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Abstract

Polyhydroxyalkanoate (PHA) synthesised by microbial strains has properties (biocompatible, non-toxic, and biodegradable)
that make it appropriate as an environment-friendly plastic component. This research evaluated the cheap carbon substrates
(molasses, olive oil, and their mixture) of industrial waste as an alternative to costly ones for the manufacturing enhance-
ment of mcl-PHA by C. necator. The strain was cultured in both nutrient and mineral media with and without nitrogen.
mcl-PHA content was found to be 24.33%, 18.66%, and 40% with molasses, olive oil, and a mixture of both substrates,
respectively. The chromatographic technique, GCMS, was utilized to confirm the types of PHA monomers (3HB and HHx).
The maximum PHA content produced was 2.03 g/L using a combination of substrates compared to molasses (1.41 g/L) and
olive oil (1.12 g/L). Morphology exhibits pseudo-spherical granules with comparatively consistent distribution by SEM.
FTIR spectroscopy was used to detect PHA presence rapidly. In conclusion, C. necator DSM 428 cultivated on a mixture
of substrates is proficient in manufacturing mcl-PHA along with scl-PHA; the type of PHA monomer depends upon the

selection of substrate.
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1 Introduction

PHAs are emerging and significant biopolymers compared
to petroleum-based plastics. Conventional plastics caused
major issues like soil infertility, environmental pollution,
and non-biodegradability [1]. Substitution of traditional
plastics by PHAs has gained considerable importance
regarding ecological aspects. The European exploitation of
bio-based plastics was approximately 50 K to 100 K tons in
2007 and is anticipated to consolidate 2—6 Mt by 2025 [2].
The recently reported market operation of PHA-based com-
modities was 10,000 Mt in 2013 to 34,000 Mt in 2018 [3].
PHAs are polyesters of 3-, 4-, 5-, and 6-alkanoic acids, man-
ufactured by many strains and serve as carbon and energy
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storing constituents. The constituent’s characteristics are of
great interest because of the compatibility, biodegradabil-
ity, renewable behaviour, and eco-friendly aspects [4]. The
degradation rate of PHA is 3—9 months, which is most furi-
ous compared to petroleum plastics. Microorganisms convert
them into CO, and H,O utilizing their PHA depolymerase
[5]. To date, over 150 various hydroxy alkanoic acids/PHA
monomers are reported in the literature, these monomeric
units are responsible for the physical and chemical char-
acteristics of PHA [6]. Higher than 90 kinds of microbes
are being used to accumulate the polyester in the shape of
granules [7, 8].

PHAs are specified in 3 different categories, short,
medium, and long chains based on the presence of
C-atoms in their lateral chains [9]. Scl-PHAs, such as
Poly (3HB) and Poly (3HV), have fewer than five carbon
atoms, whereas mcl-PHAs, such as Poly (3HHx), Poly
(3HO), and Poly (3HD), have five to fourteen carbon
atoms. Lcl-PHAs, on the other hand, have more than
fourteen carbon atoms. Though Icl-PHAs are produced
but are infrequent, less reported, and less examined [10].
PHA exhibits the following characteristics: crystal clear,
rigid, and flexible. Scl-PHAs are majorly hard, firm, and
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fragile, while they possess lesser capabilities to shape.
Compared to scl-PHA, mcl-PHA is of great interest
because of its elasticity, flexibility and higher tendency
to mould [11]. Physico-chemical characteristics of PHA
polymers can be improved by altering and blending their
exteriors. Alteration can be accomplished via mixing the
PHA polymer with additional specific types of polymers
along with enzymes [12].

PHAs, particularly poly (3-hydroxybutyrate), were
revealed in B. megaterium by Lemoigne in 1925 [13].
The production of PHA would be fascinating concerning
both ecological as well as economic points of analysis
due to the simple access of carbon sources, like corn,
starch, molasses, whey, vegetable oil, agricultural wastes,
and wheat [14-16]. Molasses is mainly intended for the
manufacturing of PHA, especially responsible for the
synthesis of PHB (scl-PHA), oils like olive oil, sunflower
oil, sesame seed oils, canola and other fatty acids are
majorly responsible for the mcl-PHA production sepa-
rately [17, 18]. Mixtures of these substrates are used to
enhance the productivity of PHA and to accumulate vari-
ous varieties of PHA in microbes. Genetically engineered
microbes are highly regarded for producing a great yield
of PHA compared to native species, although genetic
engineering demands additional costs than natural bac-
terias [19, 20]. Their consumption is now introverted
because of the greatest prices of growth. Consumption
of organic agro-waste materials, like molasses and olive
oil, as an alternative to costly carbon sources, was used
for PHA production [21, 22].

