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The objective of the current work was to investigate the potential of halophilic
bacterial isolates for efficient utilization of crude glycerol from algal biodiesel waste into
polyhydroxyalkanoates (PHAs) a green plastic. Screening of the isolates was directly
done in algal biodiesel waste residue containing solid agar plates supplemented with
Nile red. Crude glycerol is a biodiesel waste whose bioconversion into value-added
products provides an alternative for efficient management with dual benefit. For the
scale-up studies of PHAs, Halomonas spp. especially H. daqingensis was observed as
a potential candidate growing well in 3% Algal biodiesel waste residue (ABWR), 5% NaCl
supplementation at 35◦C within 48 h of incubation. Maximum Cell dry weight (CDW) of
0.362 ± 0.001 g and 0.236 ± 0.003 g PHA was obtained with H. daqingensis when
grown in the fermentor with 0.5 vvm air flow rate and 200 rpm containing 3% ABWR
supplemented with 5% NaCl at 35◦C incubation temperature for 48 h. ABWR can serve
as a sole substrate for PHA production at an industrial scale serving two approaches:
getting rid of the biodiesel industrial waste containing high amount of glycerol besides
using waste replacing commercial substrate thereby reducing the cost of the product.

Keywords: algal biodiesel waste residue, Halomonas daqingensis, Halomonas ventosae, Polyhydroxyalkanoates,
optimization, characterization

INTRODUCTION

Petroleum-based plastics are essential for widespread applicability in routine life. The major
drawback of these synthetic plastics is its non-biodegradability and its toxic nature during
incineration with the release of harmful gases into the environment. This has led to serious
damage to the environment. In order to avoid these problems, the prerequisite is to produce
biodegradable plastics and look for renewable resources as nutrient feed for its commercialization.
Polyhydroxyalkanoates (PHAs) have gained interest amongst researchers due to its characteristic
properties which are appropriate for its wide applicability.

Bioplastic production may increase from 2 Mt/y in 2017 to 2.4 Mt/y in 2022 as per the reports
(Bioplastics Market Data, 2017 2017-2022). The present scenario affecting the cost of PHAs in
the world market is the use of expensive substrates and downstream processing methodology
(Kumar and Kim, 2018). Several substrates are reported in the literature which are exploited for
PHA production viz. sugars, fatty acids, vinasses-molasses mixture, waste sludge, waste water, etc.
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(Frison et al., 2015; Huang et al., 2016; Koller et al., 2017; Liao
et al., 2018; García et al., 2019). Amongst the cheap substrates
explored so far, crude glycerol is the potential feedstock for
PHA production also enhancing the sustainability of biodiesel
industry (Shrivastav et al., 2010; Ghosh et al., 2015a,b). Biodiesel
production may reach 41 Mm3 by 2022 (Monteiro et al., 2018).
The major byproduct of biodiesel industry is glycerol which
needs to be dealt with for waste management systems. It is
thus of great importance that crude glycerol is used as feed
material for the production of polyhydroxyalkanoates exploiting
wild strain of halophilic bacteria. Value added utilization of crude
glycerol obtained during biodiesel production is essential as it is
important for various industrial processes and products. Glycerol
is therefore exploited as carbon substrate for the production of
PHAs by several researchers (Freches and Lemos, 2017; Ntaikou
et al., 2018; Kumar and Kim, 2018). The ever increasing price
for synthetic nutrient media has led us use crude substrates e.g.,
glycerol generated as a waste stream during biodiesel production
(Shrivastav et al., 2010; Bera et al., 2015). This could make the
production of PHA from renewable resources more competitive
with common plastics with almost zero effluent for biodiesel
industries thus, lowering down the overall processing cost. Many
fermentable and non-fermentable ingredients present in the
crude glycerol generated through various methods could hinder
the overall bio-process (Bhattacharya et al., 2016; Gahlawat and
Soni, 2017; Fauzi et al., 2019). Thus, a suitable strain with
proper growth optimized conditions utilizing the biodiesel co-
product for fermentation is essential. Several researchers have
worked upon reducing the input of synthetic substrates for PHA
productivity. In few studies, they have investigated the glycerol as
a suitable substrate for bacterial growth (Garlapati et al., 2016).
Crude glycerol contains mainly fatty acids, methanol and salts
which if accumulated in higher concentration during the growth
of bacteria may hinder the fermentation process Rahman et al.
(2015) (Bhattacharya et al., 2016) utilized wastewater microalgae-
based media for the production of PHA from recombinant
E.coli. Many halophilic bacteria are reported to accumulate
PHAs (Kucera et al., 2018; Kumar and Kim, 2018; Hong
et al., 2019). Halophilic bacteria have gradually emerged as an
interesting candidate of research due to its ease of cultivation
with less chances of contamination owing to its extremophilic
nature. Several methodologies were adapted by researchers for
the exploitation of halophilic bacteria for PHA production
(Cervantes-Uc et al., 2014).

