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ABSTRACT

High production costs still hamper fast expansion of commercial production of polyhydroxyalk-
anoates (PHAs). This problem is greatly related to the cultivation medium which accounts for up
to 50% of the whole process costs. The aim of this research work was to evaluate the potential of
using volatile fatty acids (VFAs), derived from acidogenic fermentation of food waste, as inexpen-
sive carbon sources for the production of PHAs through bacterial cultivation. Bacillus megaterium
could assimilate glucose, acetic acid, butyric acid, and caproic acid as single carbon sources in
synthetic medium with maximum PHAs production yields of 9-11%, on a cell dry weight basis.
Single carbon sources were then replaced by a mixture of synthetic VFAs and by a VFAs-rich
stream from the acidogenic fermentation of food waste. After 72 h of cultivation, the VFAs were
almost fully consumed by the bacterium in both media and PHAs production yields of 9-10%, on
cell dry weight basis, were obtained. The usage of VFAs mixture was found to be beneficial for the
bacterial growth that tackled the inhibition of propionic acid, iso-butyric acid, and valeric acid
when these volatile fatty acids were used as single carbon sources. The extracted PHAs were
revealed to be polyhydroxybutyrate (PHB) by characterization methods of Fourier-transform
infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). The obtained results
proved the possibility of using VFAs from acidogenic fermentation of food waste as a cheap
substrate to reduce the cost of PHAs production.
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1. Introduction

The dependence of the modern society on petro-
leum-based plastics is undeniable due to its great
performance in terms of physical properties and
durability [1]. This, in turn, has been leading to
one of the most severe environmental crises,
namely plastic pollution. The detrimental impact

of this problem on the ecosystem has been
revealed by several scientific studies pointing out
the urgent need of developing more environmen-
tally friendly materials [2]. In this context, the
ideal solution is to use bioplastics or biopolymers
derived from renewable biomass resources or pro-
duced by a variety of microorganisms [3]. Several
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products have reached the market including ther-
moplastic starch, bio-polyamides, bio-polyols, cel-
lulose-based polymers, polylactic acid (PLA), and
polyhydroxyalkanoates (PHAs) [4]. Among these,
only PLA and PHAs possess similar thermal and
mechanical properties to those of conventional
plastics [4].

Polyhydroxyalkanoates (PHAs) are a group of
natural polyesters accumulated as intracellular
granules by a variety of microorganisms which
production is generally triggered by limiting nutri-
ents (e.g., nitrogen and phosphorus) with an excess
of carbon [5]. To date, around 150 different types
of hydroxyalkanoic acids have been found to be
monomers of PHAs [6] that together with the
variety of alkyl side chains give rise to an extensive
family of polymers with diversified properties and
potential applications [4]. Among the members of
the PHAs family, polyhydroxybutyrate (PHB) is
the most studied polymer [7].

Despite their renewable character and promis-
ing properties, the fraction of PHAs in the global
biopolymer market is still limited by the high
production costs [5]. The medium recipe for cul-
tivation of microorganisms, the use of pure cul-
tures, and the downstream processing contribute
the most to PHAs production costs. Particularly,
the medium recipe normally accounts for up to
50% of the whole process costs [8,9]. Various low-
value substrates from the dairy (cheese/milk whey,
dairy wastewater) [10,11], oil/paper mill (sulfite
liquor, effluents) [12,13], agricultural (effluents of
palm oil/soybean/fruit, spent coffee grounds oil)
[11,14,15], and animal (chicken/cow manure)
[16,17] sectors have been studied as carbon
sources for production of PHAs; however, the
requirement of pretreatment steps entails addi-
tional costs. Consequently, another substrate of
cheap origin has been proposed as carbon source
for PHAs production, namely volatile fatty acids
(VFAs) [18]. VFAs are intermediate metabolites in
anaerobic digestion (AD) that leads ultimately to
biogas production. Increased attention is being
given to VFAs since they can be used as platform
chemicals for the production of various products
more valuable than biogas and with a wider range
of applications [19,20]. Therefore, attention has
been given to process close control and monitor-
ing in order to enhance VFAs production and
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drive away from biogas production, that is,
employing an acidogenic fermentation [21].
Through microbial cultivation where the bacterial
propagation is carried out under-controlled condi-
tions of, e.g., temperature, pH and dissolved oxy-
gen, VFAs are utilized as carbon sources and
converted into, e.g., (R)-3-hydroxybutyryl-CoA
and (R)-3-hydroxyvaleryl-CoA which can then be
converted into polyhydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV), respectively [22].
Altogether, the utilization of VFAs for PHAs pro-
duction will not only reduce the production costs
but also have a positive impact on environmental
and social aspects since VFAs can be produced
through degradation of organic wastes largely
available worldwide.