In earlier studies, PHAs have been produced using a
pure culture of C. necator DSMz 545 with a volatile fatty
acids rich, anaerobically digested olive mill wastewater
[23, 24]. In another study, PHA polymer was produced
using a mixture of glucose and acetate from C. necator
DSMz428 [25]. The PHA production was also reported
using a mixture of olive oil mill effluent with glucose
from mutant B. cereus FAI1I [26]. The choice of bacteria
has a significant influence on PHA formation. C. necator
is a very well microbe for producing scl-PHA; however,
it may also produce mcl-PHA when given certain nutri-
ents. [27]. C. necator was selected because this strain
accumulated PHA at 80-90% dry cell weight. This study
evaluated the effect of olive oil from industrial waste as
an additional carbon source with molasses on the thermo-
chemical characteristics of short and mcl-PHAs during
the growth phase in C. necator. This is the first attempt
to use olive oil with molasses to accumulate PHAs from
the pure culture of C. necator DSMz 428. This inves-
tigation aims to eliminate the petrochemical plastics
by replacing economical, eco-friendly new biopolymer
expectedly mcl-PHA.
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2 Materials and methodology
2.1 Strain

C. necator ATCC17699 was purchased from the international
collection DSMZ. C. necator stores polyhydroxybutyrate
(PHB), a biopolymer with intracellular carbon and energy
storing ability [28].

2.2 Media

Two kinds of culture media were utilized for the growth of bac-
terial strains: nutrient media and mineral media. Lineup of NM
is as follows: yeast extract (2 g/L), beef extract (1 g/L), peptone
(5 g/L), glucose (10 g/L), NaCl (5 g/L), KH,PO, (3.6 g/L),
and Na,HPO, (14.4 g/L). By the addition of 15 g/L of agar to
the same content, a nutrient agar medium was formed. MM
was prepared using following constituents: KH,PO, (3.6 g/L),
Na,HPO,.12H,0 (14.4 g/L), NaCl (0.015 g/L), MgSO,.7H,O
(0.5 g/L), CaCl,.2H,0 (0.05 g/L), FeSO,.7H,0 (0.009 g/L),
(NH,),S0O, (3 g/L), trace elements (1 mL), carbon substrate;
molasses (10 g/1), olive oil (10 g/1), and pH (7.4). MnSO,.H,O
(1 g/L), CuCl,.2 H,0 (0.2 g/L), CoCl,.6H,0 (0.5 g/L), ZnCl,
(0.1 g/), Na,M00,.2 H,0 (0.04 g/L), H;BO; (0.5 g/L), and
NiCl, (0.05 g/L) made up the trace element solution. For every
medium sequentially, the ingredients were combined in baffled
Erlenmeyer flasks. After using 2 N NaOH to get the pH to 7.4,
flasks were closed using cotton as well as aluminium paper.
The culture medium was sanitised at 121 °C for 15 min. To
avoid becoming wet throughout this sterilisation procedure,
specimen flasks were wrapped in aluminium foil and then pre-
served. To produce a mineral medium without nitrogen, only
(NH,),SO, was not added to the above-described components
of the mineral medium.

Molasses and olive oil were collected from the sugarcane
molasses producing industry and oil refining industry, respec-
tively. It was reacted with H,SO, solution (0.75 wt%, pH 1.1),
and heated for 15 min at 100 °C, 115 °C, and 130 °C. This
solution was acidic. 5 M NaOH solution was used to neutralize
this solution, and pH was maintained at 7.0. The solution was
filtered and autoclaved for 15 min at 121 °C. The lyophilized
strain’s development kinetics were carried out according to the
previously reported procedure [29]. For these investigational
situations, dry cell weight (DCW), as well as PHAs develop-
ment in pellets, was concluded.