Extensive use of synthetic plastics as packaging materials
has found applicability in several areas. Their cheap, light
weight and material properties are appealing behind their
widespread demand. The problem in disposing these plastics
raises harsh environmental issues. Biodegradable plastics like
polyhydroxyalkanoates (PHAs) with similar material properties
and affordability would suitably replace such hazardous synthetic
plastics. Biodegradation of PHA was reported by Madbouly et al.
(2014) to be increased with the addition of distiller’s dried grains
with solubles. Torri et al. (2017) reported the conversion of PHA-
containing sludge into alkenes and CO2 through hydrothermal
treatment. Scaling up the PHA production requires lowering
down the production cost (Choi and Lee, 1999). Factors affecting

the cost of the product are the fermentation substrate required,
fermentation time, raw materials, type of bacteria downstream
processing, efficient recovery process, purity, etc. with thermal
and mechanical properties of polymer (Rodriguez-Perez et al.,
2018). On the basis of its physicochemical and mechanical
properties its applications could be decided. Few researchers
explored the use of sugars from crops as bacterial feed, but it is
not feasible during scaling up of the process as these crops are
also consumed by humans as primary food. One of the important
factors affecting the process is exploring potential wild bacterial
strain capable of growing in open saline system. This reduces the
chance of contamination and also the harvesting time which in
turn saves energy during scale up of process.

Herein, we evaluated the growth and polymer productivity
in halophilic bacteria. Taking into consideration the bottleneck
concerning the commercial media utilization for PHA
production, algal biodiesel waste residue (ABWR) was used
as the sole nutrient source. To the best of our knowledge this is
the first report on PHB production by Halomonas ventosae and
Halomonas daqingensis isolated from the Experimental Salt Farm
(ESF) (21◦47′26.4′′N 72◦07′19.2′′E) utilizing algal biodiesel waste
residue as the sole production media without addition of any
external nutrient sources.

MATERIALS AND METHODS

Direct Screening
Direct screening of PHA accumulating halophilic bacteria on
Nile red dye agar plates helped us avoid extensive use of costly
commercial media for screening purpose. To check the capability
of bacteria to utilize glycerol as the carbon source for PHA
production, the samples (0.1 mL) were spread on the minimal
salt medium plates with varying NaCl concentration ranging
from 3-25%. Samples collected were salt, soil and water samples
from different salt pans (with varying salinity) Kumbharwada,
Bhavnagar, Gujarat (21◦47′26.4′′N 72◦07′19.2′′E). The minimal
salt medium (MSM) consists of Ammonium sulfate, 0.5 g/l;
magnesium sulfate, 0.4 g/l; disodium hydrogen phosphate,
9.65 g/l; potassium dihydrogen phosphate, 2.65. Micronutrient
solution composition: ferrous sulfate, 2.78 g/l; manganese
chloride, 1.98 g/l; cobalt sulfate, 2.81 g/l; copper chloride,
0.17 g/l; zinc sulfate, 0.29 g/l containing synthetic glycerol and
supplemented with a solution of 0.25 mg Nile red in DMSO. The
plates were incubated for 48–120 h at 30◦C to check the bacterial
growth which was further checked for fluorescence under UV
light in a Gel doc (Biorad, United States) (Supplementary
Figure 2). These PHA positive isolates were picked up and
restreaked onto respective ZMA plates supplemented with NaCl
and maintained further for secondary screening.

