
Acid treatment of cane molasses increased the PHAs yield
from 22.61 to 48.26% (Gomaa 2014). Bhattacharyya et al.
(2012) reported that 25-50% (v/v) pre-treatment of vinasse
maximized PHAs production by 70%.

The influence of incubation time on PHAs production was
evaluated, and the results are shown in Table 2. The results
revealed that the DCW and PHAS production of the strain
RS1 were increased progressively and attained maximum
yield (67.6%) at 48 h with a DCW and PHAs accumula-
tion of 8.0 and 5.4 g/L. However, the yield was gradually
decreased at 72 (47.6%) and 96 h (44.9%). The decreased
PHAs yield at 72 and 96 h could be due to decay in enzyme
system for the synthesis of PHAs and the intracellular con-
sumption of PHAs as energy and carbon source. The results
are in agreement with previous study reporting the maxi-
mum production (8.4 mg/L) of polyhydroxybutyrate after
48 h of incubation, and the production rate was gradually
decreased with increase in incubation time (Muralidharan
et al. 2013). Based on these results, pre-treated sugarcane

Table 2 Influence of incubation

e HTAs e o1 neut Time (h) DCW (g/1) PHA (2/l) PHA yield (%)
pre-treated sugarcane molasses Sugarcane molasses
using B. subtilis RS1 2 454008 2.01+0.09 447

48 8.0+0.06 541+0.04 67.6

7 82+0.11 392021 476

% 8.9:£0.20 40+031 449

Maximum PHAs yield was observed at 48-h incubation

+ Standard error
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Table 3 Influence of pH on

PHAs production in pre-treated pH DEW &/ PHA &/ PHA yield (%)
sugarcane molasses using B. Pre-treated sugarcane molasses
subtilis RS1 5 3.4+0.09 1.05+0.11 32.1
7 8.2+0.04 5.7+0.15 56.4
9 4.1+0.06 1.9+£0.08 38.2
Maximum PHAs yield was observed at pH 7
+ Standard error
Table4 Influence of inoculum 10 jum size (%) DCW (¢/1) PHA (g/1) PHA yield (%)
dose on PHAs production in
pre-treated sugarcane molasses Pre-treated sugarcane molasses
using B. subtilis RS1 5% 8.1+0.03 5.4£0.14 66.7
10% 9.5+0.09 6.7+0.06 70.5
15% 8.4+0.02 4.3+0.03 51.2
20% 7.1+0.21 3.1+0.08 437
25% 5.5+0.15 1.8+0.11 327

Maximum PHAs yield was observed at inoculum dose of 10%

+ Standard error

molasses and the incubation time of 48 h were used for fur-
ther optimization studies.

Influence of pH on PHAs yield by B. subtilis RS1

pH has a significant influence on bacterial growth and PHAs
yield. The change in the pH is susceptible to the growth
of organisms and PHAs yield. The data (Table 3) revealed
that the strain RS1 (pre-treated sugarcane molasses; incuba-
tion time 48 h) exhibited maximum growth (8.2 g/l DCW)
and PHAs yield (56.4%) at pH 7.0 compared to acidic and
alkaline pH. pH 7.0, i.e. being neutral, is the most favour-
able state for the growth and accumulation of PHAs by the
strain RS1. Gomaa 2014 reported that pH 7.0 was optimal
for PHAs production by B. subtilis using sugarcane molas-
ses as the growth medium. In our study, the PHAs yield
decreased to 32.1% and 38.2% at pH 5 and 9. This decreased
growth rate and PHAs yield at acidic and alkaline pH could
be due to reduced enzyme activities. This observation is in
accordance with the results obtained by Nehra et al. (2015)
who reported pH 7 as optimal for PHB production. As a
result, pH 7.0 was considered as the ideal pH for achieving
high yield of PHAs by the strain RS1.