2.3 Effect of different carbon sources
on the developmental behaviour of bacterial
strains

The influence of seed age on microbial development, as
well as PHA formation in bacterial cells, was evaluated
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with (10 g/L) glucose. Two percent (v/v) inoculum size was
transported into a 100-mL mineral medium and incubated at
30 °C, 250 rpm for different time intervals (8—72 h). Speci-
mens were analysed for biomass as well as for the presence
of PHA. These experiments revealed that 48 h is suitable for
developing PHA pellets. After 48 h, these pellets achieved
stable status along with the highest PHA formation. A con-
sequence of various carbon sources on development as well
as PHA formation was taken out with glucose (10 g/L),
molasses (10 ml/L), olive oil (10 ml/L), and a mixture of
molasses and olive oil (5+5 ml/L). Flasks were incubated
at 30 °C and 250 rpm. The biomass and PHA were examined
in culture media after 48 h.

2.4 Optimization of statistical investigation

It took two phases to optimise the media components for
PHA production. The initial phase involved identifying the
elements that significantly impact PHA development. The
second stage looked at these elements’ ideal values. A total
of eight factors studied were glucose, treated molasses,
crude olive oil, a blend of treated molasses and crude olive
oil, KH,PO,/Na,HPO, (with buffer and without buffer),
initial pH, seed age, agitation speed. Next, cell dry weight
(CDW) was assessed by measuring the mass provided as
follows: The specimens (10 ml of culture) were centrifuged
for 15 min at 4 °C and 10,000 rpm. Reconstituted micro-
bial cells were centrifuged after being deposited in distilled
water. The cleaned granules were dried in an oven at 90 °C
until they reached a consistent weight. Optical density
(OD) was measured at a wavelength of 600 nm to assess the
growth of cells in the fermentation media.

2.5 Extraction method

In this extraction technique, comparatively fewer chemicals
are needed than in solvent extraction. The self-floatation of
pellet remnants is the technique used in this process. This
process involves fusing pellets in chloroform at 30 °C for
72 h, followed by overnight incubation at room tempera-
ture to allow pellet residues to self-float. According to this
method, the PHAs were up to 98% pure and 85% effective
(w/w), respectively [30]. Additional advantages of this
method include lower costs, simpler handling, and less waste
of the recovered polymer.

2.6 Fourier Transform-Infrared Spectroscopy (FTIR)

For analyzing the implementation of an IR spectrum, a sub-
sequent process [31] was utilized from earlier laboratory
studies [32]. FTIR was used to identify the chemical compo-
sition of the extracted PHA. Through centrifugation (3300 g,
7 min), cells were extracted from 10 mL of fermentation

media. They were washed twice with 5 mL of sterile saline
(9 g/LL NaCl). To obtain an adequate concentration for spe-
cific assays, the provided cells were dispersed in an appro-
priate volume of physiological water. For the FTIR analysis,
exactly 5 ul of these saturated bacterial solutions were used
(400 to 4000 cm™).

2.7 Estimation of molasses by 3,5-dinitrosalicylic
acid

The procedure to verify the sugar concentration of reducing
sugars was adopted from the previous studies [33]. By heat-
ing the bacterial culture extracted at regular time intervals
along with 3,5-dinitrosalicylic acid (DNS), which produced
a red-brown product. Since this response is immediate, this
approach was used instead of Benedict’s test. The spectrom-
eter calculated the coloured complex’s content at 540 nm
of wavelength. A calibration graph was made employing
known sugar quantities and was used to detect the sugar con-
tent of an unknown specimen. Therefore, the concentration
of an unknown solution is determined by diluting a known
quantity solution [33].