The isolates showing better fluorescence were selected for
shake flask batch experiments. The media used as inoculum was
Zobell marine broth supplemented with NaCl ranging from 5–
25%. The experiments were setup in 500 ml Erlenmeyer flask
with 100 ml production media containing algal biodiesel waste
residue. The experiment was setup till 96 h of incubation and
maximum biomass and polymer productivity was monitored

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 2 September 2021 | Volume 9 | Article 624859

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-624859 September 13, 2021 Time: 15:31 # 3

Dubey and Mishra Eco-Friendly Plastic From Waste

every 24 h interval. The cells were harvested by centrifugation
at 10,000 rpm for 10 min. The cell pellets were further dried at
60◦C for 24 h. The cell dry weight was noted gravimetrically and
further PHA was extracted through sodium hypochlorite (4%)
treatment from the dried biomass. The cell pellets and sodium
hypochlorite was vortexed thoroughly until a homogeneous
mixture is obtained followed by centrifugation. The pellets were
washed with water and further with methanol and allowed to
dry. The obtained polymer was dissolved in chloroform and films
were prepared and measured gravimetrically.

Bacterial Strains
Two potential bacterial isolates Halomonas ventosae (GenBank
KY953158) and Halomonas daqingensis (GenBank KY962964)
were selected on algal biodiesel waste residue containing agar
plates (Supplementary Figure 3). These isolates were further
maintained on Zobell Marine agar (ZMA) supplemented with 3%
NaCl containing slants at 4◦C. The cultures were maintained in
glycerol stocks at−80◦C.

The Seed Culture
The seed culture was raised by growing the bacterial culture on
Zobell marine broth/dry sea mix (DSM) (Ghosh et al., 2015b;
Mishra et al., 2014; Dhangdhariya et al., 2015) supplemented
with 3% (w/v) sodium chloride, pH 7.6 ± 0.2 at 30◦C for 18 h
and absorbance of the culture broth was noted at 600 nm in
UV-visible spectrophotometer (Varian Cary Bio 50).

Optimization of Process Parameters for
Maximum Polymer Productivity
Factors affecting bacterial growth and polymer accumulation
in the promising bacterial isolates capable of utilizing algal
biodiesel waste residue consisting of crude glycerol; additional
sodium chloride concentrations; agitation/static; temperature;
size of inoculum and pH. All the experiments were carried
out in triplicates.

Optimization of Growth Parameters Using Algal
Biodiesel Waste Residue
In this study, varying concentrations of algal biodiesel waste
residues (ABWR) containing crude glycerol on growth and PHA
accumulation by isolates Halomonas daqingensis and Halomonas
ventosae were studied. The crude glycerol was prepared by
the process mentioned in detail in supporting information
(Supplementary Figure 1). Both the isolates were inoculated in
medium containing algal biodiesel waste residue with varying
concentrations viz. 1, 2, 3, 4, and 5%. Both biomass and polymer
productivity were recorded.

Effect of NaCl Concentration Supplemented in
Production Media
Time course study of NaCl concentration on growth and PHA
accumulation by H. daqingensis and H. ventosae was checked by
inoculating the overnight grown culture (Optical density = 1) in
production media containing varying concentration of NaCl viz.
5, 10, 15, 20, and 25%.

Effect of pH in Production Media
The pH plays a crucial role for bacterial metabolism. Thus, we
tried to optimize this condition for its better growth and polymer
accumulation. The production medium prepared was adjusted to
varying pH values ranging from 5.0, 6.0, 7.0, 8.0, and 9.0 with
0.1 N HCL or 5 M NaOH solutions prior to sterilization.

Effect of Temperature
Optimization of temperature conditions were carried out at
various temperatures viz. 30◦C, 32◦C, 35◦C, 37◦C, 40◦C, and
50◦C. Overnight grown culture was inoculated in the production
media and incubated further at various temperatures. Biomass
and PHA productivity were recorded.

Effect of Agitation and Static Condition
The role of agitation and static condition on bacterial growth and
PHA production was checked by inoculating the culture in one
set of production media kept in static condition while the other
set was incubated at 120 rpm shaking condition in an Orbitek
shaker at 35◦C. The production media consisted of 3% and 4%
ABWR with pH 7 for H. daqingensis and H. ventosae respectively.