]
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Influence of inoculum dosage on PHAs yield B.
subtilis RS1

Inoculum dosage is an important factor that must be care-
fully optimized in fermentation studies. The effect of inocu-
lum dosage on DCW and PHAs yield by the strain RS1 was
evaluated using five different inoculum sizes (5, 10, 15, 20,
and 25%) under optimized conditions (raw material, pre-
treated sugarcane molasses; incubation time 48 h; pH 7), and
the results are presented in Table 4. There was a significant
increase in the yield of PHAs from 66.7 to 70.5% as the
inoculum size increased from 5 to 10%, followed by a grad-
ual decline in inoculum size. DCW and PHAs yield at 10%
inoculum size were 9.5 and 6.7 g/L, respectively. Decreased
DCW and PHAs yields at higher inoculum size could be
due to the limited availability of oxygen to the bacteria.
The results were in accordance with the results obtained
by Desouky et al. (2017). Alternatively, the bacterial cells
might utilize the accumulated PHAs as a source of carbon
and energy after the nutrients in the production media are
depleted. However, this phenomenon needs more study.
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Fig.4 FTIR spectra of PHAs. a Commercial PHAs, and b PHAs extracted from B. subtilis RS1

FTIR and GC-MS

FTIR spectra of commercial and extracted PHAs are shown
in Fig. 4. The extracted polymer exhibited the characteris-
tic PHAs signature (Fig. 4a). The broad transmittance peak
at 3281 cm™! could be ascribed to the stretching of O-H
groups (Vega-Castro et al. 2016). Peaks observed at 2924

and 2852 cm™! were associated with the C-H stretching of
bonds of methyl (CH;) and methylene (CH,) groups (Sha-
mala et al. 2009). The intense absorption peak at 1722 cm™"
was the characteristic carbonyl (C=0) stretching of ester
groups in the extracted PHAs (Vega-Castro et al. 2016; Sal-
gaonkar and Braganca 2017). The peak (1722 cm™!) was
comparable with that of the commercial PHAs (Fig. 4b),
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Fig.5 GC-MS chromatograph of PHAs extracted from B. subtilis
RS1. The results indicated that the PHAs were composed of methyl
esters of pentadecanoic acid and hexadecanoic acid. a GC-MS chro-
matograph, b retention time, 20.9 min: compound name, pentadeca-

which further confirms that the extracted polymer was a
copolymer of PHAs. The peak at 1635 cm™' indicates a
weak carbonyl (C=0) stretching for conjugated carbonyl or
amide group, and a peak at 1539 cm™! indicates the presence
of N-H amide protein in the polymer (Getachew and Wolde-
senbet. 2016). The series of peaks from 1150 to 1300 cm™!
indicate C—O—C stretching (Vega-Castro et al. 2016), and a
peak at 979 cm™! corresponds to the presence of alkyl hal-
ides in the extracted polymer (Shamala et al. 2009). These
all prominent absorbance peaks confirmed that the extracted

* @ Springer

noic acid methyl ester, ¢ retention time, 23.1 min: compound name,
hexadecanoic acid methyl ester, and d retention time, 23.8 min: com-
pound name, hexadecanoic acid methyl ester

polymer is PHAs. These results were in accordance with the
previous study reporting the presence of carbonyl and ester
groups in PHAs (Khadeejah et al. 2016).

GC-MS chromatogram of the methanolysis of PHAs
extracted from B. subtilis RS1 cultured and processed in a
medium of sugarcane molasses (Fig. 5) revealed significant
peaks at retention times 20.9, 23.1, and 23.8 min, corre-
sponding to methyl esters of pentadecanoic acid and hexade-
canoic acid, respectively. Furthermore, the results revealed
that hexadecanoic acid methyl ester is the predominant
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monomer of PHAs produced from B. subtilis RS1. This
observation was in agreement with Gholamveisi et al. (2018)
who reported that 3HB (hexadecanoic acid methyl ester) is
the major constituent of PHAs extracted from Bacillus thur-
ingiensis strain NG. The PHAs accumulated by the strain
RS1 have good functional properties similar to commercial
PHAs and thus is a promising candidate for commercial pro-
duction and applications.

Conclusion

The obtained results indicated that pre-treated agro-indus-
trial wastes like sugarcane molasses could be used as an
inexpensive substrate for PHAs production using B. subtilis
RS1. Optimization studies revealed that under optimized
conditions (incubation time 48 h; pH 7; inoculum size 10%)
the PHAs yield was increased to 70.5%. The characterization
studies confirmed that the polymer was composed of methyl
esters of pentadecanoic acid and hexadecanoic acid. Further
studies will address film synthesis from extracted PHAs and
its characterization and biodegradation.
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