2.8 Estimation of olive oil by HPLC

The tyrosol-to-syringic acid (internal standard) was revealed
as explained in previous studies [34, 35], and total olive oil
concentrations were estimated. The method is as follows:
Polar components were extracted in methanol/water 80/20
with a 1/10 (w/w) oil/solvent proportion as explained after
1.00 g of EVOO was treated with a known quantity of syrin-
gic acid as the standard solution. Following centrifugation,
the polar portion (top layer) was gathered, concentrated in a
Savant speed-vac to a volume of roughly 0.5 mL, and after-
wards dissolved to a volume of 1 mL using trifluoroacetic
acid at a concentration of 0.1% (TFA). RP-HPLC was used
to isolate one-tenth of the polar extract using only a module
HP 1100 chromatographer with a diode array detector. Using
a thermostatic oven, a C-18 reversed-phase column measur-
ing 250 2.1 mm in diameter and 4 m in particle size served
as the solid phase. A 5-65% gradient of the active ingredi-
ent (solvent B: acetonitrile/TFA 0.1%) was applied during
physical separation at a constant volume of 0.2 mL min~!,
followed by 5 min of isocratic elution at 5% B. The percent-
age B was raised to 100% following 65 min. In HPLC-grade
water, solvent A contained 0.1% TFA. HPLC ChemStation
software version A.07.01 incorporated peaks while dis-
charges were observed at =280 nm wavelengths.

2.9 Gas chromatography-mass spectrometry

Ten milligrams of lyophilized granules were solubilized in
2 mL of a 15% sulphuric acid in methanol solution with
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1.0 ml chloroform at—80 °C and 10 mbar pressure. For
10 min, the tube was swirled at room temp. Two millilitres
of dichloromethane with 0.3 g/L of standard solution methyl
benzoate were injected. The solution was heated in a reactor
for 240 min at 100 °C before being put on ice for 10 min to
end the reaction. The tube was filled with two millilitres of
demineralized water to differentiate the organic and aqueous
portions. Phases were isolated using centrifugation at 2800 g
for 5 min after 1 min of mixing. After recovering the lower
organic layer, the leftover sulphuric acid was neutralised by
0.4 g of anhydride Na,COj;. After that, the sample was vor-
texed as well as centrifuged at 2800 g for 5 min while being
dehydrated with 0.4 g of anhydrous MgSO,. Subsequently,
the organic layer was filtered using nylon filter paper with
pore sizes of 0.2 and 0.45 mm. The GC-MS experiment
utilized the 1.0 L Sample. The protocol was adapted from
previous studies carried out on PHA production from C.
necator [36].

2.10 Scanning electron microscopy (SEM)

Using a SEM, the microstructure, as well as surface mor-
phology of specimens, was examined. The sample jar con-
taining the PHA samples was sealed with carbon adhesive
tape. Containers holding specimens were moved into the
TESCAN VEGA 3 LM SEM. The PHA compounds were
screened using a Skv voltage that was applied.

3 Results and discussion
3.1 Cell growth summary of C. necator DSM 428

Cultivation was accomplished using glucose for the syn-
thesis of biopolymer. Firstly, the cause of seed time on pel-
let development, as well as P(3HB) formation, was exam-
ined. The pellet development along with P(3HB) growth
was gained in 24 h (Fig. 1). There was a slight reduction in
the quantity of P(3HB) for extended incubation time. The
examined development of P(3HB) in addition to pellet con-
centration was less because of carbon source reduction as
well as the production of intracellular by-products, which
affected hindrance. Comparison of progress curves showed
that exponential phases in RM were reached in about 4-5 h
for all strains, while after 8 h, most of the strains entered the
stationary growth phase. Growth was relatively slow in MM.

Secondly, the effect of agitation rate on cell develop-
ment, as well as the P(3HB) synthesis, was also determined
by optical density. Both the cell development and P(3HB)
formation had a growing tendency at the agitation rate of
250 rpm, as shown in Fig. 2. Cell autolysis occurred for the
agitation rate of greater than 250 rpm, and the productivity
started to decrease. Thirdly, the effects of the consumption
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Fig. 1 Effect of seed age on microbial cells growth as well as P
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Fig.2 Consequence of agitation speed on microbial cell growth as
well as P(3HB) formation at 30 °C at the seed time of 24 h