Effect of Inoculum Size
Inoculum size plays a critical role in the PHA productivity
experiments. H. daqingensis and H. ventosae were inoculated with
varying concentrations ranging from 5% v/v, 10% v/v, 15% v/v
and 20% v/v in 3% and 4% ABWR medium respectively.

Fermentor Studies
Halomonas daqingensis was further selected for PHA productivity
study at fermentor level due to its rapid growth and PHA
accumulation which saves energy during scale-up process. The
overnight grown culture of H. daqingensis (15%) was inoculated
in 5 L fermentor for batch fermentation process with a working
volume of 2 L using the optimized medium.

The media components were 3% ABWR and 5% NaCl and
made up to 1700 ml with distilled water and pH was set to
pH 7 using 5M NaOH. The media was further sterilized and
300 mL of overnight grown culture was seeded aseptically. The
temperature was maintained at 35◦C. No antifoaming agents
were incorporated into the production media. The air inflow
rate and agitation speed were initially adjusted to 0.5 vvm and
200 rpm, respectively, during the fermentation process. Samples
(ca. 50 ml) were withdrawn after every 24 h interval and were
checked for growth and PHA productivity.

Statistical Optimization
Statistical optimization was carried out through Design Expert
software 8.0 to ascertain the interactive effects of different
variables through response surface methodology (RSM).
Based on the optimum results, central composite design was
prepared and the most significant variables ABWR, NaCl and
pH were checked.

The three distinct variables used were ABWR, NaCl and pH
denoted as A, B and C respectively employed to optimize the
fermentation conditions and thereby to obtain maximum PHB
yield. An experimental design of 20 runs (experiments) was
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FIGURE 1 | Growth kinetics and PHA accumulation of Halomonas daqingensis and Halomonas ventosae respectively in varying concentration of ABWR.

FIGURE 2 | Effect of NaCl on biomass and PHA productivity in both Halomonas daqingensis (D) and Halomonas ventosae (V).

formulated using the Design Expert software. All experiments
were conducted in 500 ml Erlenmeyer flasks with 100 mL total
working volume prepared according to the design and inoculated
with 15 ml of seed culture. The production flasks were kept
on a rotary shaker maintained at 35◦C and 120 rpm. Response
calculated was PHA (g) at the end of 48 h for H. daqingensis.
The contour surface plots were created to understand the
interaction of different factors, and the graphs were used
to evaluate the optimized components and conditions of the
medium, which influences the responses. The point prediction is
a unique feature of this software which was used to confirm the
obtained optimum value.

Extraction of Polyhydroxyalkanoate
From Bacterial Biomass
The culture was harvested through centrifugation which was
dried at 60◦C overnight and treated with 4% sodium hypochlorite

solution. The biomass was thoroughly vortexed until a uniform
mixture is formed followed by centrifugation at 10000 rpm
for 10 min. The obtained pellets were washed with water and
methanol consecutively. The obtained pellets were dissolved in
chloroform and the solvent was allowed to evaporate and PHA
film was obtained.

Chemical Analysis of Extracted Polymer
Thermal Gravimetric Analysis (TGA)
The thermal properties of the extracted polymer were checked
using thermogravimetric analysis using TG-DTA system in TG
209 F1 instrument. The sample was analyzed over a temperature
range of 500◦C at a heating rate of 10◦C min−1 under
nitrogen atmosphere.

Fourier Transform Infrared Spectroscopy (FT-IR)
The extracted polymer was mixed with KBr spectra was
noted in 4000 – 400 cm−1 range with PerkinElmer
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FIGURE 3 | Effect of pH on biomass and PHA productivity in both Halomonas daqingensis and Halomonas ventosae.

spectrum GX FTIR spectrometer in by mixing the
extracted polymer with.

Nuclear Magnetic Resonance (NMR)
The extracted polymer was dissolved in deuterated chloroform
for 1H NMR analysis at 500 MHz and compared with standard
PHB (Sigma Aldrich).

GPC Analysis
The Column used was 2 PL Gel Mixed D (300 mm× 7 mm) with
Guard column in series. Mobile Phase CHCl3 stabilized with 1%
Ethanol and polystyrene was used as calibration standard.