Besides fermentation substrates, the selection of
bacterial strains for PHA production is naturally
also important. Nowadays, the commercialized
PHAs products are exclusively produced by Gram-
negative bacteria due to its high productivity and
flexibility of consuming both simple and complex
substrates [2]. However, the lipopolysaccharide
present in the outer membrane of Gram-negative
bacteria can act as an endotoxin which hampers
commercial exploitation for biomedical applica-
tions [23]. In this case, endotoxin-free Gram-
positive bacteria such as Bacillus spp. are promis-
ing alternatives. Related advantages include high
growth rate, absence of lipopolysaccharide layer
which facilitates PHAs extraction, and the ability
to produce hydrolytic enzymes that aid hydrolysis
of more complex low-value substrates for subse-
quent use as carbon sources for PHAs production
[24-26]. In fact, members of the genus Bacillus
have been widely studied for PHAs production
using synthetic media containing common carbon
sources such as arabinose [27], glucose [27-30],
glycerol [31,32], lactose [30,32], and sucrose
[27,30,33]. Besides, VFAs including acetic acid
[28,32], propionic acid [28], butyric acid [32],
octanoic acid [32], among others, were also
applied and at some extent, led to positive results.
However, the effect of VFAs type on PHAs pro-
duction was in focus, while further studies are
needed to evaluate the effect of using mixtures of
VFAs on PHAs production using a wider range of
strains and substrates used for acidogenic
fermentation.
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The aim of the present study was to investi-
gate the effect of VFAs on PHAs production by
a strain of Bacillus megaterium with especial
focus on VFAs type, origin, and cultivation
time. VFAs were added to a synthetic medium
or provided as a stream originated from acido-
genic fermentation of food waste. Both bacterial
strain and stream origin of VFAs have not pre-
viously been studied in the literature.

2. Materials and methods
2.1. Bacterial strain and chemicals

Bacillus megaterium ATCC 14,945 (American Type
Culture Collection, Manassas, VA, USA) was used
in this study. The bacterial culture was preserved
in Lysogeny broth (LB) agar plates composed of
(in g/L) agar 15, tryptone 10, NaCl 5, and yeast
extract 5. New plates were prepared monthly by
streaking method and followed by incubation at
28°C for two days and storage at 4-6°C until use.
Glucose, synthetic VFAs (acetic acid, propionic
acid, butyric acid, iso-butyric acid, valeric acid,
isovaleric acid, and caproic acid) and all other
chemicals for growth medium preparation and
PHAs extraction were purchased from Sigma
Aldrich and were all of analytical grade (299%

purity).

2.2. Volatile fatty acids from acidogenic
fermentation of food waste

The volatile fatty acids stream was obtained from
acidogenic fermentation of food waste using
a continuous 2.5 L stirred-tank bioreactor (BBI-
biotech GmbH, Berlin, Germany) equipped with
a membrane panel (68.6 cm® effective area and
average pore size of 0.3 um) (VITO NV, Mol,
Belgium). The reactor was fed with the substrate
mimicking a typical food waste from European
Union [34] and inoculated with bacterial seeding
granules (90 g) from an upflow anaerobic sludge
blanket reactor treating wastewater (Hammarby
Sjostad, Stockholm, Sweden); tap water was then
added to reach a working volume of 2 L. The
initial pH was set at 6 by addition of 2 M NaOH
and 2 M HCI and the acidogenic fermentation was
conducted at 37°C without pH control and

nitrogen was sparged into the reactor for 5 min
to create anaerobic conditions. The VFAs perme-
ated through the membrane panel and were in situ
separated by a peristaltic pump (Watson Marlow,
Wilmington, UK) set at 10 rpm. The hydraulic
retention time and organic loading rate were kept
at 6.67 days and 2 g volatile solid/L/day, respec-
tively. After achieving a stable stage from day 31,
the organic loading rate was increased to 4
g volatile solid/L/day from day 40 to study the
effect of high solids concentration on the mem-
brane performance. The operation was conducted
in semi-continuous mode by performing the filtra-
tion (210 s) and backwash (30 s) cycles by an
electric relay (Zelio Logic SR2A101BD, Schneider
Electric, USA) in advance to the feeding step once
per day [21].

2.3. Substrate preparation and cultivation
conditions

The minimal salt medium (MSM) used in this
study was prepared with the following composi-
tion (in g/L): Na,HPO,.2H,O 4, KH,PO, 3.6,
(NH,4),SO0, 3, MgSO,.7H,0 0.5, CaCl,.H,
0O 0.05, NaCl 0.02, carbon source 5, trace metals,
and vitamins. Glucose, acetic acid, propionic
acid, butyric acid, iso-butyric acid, valeric acid,
isovaleric acid, and caproic acid were prepared
separately and tested as sole carbon sources; the
mixture of these synthetic VFAs was also used as
cultivation medium. The cultivation medium in
all experiments was adjusted to pH 7 by addition
of 2 M NaOH or 2 M HCI. The vitamin solution
(added at 1 mL/L) contained 0.05 g/L of d-bio-
tin, 0.2 g/L of p-aminobenzoic acid, 1 g/L of
nicotinic acid, 1 g/L of Ca-pantothenate, 1 g/L
of pyridoxine, 1 g/L of thiamine, and 25 g/L
of m-inositol, while the trace metal solution
(added at 1 mL/L) contained 3 g/L of EDTA,
0.9 g/L of CaCl,.H,O, 0.9 g/L of ZnSO,.7H,0,
02 g/L of H3BOs;, 0.19 g/L of MnCl,.4H,0,
0.08 g/L of Na,Mo0O,2H,0, 0.06 g/L of
CoCl,.2H,0, 0.06 g/L of CuSO,.5H,0, and
0.002 g/L of KI. The VFAs-rich solution origi-
nated from acidogenic fermentation was steri-
lized by filtration, while all other compounds
and solutions were autoclaved (Systec, Linden,
Germany) at 121°C for 20 min.