of substrates were determined using optical activity. The
consumption of molasses and olive oil was determined sepa-
rately for the cell development plus P(3HB) formation. In
this research, C. necator DSMZ 428 was used to generate
the PHA using a mixture of both substrates (molasses and
olive oil) for the first time. The effect of consumption of a
mixture of both substrates was determined by the growth
rate of PHB. Figure 3 depicts that the quantity of molasses
is maximum at O and decreases as the time (h) increases.
The quantity of olive oil was also maximum at the starting
time, but it was reduced as the time (h) increased. The effect
of olive oil at the growth rate was the same as described
for the molasses but the amount of PHB produced is less
compared to molasses given in Fig. 4. The consequence
of the addition of olive oil with molasses showed good
improvement in biopolymer formation. The highest P(3HB)
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Fig.3 The concentration profile of cell growth, utilization of molas-
ses at 30 °C as well as agitation rate of 250 rpm
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Fig.4 The concentration profile of cell growth, utilization of olive oil
at 30 °C and agitation rate of 250 rpm

formation was gained at 48 h incubation, 30 °C, and an agi-
tation speed of 250 rpm Fig. 5. Forty percent of PHA content
was produced using a mixture of both substrates Table 1,
which was good enough compared to a single substrate. Such
as in another study conducted on C. necator DSM 545 using
Sodium glutamate produced 33% PHA through extraction
procedure [37]. Several other studies showed similar results
that using a single substrate produced relatively less amount
of PHA, 38% with waste glycerol [36], 25% with glucose
[38], 34% with lignin [22], and even 23% with volatile Fatty
acids [39].

3.2 Analytical techniques used for characterization
of microbial PHA

3.2.1 FTIR spectroscopy used for identification of PHA
monomer

FTIR was used for the existence of PHA in microbial
cells and to identify the monomers based on functional
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Fig.5 Mixture of both substrates utilization, production of P(3HB) at
30 °C and at the agitation rate of 250 rpm

Table 1 Cell dry weight (%) PHA produced using different carbon-
ated substrates

PHA content %CDW

Carbon sources %CDW
Molasses 24.33%
Olive oil 18.66%
Mixture of both substrates 40%

groups present in the samples. C. necator produced high
content of PHA using three types of substrates. This strain
produced high PHA content using molasses compared to
olive oil. The maximum PHA polymer was produced with
a mixture of molasses and olive oil compared to the PHA
content produced using these substrates separately. PHA
production was examined at different time intervals to
check the production rate by these substrates. C. neca-
tor produced the maximum PHA height at 48 h with a
mixture of both substrates. The spectrum of C. necator
DSM 428 developed for 24 h in MM with a mixture of
both molasses and olive oil as a substrate shows the pres-
ence of a PHA major peak at a wavenumber of 1740 cm™!.
Assessment of PHA growth for different time intervals
using different carbon sources employing the value of peak
at 1740 cm™! using FTIR is given in Fig. 6.The infrared
region consequent carbonyl band of ketones and esters is
1750-1730 cm™" [40]. The spectrum of C. necator DSM
428 represents the peaks at 1732—1738 cm™' for PHB pres-
ence and at 1739-1740 cm™' represents the presence of
mcl-PHA [32]. A PHA major peak in the region 1750—
1730 cm™! was detected in the spectrum of C. necator
DSM 428 developed for 24 h in MM with substrates.
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Fig.6 Assessment of PHA growth for different time intervals using
different carbon sources by means value of peak at 1740 cm™" using
FTIR