RESULTS AND DISCUSSION

Exploitation of waste substrates like crude glycerol from
biodiesel for PHA production helps in getting rid of waste
management problems and thereby decreasing environmental
concerns too (Ibrahim and Steinbüchel, 2009; Zhu et al.,
2013). Many researchers have worked on the utilization
of synthetic substrates which will add to the cost of the
product. A wide range of raw substrates are explored for its
potential use for bacterial growth (Raza et al., 2018; Volova
et al., 2019). The experiments were performed in triplicate
and Tukey’s test was applied for data interpretation in the
data analyzed by applying the Tukey’s test using the MStat-
C software.

Optimization Studies
Optimization of Algal Biodiesel Waste Residue
Concentration
Increasing the algal biodiesel waste residue concentration
decreases the total organic carbon utilization, which shows that,
both isolates do not utilize the organic carbon present in the
medium completely. The optimum concentration for growth
and PHA production is 30 g/l and 40 g/l respectively for both

the isolates Halomonas daqingensis (Figure 1) and Halomonas
ventosae (Figure 1) respectively.

The cell dry weight (CDW) obtained was significantly high
with 0.29± 0.03 g/100 mL at 30 g/L ABWR concentration at 48 h
incubation for Halomonas daqingensis and 0.29 ± 0.01 g/100 mL
for Halomonas ventosae at 40 g/L ABWR concentration after
72 h of incubation. PHA content of 0.20 ± 0.02 g/100 mL
and 0.21 ± 0.01 g/100 mL was obtained in Halomonas
daqingensis and Halomonas ventosae respectively. Increase in
the concentration above 3% ABWR in H. daqingensis decreased
both the bacterial growth and PHA accumulation which
clearly indicates that high concentration of ABWR may be
detrimental for bacterial growth whereas, concentrations above
4% ABWR does not affect much of H. ventosae growth.
A similar growth trend was observed at different time intervals
with varying concentration which depicts the optimum time
of harvesting to be 48 h and 72 h for H. daqingensis and
H. ventosae respectively. Whole genome sequenced Halomonas

FIGURE 4 | Effect of temperature on biomass and PHA productivity in both
Halomonas daqingensis and Halomonas ventosae.
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FIGURE 5 | Role of inoculum size on biomass and PHA productivity in both Halomonas daqingensis and Halomonas ventosae.

hydrothermalis is reported to accumulate co-polymer when
fed with crude levulinic acid and Jatropha biodiesel wastes
(Bera et al., 2015; Bharadwaj et al., 2015).

Effect of Sodium Chloride on Cell Growth and PHA
Production
Sodium chloride is one of the constituent of crude
glycerol derived from biodiesel during alkaline catalyzed
transesterification of the algal oil. Thus, the effect of
additionally supplemented sodium chloride on growth and
PHA accumulation in the isolates was estimated by inoculating
the cultures in medium containing different concentrations
of sodium chloride viz. 5, 10, 15, 20, and 25% and no
additional NaCl (denoted as 0%) in algal biodiesel waste
residue. It was observed from the graph that NaCl content
affects the rate of bacterial growth affecting its lag phase.
In case of Halomonas daqingensis with no additional NaCl
highest CDW was observed at 48 h of incubation while
increasing the NaCl concentration to 5% increased the lag
phase shifting the optimum growth at 72 h of incubation
(Figure 2).

Highest PHA productivity was observed at 72 h of incubation
with additional 5% NaCl concentration. In Halomonas ventosae
the growth increased at 96 h of incubation with 5% NaCl
concentration depicting the large lag phase (Figure 2).

Moderately halophilic bacteria grow in the presence of 3
to 15% salt concentration while, extremely halophilic bacteria

TABLE 1 | Role of agitation and static condition on bacterial growth and
polymer accumulation.

Incubation H. daqingensis H. ventosae

CDW (g) PHA (g) CDW (g) PHA (g)

Static 0.12 0.06 0.11 0.05

Agitation 0.33 0.24 0.26 0.18

require more than 15% of salt concentration. Several ions
such as NaCl is essential for the growth and stability of these
micro-organisms both growth and metabolism of these bacteria
(Gibbons, 1969).

Effect of pH on the Biomass and PHA Accumulation
The influence of initial pH on biomass and PHA productivity by
H. daqingensis and H. ventosae was checked using 3% ABWR
and 4% ABWR production media respectively. The optimum
pH for PHA productivity for both the isolates was pH 7 with
0.191 ± 0.002 g and 0.143 ± 0.005 g PHA in H. daqingensis and
H. ventosae respectively. Increasing the pH above 7 decreases
PHA accumulation in both the isolates as observed from the
Figure 3.