Shake flasks cultivations were performed in
100 mL cotton-plugged Erlenmeyer flasks. The
flasks containing 50 mL of medium were inocu-
lated with one bacterial colony and incubated at
32°C using water baths (Keison, Chelmsford,
UK) shaking at 120 rpm. The cultivations were
conducted for three days and seven mL samples
were taken at different times for analysis of
carbon source consumption, cell growth through
spectrophotometry, and pH. Total flask medium
volumes were used for cell mass quantification
and for PHAs extraction, quantification, and
analysis following 24 h, 48 h, and 72 h of
cultivation.

2.4. Cell dry weight measurement

The bacterial cells were harvested by centrifuga-
tion at 10,000 x g for 10 min (Megafuge 8, Thermo
Fisher Scientific GmbH, Dreieich, Germany). The
bacterial cells were then washed three times with
distilled water followed by centrifugation and
dried in an oven at 70°C (TERMAKS, Bergen,
Norway) to constant weight. The cell dry weight
(CDW) is either reported as grams of cells per liter
of medium or as grams of cells per gram of con-
sumed carbon source.

2.5. PHA extraction

The extraction of PHAs was performed accord-
ing to Hahn, et al. [35] with modification.
Briefly, the bacterial cells were firstly collected
by centrifugation at 10,000 x g for 10 min fol-
lowed by three times rinsing with distilled water
and incubation in sodium hypochlorite (10-
15%) at 30°C for 1 h. Afterward, the PHAs
were separated from the solution by centrifuga-
tion at 10,000 x g for 10 min and rinsed with
distilled water, acetone, and absolute ethanol to
remove remaining cell debris. The centrifugation
was applied in each washing step and then hot
chloroform was added to dissolve the PHAs
followed by filtration to remove non-PHAs
material. Finally, a solution of methanol and
water (7:3 v/v) was used to precipitate the
PHAs. The obtained PHAs was placed in a pre-
weighted aluminum cup and dried in an oven at
70°C (TERMAKS, Bergen, Norway) to constant
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weight. The percentage of PHAs based on cell
dry weight was quantified by the following
equation:

PHAsweight

PHAs(%) = —————°
(%) Celldryweight x

100

Based on this equation, the concentration of PHAs
per liter of solution was also calculated and
reported.

2.6. Determination of carbon source
consumption and cell growth

The determination of carbon source consumption
was performed by high-performance liquid chro-
matograph (HPLC) (Waters Corporation, Milford,
CT, USA) with a hydrogen-based column (Aminex
HPX87,  BioRAD  Laboratories, = Munich,
Germany), H,SO, (5 mM) as eluent at a rate of
0.6 mL/min, and a refractive index detector
(Waters  Corporation, Milford, CT, USA).
Regarding the determination of VFAs consump-
tion, an ultraviolet (UV) absorption detector oper-
ating at 210 nm wavelength (Waters 2487, Waters
Corporation, Milford, CT, USA) was used in series
with the refractive index detector. All samples
were kept in 2 ml Eppendorf tubes and centrifuged
(Fresco 21, Thermo Lectron LED GmbH,
Osterode, Germany) at 10,000 x g for 10 min.
The supernatants were then filtered using 0.2 pm
pore size filters before being transferred into vials
for HPLC analysis.

For the cell growth monitoring, a sample of
one mL was collected from the cultivation flasks
and analyzed in a spectrophotometer at
a wavelength of 600 nm for optical density (OD)
measurement.

2.7. PHA characterization

2.7.1. Fourier-transform infrared spectroscopy
(FTIR)

FTIR was used for analysis of functional groups in
the sample structure. The analysis was conducted
by directly scanning the sample 64 times in
a spectrum of 400 to 4000 cm ' by Nicolet
OMNIC 4.1 software. The obtained spectra were
then analyzed by Essential FTIR (eFTIR, Madison,
WI, USA).
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2.7.2. Differential scanning calorimetry (DSC)

The thermal properties of the extracted sample
were determined by differential scanning calori-
meter (Q500 TA instruments, Waters LLC, New
Castle, DE, USA). Three milligrams of each sam-
ple were heated from —40°C to 225°C at a rate of
10°C/min. The measurement was conducted in
triplicate under nitrogen atmosphere. The values
were taken from the second heating and the
crystallinity was calculated by the following
equation:

AH
AH?,

AX =

where AH is the specific enthalpy of fusion (in J/g)
of the extracted sample determined from the peak
area and AH®,, (146 ]/g) is the enthalpy of fusion
of a 100% crystalline PHB.

2.8. Analysis and presentation of results

All experiments were carried out in duplicate and
the same number of analytical analyses were per-
formed with the exception of DSC tests that were
carried out in triplicate per sample. The results
obtained are presented in the form of average
values + 2 times the standard deviation in both
tables and graphs.