Table 2 Production of PHA monomer confirmed by GC-MS

Carbon sources PHA monomer

Molasses 3HB
3HHx
3HB + 3HHx

Olive oil
Mixture of both substrates

3.2.2 Determination of PHA type produced using gas
chromatography-mass spectrometry

PHA content and monomer composition within the bacterial
cells were also monitored using GS-MS, as given in Table 2.
Mass spectra of methyl 3-hydroxy alkanoates have shown
the existence of a particular MS fragment (m/z=103) that
characterizes the molecular size of the fundamental PHA
monomer (3HB). Retention times were examined by inject-
ing pure standards (3HB, 3HHx). A comparison of reten-
tion times of these standard monomers was prepared with
the retention times of these two monomers existing in the
samples to authenticate the identification of the presence of
the monomer. In the GC-MS chromatograms of the sam-
ples, one monomer of scl-PHA (C4: 3HB) and one mono-
mer particular to mcl-PHA were distinguished. GC-MS
chromatogram showed PHA monomer peaks of C. necator
DSM 428 grown in the MM for 24 h using a mixture of
molasses and olive oil as a carbon source. Two different
peaks at retention times of 27.53 and 31.51 min indicated
3HB and 3HHx methyl esters in the PHA sample, respec-
tively. C. necator is very well known for the production of
short-chain length PHA such as PHB and PHV [41]. In this
study, it was the first time observed the production of PHA.
It might be due to utilization of a mixture of two complex
substrates. Hence, it is proposed that utilization of mineral
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medium without nitrogen caused degradation of PHB, and
energy generated as a result was used to produce mcl-PHA
and initiate its metabolic pathway. This specific monomer
of mcl-PHA from irrelevant sources and mixture and this
shift among PHB and mcl-PHA with the same source have
been reported for the first time. GC-MS chromatogram of C.
necator DSM 428 cultivated in MM using a mixture of both
substrates (treated molasses and crude olive oil) as carbon
source is shown in Fig. 7.

Concentrations of PHA produced after the extraction
method The obtained results showed that adding olive oil
with molasses enhanced the PHA concentration to 2.03 g/L
in comparison to using molasses 1.41 g/L and olive oil
1.12 g/L, respectively.

3.2.3 Scanning electron microscope (SEM)

The microstructure shows a reasonable spongy material and
tiny granules, which are consistent as well as have a power-
ful affinity to shape multigrain cumulations. Morphology
illustrates granules, which are pseudo-spherical in structure
along with reasonably homogeneous distribution (Fig. 8).

3.3 Statistical analysis for biomass production

PHA content 6.27%, 24.33%, and 10%_values were given by
using molasses. After that X — X calculated which
were —9.26, — 8.8, and — 5.53 for 6.27%, 24.33%, and 10%

\2
respectively. Then, (X -X ) values 85.74, 77.44, and 30.58

were calculated. Then standard deviation was calculated

o % (x-x)
using this formula \/ ——— =0.892. An error was calcu-
lated by using this formula % = +0.51. Then, PHA content

1.25%, 18.66%, and 2% values were given by using olive oil.
The mean value was calculated for PHA content with olive
oil, which was 18.66. After that X — X calculated which
were — 6.05, 11.36, and —5.3 for 1.25%, 18.66%, and 2%
respectively. ZX — X value 64.57 was calculated for olive oil
substrate. Standard deviation and error values were 0.892
and + 0.51, respectively. After that, PHA content 8.76%,
40%, and 16.5% values were given using molasses and olive
oil mixture. The mean value was calculated for PHA content
with a mixture of molasses and olive oil which was 40. After
that X — X calculated which were — 12.99, 18.25, and — 5.25
for 8.76%, 40%, and 16.5% respectively. X — X value
175.23 was calculated for a mixture of molasses and olive
oil substrate. Standard deviation and error values were 1.47
and + 0.84, respectively. Table 3 illustrates the mean, stand-
ard deviation and error values.
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Fig.7 GC-MS chromatogram e
of Cupriavidus necator DSM
428 cultivated in mineral
medium using mixture of both
substrates (molasses and olive as
oil) as carbon source
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Methyle
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Fig.8 Scanning electron microscopy shows microbial cells at 24 h of
growth

Statistical analysis by ANOVA All experimental fermentation
processes were examined/accomplished in triplicate. Optimi-
zation of PHA production was carried out using statistical
analysis, all data from repetitive quantities were statistically
matched as well as estimated by applying the ANOVA. The
relationship between means was evaluated through the F-test
(a = 0.05). Table 4 and Table 5 depict the analysis of vari-
ance at significance level (@ = 0.05), and analysis of variance
F(2,6)=6.66, p<0.05 respectively.

Correction term:

2
o _ (ZX) _ (1628 +82.99+2857

= 18139
X N 9

Retention time (min)

Table 3 Mean, standard deviation and error

= 5 .

Mean X-X ( x_ X) Standard deviation  Error

6.27 -9.26 85.74 —\2 0892 _ 1051
X-X +0.