TABLE 2 | ANOVA for response surface quadratic model.

Analysis of variance table

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 0.048 9 5.32 21.38 < 0.0001

A-ABWR 6.28 1 6.28 25.24 0.0005

B-NaCl 0.016 1 0.016 65 < 0.0001

C-pH 1.25 1 1.256 5.04 0.0485

AB 4.51 1 4.51 18.12 0.0017

AC 4.05 1 4.05 0.16 0.6952

BC 3.28 1 3.28 13.18 0.0046

A2 0.012 1 0.012 48.66 < 0.0001

B2 1.03 1 1.03 4.17 0.0684

C2 5.45 1 5.45 21.89 0.0009

Residual 2.49 10 2.49

Lack of Fit 2.20 5 4.41 7.79 0.0209

Pure Error 2.83 5 5.66

Cor Total 0.050 19
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FIGURE 6 | 3D surface plots of PHA productivity with (i) ABWR and NaCl (ii) ABWR and pH (iii) NaCl and pH.

Effect of Temperature on the Biomass and PHA
Productivity
The role of temperature on biomass and PHA productivity was
checked in H. daqingensis and H. ventosae at different incubation
temperatures viz. 25◦C, 30◦C, 35◦C, 40◦C, 45◦C and 50◦C. The
maximum PHA accumulation was obtained at 35 ◦C temperature
for both the isolates as indicated in Figure 4.

Effect of Static and Agitation on the Growth and
Polymer Accumulation
The effect of agitation and static condition on growth and
PHA accumulation was estimated by incubating one set of

the inoculated medium in agitated condition in a shaker at
120 rpm and incubating the other set of inoculated medium
in static condition. The medium constituent was 3% and 4%
algal biodiesel waste residue for H. daqingensis and H. ventosae
respectively incubated at 35◦C. H. daqingensis showed 0.12g
of CDW with 0.06g PHA under static condition while 0.33g
CDW and 0.24g PHA under agitation condition. In case of
H. ventosae 0.11 g CDW with 0.05 g PHA accumulation under
static condition while 0.26 g CDW and 0.18 g PHA accumulation
was found to be under agitation condition. As observed from
these results, shaking condition is an important parameter for
growth and PHA accumulation due to maximum oxygen transfer
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rate in the culture medium enhancing the bacterial metabolism
for efficient accumulation of PHAs.

Effect of Inoculum Size on the Biomass and PHA
Accumulation
Inoculum size is also one of the important factor responsible
in the optimization process. Both the isolates Halomonas
daqingensis and Halomonas ventosae were inoculated into the
production medium with varying inoculum size of 1% v/v, 5%
v/v, 10% v/v, 15% v/v, 20% v/v in 30 g/L and 40 g/l of algal
biodiesel waste. Figure 5 indicates bacterial growth along with
polymer accumulation.

An increase in CDW and polymer content was observed
in both the isolates from the graph till 15%v/v inoculum.
Thus, maximum growth with 0.310 ± 0.04 g and polymer
accumulation with 0.213 ± 0.03 g was recorded at 15% v/v
concentration in H. daqingensis whereas 0.262 ± 0.08 g biomass
and 0.185 ± 0.01 PHA productivity in H. ventosae. Increasing
the inoculum size to 20% v/v decreased both CDW and
polymer content.

Scaling Up of the Optimized Process in
Bioreactor
Fermentor studies was carried out under optimized conditions
utilizing H. daqingensis. In the present experiment, the
inexpensive ABWR was used as production media with
additional 5% NaCl. Samples were withdrawn every 24 h time
interval to check possible bacterial growth and PHA production.
The centrifuged pellets were collected for PHA. PHA extraction
and supernatant was filter sterilized (0.45 µ) and stored at 4◦C
until used for total organic carbon analysis. The results obtained

TABLE 3 | CCD for PHA optimization ABWR (1-8%); NaCl (0-10%); pH (6-8).