3. Results and discussion

Volatile fatty acids (VFAs) are intermediate pro-
ducts in the anaerobic digestion leading to the
sequential breakdown of organic wastes through
four fundamental biochemical reactions, namely
hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [36]. Organic wastes comprising
carbohydrates, proteins, and lipids are hydro-
lyzed into their corresponding monomers, i.e.,
sugars, amino acids, and fatty acids. These
monomers function as substrates in the acido-
genesis step where they are broken down into
VFAs, alcohols, lactate, CO, and H, [37]. The
acidogenic products are further degrade into
acetic acid, CO, and H,, during acetogenesis,
which are finally converted into CH, by metha-
nogenic archaea [37]. However, VFAs have more
recently been considered as platform chemicals
for various applications, e.g., production of

polyhydroxyalkanoates, and hence of higher
potential value than that of biogas [19].
Therefore, there is increasing research interest
on the inhibition of methanogenesis to enhance
VFAs accumulation, that is, carrying out an
acidogenic fermentation. An example of
a group of reactions converting sugars to acetic
acid during anaerobic digestion is presented
below. The last two reactions are inhibited to
prevent CH, production and enhance VFAs
accumulation.

(CeH100s5),,+H20—,CsH1206
C6H1206+2H2 — 2CH3CH2COOH + 2H20

CH;COOHx — CH4+CO,
C02+4H2X — CH4+2H20

The VFAs-rich stream used in this work was
obtained from the acidogenic fermentation of
food waste which was conducted in an immersed
membrane bioreactor. With the assistance of
membranes, VFAs can be easily and continuously
recovered for further processing (Figure 1) [21].
VFAs can be used for PHAs production; therefore,
the aim of this work is to directly utilize the VFAs
from acidogenic fermentation of food waste as
a carbon source, whereby, reducing the high cost
of commercial PHAs production. In a first stage of
the present work, a defined medium containing
single or a mixture of synthetic volatile fatty
acids, purchased from common suppliers, were
used for growth of Bacillus megaterium ATCC
14,945 in order to evaluate potential inhibitory
effects and substrate preference; glucose was used
as reference carbon source. The obtained results
were then compared with those obtained through
bacterial cultivation in the VFAs-rich stream
obtained from acidogenic fermentation of food
waste (Figure 1). The ability of using VFAs as
a cultivation medium would not only provide
a cheap substrate for PHA production but also
lighten the waste management hurdle by utilizing
food waste.

3.1. Bacillus sp. cultivation on glucose - and
VFAs-based synthetic medium

Bacillus spp. are well-known to being able to accu-
mulate PHAs from sugars [27,30,32]. However,
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Figure 1. Scheme showing the integration of VFAs production through acidogenic fermentation of food waste using membrane
bioreactors with PHAs production by Bacillus megaterium ATCC 14,945 through shake flask experiments together with factors

studied and analyses carried out in this work.

their ability to assimilate volatile fatty acids is still
scarcely described in the scientific literature.
Therefore, in this work, commercially available
synthetic VFAs, namely acetic acid, propionic
acid, butyric acid, iso-butyric acid, valeric acid,
iso-valeric acid, and caproic acid were examined,
at a first stage, as single carbon sources for growth
of a strain of Bacillus megaterium, where glucose
was used as reference. The profiles of carbon
source concentration, absorption, and pH during
bacterial cultivation are presented in Figure 2.

It can be observed that there were differences
in the consumption trend of each carbon source
(Figure 2(a)). Briefly, glucose and acetic acid
were found to be preferable substrates for
Bacillus megaterium and were followed by buty-
ric acid, iso-butyric, and caproic acid. This can
be explained according to the intermediates pro-
duced during the metabolic conversion of these
components. In normal condition, acetic acid is
directly converted into acetyl-CoA while glucose
is first converted into pyruvate which is further
converted into acetyl-CoA that afterward enters
the Krebs cycle to produce adenosine tripho-
sphate (ATP) providing energy for bacterial
growth [38,39]. On the other hand, the coen-
zyme A derivatives of butyric acid, caproic
acid, propionic acid and valeric acid are butyryl-
CoA, propionyl-CoA, hexanoyl-CoA and valeryl-
CoA, respectively [40]. Among these compo-
nents, butyryl-CoA, iso-butyryl-CoA and

hexanoyl-CoA afterward can be converted into
acetyl-CoA while the rest of derivatives do not
participate in the Krebs cycle [41], therefore,
they are assumed to be undesirable in normal
bacterial growth. Furthermore, when nutrients
other than carbon source are limited, the acetyl-
CoA is inhibited from entering the Krebs cycle
[42,43]. Consequently, the excess acetyl-CoA
together with other coenzyme derivatives are
directed to PHAs synthesis [38,41,44]. Some fun-
damental reactions are presented below:

CeH1,06 (glucose) K 2 C3H,O; (pyruvate) +
4 H' + 4e”

C;H4O;5 (pyruvate) + HS-CoA (coenzyme A) K
C,H;08-CoA (acetyl-CoA) + CO,

CH;COOH (acetic acid) + CoA-HS X CH;COS-
CoA (acetyl-CoA) + H,0O

2CH;COS-CoA (acetyl-CoA) - CoA-HS K C,Hs
0,S-CoA (acetoacetyl-CoA)