2433 -88 7744 20F) _gor VA

10 -5.53  30.58

X =15.53 64.58

1.25 -6.05 36.60 0.892 +0.51

18.66 11.36 129.04

2 -53 28.09

X =730 64.57

8.76 —-12.99 168.74 1.47 +0.84

40 18.25 329.4

16.5 -525 27.56

X =21.75 175.23

Sum of squares of total:
2
SSt = ZX _CX = (117.6 + 2540 + 376.25) — 1813.9 = 1219.95
Sum of squares among groups:

2
X 2 2 2
(XX) c. - (16287 (8299 (285)

SS, = =~ _ — 1813.
A n X 3 3 3 ?

SS, = (88.34 +2295.7 + 270.75) — 1813.9 = 840.8

Sum of squares within groups:

SSy = SS; — SS, = 1219.9 — 840.8 = 379
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Table 4 Analysis of Variance at

o Substrates 15h 24 h 32h
significance level @ = 0.05
X X X5 Xy X3 X3
Molasses 6.27 39.31 24.33 591.9 10 100
Olive oil 1.25 1.56 18.66 348.1 2 4
Mixture of 8.76 76.73 40 1600 16.5 272.25

both sub-
strates

YX,=1628 YX’=117.6 YX,=82.99

YX,2=2540 YX;=28.5 Y X;°=376.25

Table 5 Analysis of variance F(2,6)=6.66, p<0.0.5

Source of variance  Degrees of freedom ~ SS MSS  Fratio
Among groups (K-1)=2 840.8 4204 6.66
Within groups (N-K)=6 379 63.1

Total 8

Mean of the sum of squares among groups:

SSy _ 840.8

A g

=420.4

Mean of the sum of squares within groups:

SSw 379
MSSy, = = —— =63.1
VWTN-K 9-3
Fratio = 2294 _ 666
63.1
Null hypothesis:

H, = no significant effect of time on CDW % of PHA

Alternative hypothesis:

H, = significant effect of time on CDW % of PHA

Significance level:
a =0.05

Calculated F'> F (table: « = 0.05)
6.66 > 5.14(a = 0.05)

So, analysis of variance F(2,6)=6.66, p <0.05.

Hence, with 95% confidence, there is a significant effect
of seed age on the CDW% of PHA.

C. necator is usually used specifically to produce PHAs
consisting of 3HB monomers abundantly, by using carbon
substrates like molasses as well as other vegetable oils. Vari-
ous researches have confirmed the production of pure PHB
by using vegetable oils [42]. Dennis et al. [43] confirmed
that the C. necator synthase could take C6 carbon sources.

@ Springer

Fewer findings have also recognized bigger monomeric com-
ponents by veg-oils as substrates [44].

Optimization of physical and chemical factors is vital for
achieving a high/maximum PHA production of PHAs. Vari-
ous kinds of substrates were used for the PHA manufacturing
like molasses, olive oil, and a mixture of these substrates. The
addition of olive oil with molasses showed good improvement
by using optical density (OD) on biopolymer formation. OD
evaluated the effects of seed age on cell growth as well as the
impact of agitation speed on pellet developments. The quan-
tity of molasses and olive oil was high at the starting point
but reduced as the time (h) increased. Effect of the amount of
olive oil and molasses same at the growth rate, but the amount
of PHB produced is less from olive oil compared to molas-
ses. PHA content % CDW produced using various carbon
substrates like molasses, and olive oil, as well as a mixture of
both substrates, was 24.33%, 18.66% and 40%, respectively.

The main aim of this research was to make the PHB along
with mcl-PHA (HHx) using molasses and olive oil from C.
necator DSM 428. The amount of nitrogen also impacts the
development of PHA, the present quantity of nitrogen in the
medium has a good effect on the cell shifting. Nitrogen-defi-
cient media is required to enhance the dry cell weight (CDW %)
of PHA rather than cell shifting. Cell shifting is developed
by the media having a considerable nitrogen amount. Highly
deficient media has been revealed to increase the cell weight
of PHB monomers in C. necator. In this study, using three dif-
ferent kinds of substrates (molasses, olive oil, and a mixture
of both), this development achieved the main objective of this
research work by gaining the HHx monomer and PHB using
mineral media with a mixture of mixture molasses and olive
oil by C. necator. Additionally, a drop in the medium's ultimate
pH during fermentation due to bacterial cells transitioning
from the exponential phase to the stationary phase was inves-
tigated. According to Philip et al., low pH levels prevent PHAs
from degrading in an unbuffered media [45]. Buffers are used
in media to maintain pH. Culture media turns acidic without
buffers after 15 h of culture, and PHA production is inhibited.