Std ABWR (%) NaCl (%) pH PHA (g)

1 2.41 2.02 6.40 0.21

2 6.58 2.02 6.40 0.09

3 2.41 7.97 6.40 0.024

4 6.58 7.97 6.40 0.06

5 2.41 2.02 7.59 0.15

6 6.58 2.02 7.59 0.1

7 2.41 7.97 7.59 0.106

8 6.58 7.97 7.59 0.09

9 0.99 5 7 0.115

10 8 5 7 0.03

11 4.5 0 7 0.19

12 4.5 10 7 0.071

13 4.5 5 5.99 0.079

14 4.5 5 8 0.12

15 4.5 5 7 0.16

16 4.5 5 7 0.15

17 4.5 5 7 0.17

18 4.5 5 7 0.16

19 4.5 5 7 0.16

20 4.5 5 7 0.15

indicated potential utilization of cheap substrates as nutrient
source for bacterial growth and PHA production at industrial
scale. The un-optimized conditions resulted in 0.362 ± 0.001 g
of dried bacterial biomass and 0.236 ± 0.003 g of PHA within
48 h of incubation.

Statistical Optimization
The study was conducted using Design Expert software version 8.
Three different variables: ABWR (1-8%), NaCl (0-10%) and pH
(6-8) was considered for the experiment. The experiment was set
up at 100 mL scale in 500 mL Erlenmeyer flasks containing 85 mL
of production medium and 15 mL of inoculum, 35◦C incubation
temperature, 48 h production age, 120 rpm agitation in an
Orbitek shaker. The above mentioned medium was considered
for seed culture medium. To estimate the effect of different factors
on PHA as response surface, central composite design was used.
Based on the results obtained by optimizing different factors
through one factor at a time approach, the ranges of factors were
selected. The experimental data derived from the design were
analyzed by multi regressions through the least square method
to fit the below second order polynomial equation. A quadratic
model was obtained in this study.

Y is the measured response variable, coefficients βo, βi, βij, and
βii are constant which represent either synergistic or antagonistic
effects for different combinations and regression coefficient of
the model and xi and xj represents the independent variables in
coded values. The predictive power was verified using Fischer
(F) through analysis of variance (ANOVA) determining the level
of significance. Also, p-values (Prob. > F) less than 0.05 is
preferable. (Tables 1, 2)

A three- factor, five level central composite design (CCD)
was employed to check the effects of different combinations on
polymer accumulation (Figure 6 and Table 3).

The concentrations of the different factors were set as per
our preliminary experiments conducted at the same level.
The experiment consisted of 20 runs. The Model F-value of
21.38 suggests the model is significant. There is only a 0.01%
chance that a “Model F-value” this large might be due to
noise. Final equation for PHA derived in terms of coded
factors:

0.16 + −0.021 ∗ A + −0.034 ∗ B + 9.589E - 0.03 ∗ C + 0.024
∗ A∗ B+

2.250E + −003 ∗ A∗ C + 0020 ∗ B∗ C + −0.029 ∗
A2
+−8.489E-003 ∗ B2

+−0.019 ∗ C2

The maximum productivity with 0.21 g was observed at 2.41%
ABWR; 2.02% NaCl and 6.40 pH.

Extraction and Characterization of the
Extracted Polymer
The supernatant after centrifugation of the bacterial biomass
was filter sterilized (0.45µ) and stored at 4 ◦C until use. This
filter sterilized supernatant was analyzed for organic carbon
content which was 14.45% at 48 h of incubation. Extraction was
carried out using conventional technique utilizing 4% sodium
hypochlorite. Dubey et al., 2017 reported the extraction of
PHA utilizing green solvents. Also, the dissolution of PHA
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TABLE 4 | Comparative analysis of PHA production.