C4H50,S-CoA (acetoacetyl-CoA) + NaDH X C,
Hg0,S-CoA (3-hydroxybutyrul-CoA) + NAD"

nC4HeO,S8-CoA  (3-hydroxybutyrul-CoA) -
CoA-HS ¥ n(C4HO,) (polyhydroxybutyrate)

Moreover, the initial concentrations of iso-
butyric acid and caproic acid needed to be
lower (2.5 g/L and 1.5 g/L, respectively) than
those of acetic acid and glucose to achieve con-
sumption, although longer times were still
needed for partial or total consumption. The
bacterium was not able to grow when valeric
acid, iso-valeric, and propionic acid were present
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Figure 2. Profile of carbon source concentration (a), absorbance (b), and pH (c) during cultivation of Bacillus megaterium ATCC
14,945 in medium containing glucose, acetic acid, butyric acid, iso-butyric acid, and caproic acid as single carbon sources.

in the medium independently of the concentra-
tion. The results obtained are in accordance with
previous studies stating the faster assimilation of
carbon sources such as glucose and acetic acid
compared to that of longer and branched volatile
fatty acids [40]. Furthermore, it should be noted
that the rate of carbon assimilation can highly
depend on the environmental factors of tem-
perature, pH and oxygen demand which directly
affect bacterial activity [45-47]. For example, in

this case Bacillus megaterium is a mesophilic
bacterium, which grows in an optimal tempera-
ture of 30-37°C [48]. Above or below this range
of temperature, the structure of the bacterium is
less stable and the flexibility of its protein synth-
esis will be reduced [49,50]. The proteins synthe-
sized in response to the needed hydrolysis and
assimilation of carbon source are denatured by
changes of pH [51,52]. Generally, the high num-
ber of bacterial cells will lead to the



enhancement of the carbon assimilation rate.
However, when it reaches a certain level of
cells, the oxygen demand will increase requiring
higher shaking speed during cultivation [53,54].
Therefore, the determination of optimal condi-
tions for the cultivation step is an essential fac-
tor to increase bacterial cells productivity.

Naturally, the consumption trends of carbon sources
observed were translated into absorbance profiles
which cell cycles resemble the difficulty level of
Bacillus megaterium to consume the different carbon
sources used (Figure 2(b)). The pH profiles (Figure 2(c)
which show an overall increasing trend during cultiva-
tion, except that for growth in glucose as single carbon
source, are also in accordance with the consumption of
acids and therefore, pH control should be considered in
future experiments employing cultivation at reactor
scale.

3.2. Bacillus sp. cultivation in a mixture of VFAs
derived from acidogenic fermentation of food
waste

Studies on VFAs utilization for the production of PHAs
by Bacillus spp. is scarce in literature and are mostly
limited to the single use of individual synthetic VFAs
[28,32]. In this study, a mixture of VFAs derived from
acidogenic fermentation of food waste was applied for
the cultivation of Bacillus megaterium. The composi-
tion of the VFAs-rich stream is presented in Table 1. It
can be observed that acetic acid, butyric acid, and
caproic acid are the dominant metabolites in the stream
and the remaining volatile fatty acids accounted for
a very small share of the total VFAs concentration of
5 g/L. From the results presented in previous section,
this VFAs-rich stream is promising for the cultivation
of Bacillus megaterium as the bacterium can assimilate
the three dominant compounds, namely acetic acid,

Table 1. Characterization of the VFAs-rich stream derived from
acidogenic fermentation of food waste that was used in this
study.

Composition Value (g/L)
Acetic acid 2.1-24
Caproic acid 1.8-2.0
Butyric acid 1.2-14
Iso-butyric acid 0.08-0.1
Valeric acid 0.2-0.3
Iso-valeric acid 0.1-0.2
Propionic acid 0.5-0.6
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caproic acid, and butyric acid, at the provided
concentrations.

In this assay, the effect of three different cultivation
media, including minimal salt medium (MSM) with
a mixture of commercially available synthetic VFAs
(medium A), MSM with VFAs from acidogenic fer-
mentation (medium B), and the VFAs-rich stream
from acidogenic fermentation as obtained from the
membrane bioreactor (medium C), on carbon source
assimilation by Bacillus megaterium was studied. The
composition of the synthetic VFAs mixture was pre-
pared according to the medium obtained from the
acidogenic fermentation with a total concentration of
around 7 g/L. The profiles of carbon source consump-
tion, absorbance, and pH during bacterial cultivation
are presented in Figure 3.