PHA is produced using molasses, olive oil, and the mixture
of molasses and olive oil from C. necator confirmed by FTIR
analysis. This strain produced high PHA with molasses com-
pared to the olive oil. Good yield of PHA polymer produced
by the mixture of both substrates compared to the PHA content
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produced by using these substrates separately. A spectrum of C.
necator DSM 428 represents the peaks at 1732—1738 cm™" for
PHB presence and at 1739—1740 cm™! represents the presence
of mcl-PHA. PHA major peak in the region 1750—1730 cm™!
was detected in the spectrum of C. necator DSM 428 developed
for 24 h in MM with substrates. The spectrum of the strain,
when it produced PHA, consisted of three peaks at 1060, 1085,
and 1101 cm™!, while the spectrum consisted of only one peak
at 1085 cm™! when the cells did not store PHA. Two more
peaks at 1185 and 1260 cm™" were also observed in the poly-
saccharide region in the spectrum of the cells producing PHA.
Polysaccharide peaks have been observed at different positions
in spectra of strains producing PHA. These different positions
of the same peak considered the type of PHA, like; 1260 cm™!
corresponded to PHB whereas, 1160 cm~ ! indicated mcl-PHA
existence in C. necator [46, 47].

GC-MS chromatogram showing PHA monomer peaks of C.
necator DSM 428 grown in a MM for 24 h using a mixture of
both substrates (molasses+ olive oil) as carbon source. Two dif-
ferent peaks at retention times of 27.53 and 31.51 min indicated
3HB and 3HHx methyl esters in the PHA sample, respectively
[48]. The considerably great (p <0.05) yield of PHAs (40%)
was achieved at 250 rpm, pH 4.7, as well as 30 °C. The manu-
facturing of PHAs was carried out with C. necator for 24 h to
regulate an appropriate harvesting period. C. necator produced
optimal quantities of 77% of PHAs in continuous fermentation
[49]. The PHAS synthesis was carried out at different seed ages
to gain its optimum content. The best possible yield of PHAs
(40%) was gained at 24 h older inoculum of C. necator at pH
7.4,30 °C as well as 250 rpm. In other research, PHA (8%) was
produced by the same strain using rapeseed oil with propanol in
fed-batch fermentation [50]. The molasses, olive oil, and mix-
ture of both were individually added to the medium to estimate
their influence on PHAs content. A considerably (p <0.05)
content of PHAs 24.33%, 18.66%, and 40% was achieved by
molasses, olive oil, and a mixture of both respectively in MM
after 24 h of incubation at pH 7, 30 °C, and 250 rpm.

4 Conclusion

This research evaluated the results of cheap carbon substrates
of industrial waste as an alternative to costly ones for produc-
tion enhancement of mcl-PHA, specifically. The strain was
cultured in nutrient and mineral media with substrates at dif-
ferent experimental conditions. PHA content was found to
be 24.33%, 18.66%, and 40% with molasses, olive oil, and
a mixture of both substrates, respectively. The chromato-
graphic technique, GC-MS, was utilized to confirm the types
of PHA monomers (3HB and HHx). Morphology exhibits
granules that are pseudo-spherical in structure with compara-
tively consistent distribution by Scanning Electron Micros-
copy. Biopolymer concentration 2.03 g/L is produced using a

mixture of olive and molasses compared to the separately used
substrates. The strain is capable of producing PHA from even
complex sources and waste materials. It also permits bacterial
growth even in nitrogen-deficient conditions and is also asso-
ciated with an unusual PHA metabolism. Future research is
required, specifically to understand how nitrogen contributes
to the unanticipated metabolic change for unrelated substrates.
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