Sr No. Strain Feedstock Working volume Crude glycerol (%) Temperature PHA productivity References

1. Mixed culture Crude glycerol;
volatile fatty
acids;1,3-propanedio

1.7 L 1 37 0C - Burniol-Figols et al., 2018

2. P. putida KT2440 Crude glycerol 1.5 L 3% 30 0C 47% Poblete-Castro et al., 2014

3. Novosphingobium sp. Crude glycerol - 2% - 45% Teeka et al., 2012

4. Bacillus thuringiensis Crude glycerol;
Nutrient broth

125mL 2% 37 0C 74.8% Kumar et al., 2015

4. Pannonibacter
phragmitetus ERC8

Crude glycerol 200 mL 0.8% 30 0C 17.41% Ray et al., 2016

5. Bacillus sp. ISTVK1 Pure glycerol - 5% 30 0C 85.19% Morya et al., 2018

6. Paracoccus sp. strain
LL1

Glycerol 150 mL 2% 30 0C 39.3% Kumar and Kim, 2018

7. Halomonas
daqingensis

Crude glycerol 100 mL 3% 35 0C 68.96% This study

8. Halomonas ventosae Crude glycerol 100 mL 4% 350C 72.41% This study

was reported in green solvent diethanol ammonium acetate
with maximum solubility of 3% w/v at 70◦C (Sequeira et al.,
2020). Herein, the extracted polymer showed good thermal
and mechanical properties compared to standard PHB from
Sigma Aldrich. The detailed description of the characterization
experiments are mentioned in Supporting information file
(Supplementary Figures 2, 3) as Table 4 above indicates the
comparative PHA productivity in different bacterial strains
compared with our present study.

Comparative TGA Profiles of PHA Extracted at
Different Time Intervals With Standard PHB (Sigma
Aldrich)
The thermal degradation temperature of extracted PHA from
H. daqingensis and H. ventosae were observed to be 290◦C
and 296◦C which is higher than detected for commercial PHB
(Sigma Aldrich). The increase in degradation temperature for
observed biomass can be due to trace amount of impurities
which was further checked through elemental C,H,N,S analysis.
Extracted PHA sample was checked for impurities left after
extraction process through Elemental analysis. The extracted
sample contains 55.95% and 56.56% carbon which is similar to
that of standard PHB obtained from Sigma Aldrich.

Fourier Transform Infrared Spectroscopy (FT-IR)
The FT-IR spectra of PHB (Sigma Aldrich) displayed
characteristic peaks, ν-OH str. at 3436 cm-1, ν-CH2 and
ν-CH3 str. at 2880 to 2977 cm-1, ν-C = O str.at 1724 cm-1 and
ν-C-O str. at 1000-1300 cm-1. The recovered polymer (both
from H. daqingensis and H. ventosae) exhibited all specific peaks,
consistent to that detected for PHB (Sigma Aldrich). Hence, it
was definite that the recovered polymer is PHB

Nuclear Magnetic Resonance (NMR) Analysis
The 1H-NMR spectra of PHB indicated doublet at δ = 1.28 and
1.27 ppm due to methyl group, doublet of quadruplet at δ = 2.58
and 2.49 ppm, ascribed to the methylene group, multiplet at
δ = 5.25 ppm is characteristic due to methine group.

Dynamic Mechanical Analysis (DMA)
The robustness of the PHA film reduced with the rise in
temperature as depicted in the graph. The E′ became constant at
around 125◦C which designates the glass transition temperature
though, the glass transition recorded through DSC was around
175◦C which can be due to the sensitivity of instruments.

Gas Permeation Chromatography (GPC) Analysis
The extracted polymer has molecular weight of 309 KDa
extracted from H. daqingensis with 1.82 PDI.

Comparative Production Analysis of PHA
Utilizing Glycerol
Polyhydroxyalkanoates accumulation in halophilic bacteria in the
presence of high salts is beneficial not requiring sterile conditions
thus preventing growth of wild bacterial strains.

Novelty of the Current Study and Its
Significant Contribution
The novelty of the current study is utilization of ABWR as sole
substrate for PHA production in both the halophilic bacterial
strains i.e., H. daqingensis and H. ventosae. These two strains
are capable of accumulating PHA within 48–72 h of incubation
which decreases the overall production cost.

CONCLUSION

The grail of the current work was to reconnoiter and formulate
the process for the exploitation of algal biofuel wastes containing
crude glycerol for the production of polyhydroxyalkanoate that
can replace commercial substrates. The priority in our current
study for selecting salt pans as sample collection site was its
extreme environment nurturing several bacteria adapted in such
harsh environment. This wonder niche is a focal point for
potential microbes viz. Halomonas daqingensis and Halomonas
ventosae, as an efficient PHA producer with maximum PHA
productivity in presence of 3% and 4% ABWR concentration
respectively at 35◦C temperature.
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