The VFAs were almost depleted in all three
media after 72 h of cultivation. The total reduc-
tion of the initial VFAs concentrations in the
medium A, B, and C were 96.1, 97.1, and
96.1%, respectively. The trends of VFAs con-
sumption from the bacterial growth in the
three media were similar with the exception of
the consumption rate of acetic acid. After 24 h,
the acetic acid reduction by the bacterium in
medium A was 48% which was relatively lower
than that in medium B (77%) and C (84%).
After 48 h of cultivation, this component was
completely depleted in medium B and C while
0.2 g/L remained in medium A. Additionally, the
VFAs, namely iso-butyric acid and propionic
acid, which were not individually consumed by
the bacterium were now assimilated in all med-
ium recipes. A potential explanation for the
obtained results can be that the bacterial growth
in more easily consumed VFAs enabled the con-
sumption of the remaining VFAs at later stages
of the cultivation by tackling their potential
inhibitory effects. This mechanism can be eluci-
dated by the oxidation process of the volatile
fatty acids producing different coenzyme
A derivatives of acetyl-CoA, butyryl-CoA, isobu-
tyryl-CoA,  hexanoyl-CoA,  propionyl-CoA,
valeryl-CoA and isovaleryl-CoA as intermediates
[55]. The initial energy that is used to oxidize
these components can be derived from the utili-
zation of other nutrients in the MSM. Moreover,
it was proven that only acetyl-CoA and deriva-
tives, namely butyryl-CoA, isobutyryl-CoA,
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Figure 3. Profiles of VFAs concentration, absorbance, and pH during cultivation of Bacillus megaterium ATCC 14,945 in three different
cultivation media: a) Minimum Salt Medium (MSM) with a mixture of synthetic VFAs; b) MSM with VFAs from acidogenic
fermentation; and c¢) VFAs-rich stream as produced from acidogenic fermentation of food waste.

hexanoyl-CoA can be converted into acetyl-CoA  obtained result in Section 3.1  where
further supporting the bacterial growth  B. megaterium could grow on acetic acid, butyric
[14,40,56]. This is in accordance with the acid, isobutyric acid and caproic acid as single



carbon source. On the other hand, the bacterium
might be able to oxidize propionic acid, valeric
acid and iso-valeric; however, their derivatives
could not enter the Krebs cycle to produce the
energy leading to  growth  inhibition.
Consequently, during cultivation in a mixture
of VFAs, the bacterium can firstly grow on
acetic acid, butyric acid and caproic acid obtain-
ing energy to continuously oxidize propionic
acid and iso-valeric acid. The non-consumption
of valeric acid is assumed to be related to the
lack of enzymes being able to oxidize this
component.

The obtained results are promising as they revealed
that the bacterial growth can occur in the VFAs-rich
stream from acidogenic fermentation without any
nutrient supplementation. Therefore, the VFAs-rich
stream is hypothesized to contain nutrients supporting
the growth of the bacterium which needs further ana-
lytical investigations.

3.3. Cell dry weight and PHA accumulation
following Bacillus sp. cultivation in glucose- and
synthetic VFAs-containing medium

Based on the results reported in Section 3.1, five carbon
sources, namely glucose, acetic, butyric, iso-butyric, and
caproic acids were used to assess the ability of Bacillus
megaterium ATCC 14,945 to accumulate PHAs. In this
experiment, the cultivation was carried out for three
days with sampling following 24 h, 48 h, and 72 h of
cultivation for the measurement of cell dry weight and
PHA accumulation; and the results are presented in
Figure 4.

In general, the patterns of cell dry weight and PHAs
production using glucose and acetic acid as carbon
sources are similar, while butyric acid, iso-butyric
acid, and caproic acid only share similar cell dry
weights. Specifically, the maximum cell dry weight
and PHAs accumulation were reached after 48 h of
cultivation using glucose and acetic acid as single-
carbon sources: cell dry weight of 0.96 and 0.97 g/L
(0.22 and 0.19 g/g carbon source), and PHAs accumu-
lations of 0.093 and 0.091 g/L (0.096 and 0.093 g/g
CDW) were obtained in glucose- and acetic acid-
containing medium, respectively. After this time, the
cell dry weight slightly decreased while a significant
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reduction in PHAs accumulation was observed. This
can be explained by the characteristic consumption of
PHAs as carbon and energy reserves to lengthen the
survival of the bacterium after the depletion of carbon
sources [57]. On the other hand, the cell dry weight
originated from cultivation in butyric-, iso-butyric- and
caproic acid-containing medium as single carbon
sources increased over time reaching their peaks after
72 h, namely of 0.89, 0.15, and 0.64 g/L (0.18, 0.07 and
0.39 g/g carbon source), respectively. However, PHAs
accumulation only occurred during cultivation in buty-
ric and caproic acid-containing medium as single car-
bon sources where the highest amounts of 0.1 and
0.06 g/L (0.11 and 0.09 g/g CDW) were also recorded
after 72 h of cultivation. There was no PHAs accumula-
tion during cultivation in iso-butyric acid-containing
medium which is hypothesized to be related to the lack
of PHAs synthase that can utilize the coenzyme
A derivative from iso-butyric.

Compared to the bacterial cultivation in glucose
and acetic acid, the slower production of PHAs in
butyric acid and caproic acid can be explained by
their PHAs synthesis pathways. Instead of being
converted directly to acetyl-CoA for PHAs produc-
tion, butyric and caproic acid have to go through
several reactions before being channeled into PHAs
biosynthesis. In fact, butyric acid is converted into
butyryl-CoA which can be further converted into
acetyl-CoA or 2-butanoyl-CoA [40]. The latter will
continue to be converted into R-3-hydroxybutyryl-
CoA and acetoacetyl-CoA for PHAs production.
Caproic acid, otherwise, is converted into caproyl-
CoA which undergoes -oxidation and transformed
back to acetyl-CoA due to the inability of
B. megaterium to produce medium chain length
PHAs [26,42,58]. Those reactions are assumed to
require more extra energy and cause delays in
PHAs production during cultivation in butyric acid
and caproic acid as single carbon source.

Altogether, the obtained PHAs yields, based on
cell dry weight, were within the range of 9-12%
which is similar to that reported in previous stu-
dies using other Bacillus spp. (Table 2) [23,40,58].
Additionally, the present study showed, for the
first time, the ability of a Bacillus sp. to produce
PHAs from butyric and caproic acid as single
carbon sources.
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Figure 4. Cell mass (a) and PHAs (b) concentrations obtained during cultivation of Bacillus megaterium in medium

glucose, acetic acid, butyric acid, iso-butyric acid, and caproic acid as single carbon sources.

Table 2. Comparison of PHAs yields on a cell mass weight obtained in this work and in previous published studies.

containing

Microorganisms Carbon substrate and concentration (g/L) PHA type & yields (%)
Bacillus megaterium ATCC14945  Glucose, 5 g/L PHB, 10%

Acetic acid, 5 g/L PHB, 9%

Butyric acid, 5 g/L PHB, 11.2%

Caproic acid, 1.8-2 g/L PHB, 9.2%

a mixture of synthetic VFAs PHB, 10%

a mixture of VFAs from AD, 7 g/L PHB, 8.6%
Bacillus cereus Glucose, 5 g/L PHB, 13.7%
Bacillus thuringiensis Glucose, 5 g/L PHB, 11.3%
Bacillus cereus SPV Glucose, 20 g/L PHB & PHV, 38%
Bacillus megaterium DSM 90 Propionic acid, 1.5 g/L

PHBV, 33.7% Batch
Ralstonia eutropha Acetic acid, 5 g/L PHB, 29.3%

Butyric acid, 5 g/L PHB, 31.9%
Cupriavidus necator Acetic acid, 15 g/L PHB, 34%

Butyric acid, 25 g/L PHB, 19%

Cultivation type

Batch

Batch
Batch
Batch

(771
Batch

Fed-batch

Reference
This work

[75]
[76]
[61]
[78]

[79]




3.4. Cell dry weight and PHA accumulation by
Bacillus sp. during cultivation in VFAs-rich
stream derived from acidogenic fermentation
of food waste

The cell dry weight and PHAs accumulation
were also monitored during cultivation of
Bacillus sp. in the three media reported in
Section 3.2.; the findings are presented in
Figure 5. The cell dry weights and PHAs accu-
mulations were similar among the media studied
and reached their maximum after 72 h of culti-
vation; cell dry weight of up to 1.70 g/L (0.23 g/g
carbon source) and PHAs accumulation of up to
0.16 g/L (0.09 g/g CDW) were obtained.
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Altogether, PHAs accumulation of 8-9%, on
a cell dry weight basis, was achieved which was
similar to that obtained when glucose or differ-
ent volatile fatty acids were used as single carbon
sources during cultivation of Bacillus sp.

3.5. PHA characterization

3.5.1. Fourier-Transform Infrared Spectroscopy
(FTIR) analysis

The FTIR spectrum of the extracted sample of
PHA from bacterial cell grown in food waste
acidogenic ~ fermentation-derived =~ VFAs-rich
stream is presented in Figure 6(a). The FTIR

a_ Cell dry weight

24

48 72

Time (h)

u MSM with synthetic VFAs ® MSM with VFAs from AD ®only VFAs from AD

b. PHA accumulation

0.15

0.1

g/l

0.05

24

43 72
Time (h)
B MSM with synthetic VFAs B MSM with VFAs from AD ®oaly VFAs from AD

Figure 5. Cell mass (a) and PHAs (b) concentrations obtained during cultivation of Bacillus megaterium ATCC 14,945 in three different
medium recipes: a) Minimal Salt Medium (MSM) containing a mixture of synthetic VFAs; b) MSM with VFAs from acidogenic
fermentation; and c) VFAs-rich stream as produced from acidogenic fermentation of food waste.
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analysis revealed the intense peaks at 1735 and
1260 cm ™" indicating the typical ester carbonyl group
of PHB which is similar to and confirmed by previous
studies employing Bacillus spp [59-61]. Other common
stretches of CH;, CH,, and CH groups were observed
by the peaks at 1377, 1452, and 1222 cm ™", respectively,
which are also representative chemical structures of
PHB [2,62]. The obtained spectrum is also compared
to that of the commercial PHB in Figure 6(b).

3.5.2. Differential Scanning Calorimetry (DSC)
analysis

The melting temperature (T,,) of the extracted
sample was analyzed by DSC and the result is
presented in Figure 7(a) and Table 3. The
endothermic peaks of the extracted sample were
obtained at 133.15 and 145.42°C which were lower
than those obtained for the commercial PHB
(148.89 and 161.62°C). The obtained results were
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from acidogenic fermentation of food waste (a) and of a commercial PHB sample (b).



found similar to those obtained for the extracted
PHB from Bacillus subtilis which had two melting
temperatures at 120 and 145°C [63]. Another low
melting temperature for PHA recovered from
recombinant Escherichia coli cells originated from
cultivation in molasses has been reported [64].
Regardless the difference in melting temperature,
the extracted sample and the commercial PHB
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around 100°C. From a commercial perspective,
melting and crystallization temperatures are
important factors that define the product quality
and its final applications [65-67]. In fact, plastics
that are used in general purpose, engineering and
high temperature specialty have melting tempera-
tures of around 100, 150 and 300°C, respectively
[68,69]. Besides, at crystallization temperature the

showed the same crystallization temperature at molecules are mobile enough to allow
15
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Figure 7. Comparison of DSC profiles between PHAs extracted from bacterial cell grown in VFAs- rich stream from acidogenic

fermentation of food waste (a) and a commercial PHB sample (b).
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Table 3. DSC results of PHAs extracted from bacterial cell
grown in VFAs-rich stream originated from acidogenic fermen-
tation of food waste and that of a commercial PHB sample.

Sample Tm (°O) AH (J/9) Xc (%)
Extracted PHAs 133.15-145.42 18.71 12.81
Commercial PHB 148.89-161-62 74.09 50.74

rearrangement into ordered structures that affect
storage conditions and avoid brittleness [70].
Therefore, the extracted PHB can be a potential
option for general applications to replace the use
of conventional plastics which do not require
exposure to high temperature.

Moreover, the crystallinity degrees (X.) of the
extracted PHB and of the commercial PHB were
12.81 and 50.74%, respectively. They were measured
based on the melting enthalpy (AH) of the endothermal
peaks of 18.71 and 74.09 ]/g, respectively. Additionally,
the presentation of dual melting point in the extracted
sample can be explained by the reactions of re-
crystallization and cross-linking isomerization which
demonstrates the nature of PHB as the commercial
PHB also presented the same phenomenon [71].

4. Practical applications and future research
perspectives of this work

Nowadays, PHB is commercially produced by fer-
mentation process of pure bacterial strains under
optimal conditions using mostly refined sugars.
Some PHAs manufacturers namely Biomer, Bio-on,
Tepha, Tianan Biopolymer, etc. provide PHAs prices
of 2-10 US$/kg which are still 6-10 times higher than
those of the traditional plastics [72-74]. In addition to
the cost of fermentation medium recipe, the utilization
of pure cultures requiring sterile conditions as well as
the complexity of the extraction and recovery of PHB
are important factors to take into account while aim-
ing at establishing feasible processes for PHB
production.

In this work, a new strain of Bacillus megaterium
was studied for PHAs production and the quality of
the extracted PHB was found to be suitable for packa-
ging applications. At a first glance, several factors such
as substrate concentration, cell dry weight, and PHB
yield need to be improved in future research studies.
The continuous research on optimization of the use of
immersed membrane bioreactors systems for acido-
genic fermentation will undoubtedly lead to increased

VFAs concentrations. Coupling also the bacterial fer-
mentation process to membrane bioreactors can help
achieving higher bacterial cell densities and conse-
quently increase cell and PHB productivities.
Therefore, a whole set of research initiatives toward
strain screening and microbial growth optimization
are needed at higher concentrations of VFAs. In addi-
tion to reactor-scale studies, techno-economic ana-
lyses need to start to come to light in order to reveal
hotspots that need to be in focus in order to obtain
feasible VFAs-based processes for PHB or others
PHAs production.

The present work provides a first characterization
of the process of PHAs production from VFAs, gen-
erated from acidogenic fermentation of a novel low-
value substrate, namely food waste. Besides food
waste, the sources of raw materials for acidogenic
fermentation are diverse including animal manure,
agricultural waste, municipal waste, etc., and therefore
continuous screening of wastes for VFAs production
should take place to reveal the most promising sub-
strates. A great deal of research, development, and
commercial exploitation of these substrates, in the
form of anaerobic digestion processes has taken
place all over the world. Anaerobic digestion is well-
established worldwide as one of the most contributing
technologies to waste management. Therefore, poten-
tial exists for worldwide conversion of anaerobic
digestion plants into VFAs-producing plants that can
feed into PHAs-producing plants ultimately contri-
buting to the commercial expansion of the latter. The
utilization of anaerobic digestion facilities for the scale
up of PHAs production is believed to be beneficial
where most of the equipment is available lowering
initial investment costs together with a more diversi-
fied range of applications for PHAs (and VFAs) in
comparison to those assigned to biogas, namely as
transport biofuel, or for heat and electricity
generation.

Furthermore, PHAs are biodegradable; therefore,
the PHAs-based waste materials can readily be
recycled through acidogenic fermentation and recon-
verted into VFAs. This will, in turn, open up the
possibility of developing closed-loop processes for
PHAs production and recycling and mitigate environ-
mental pollution. Altogether, there is a high potential
for PHAs production from acidogenic fermentation-
derived VFAs; however, systematic studies addressing
arange of key elements such as waste sorting at source,



optimization of acidogenic fermentation, optimiza-
tion of bacterial fermentation toward PHAs produc-
tion, alignment between PHAs extraction and
purification methods and final applications, as well
as techno-economic analyses and life-cycle assess-
ments need to take place in the future.

5. Conclusions

In this study, volatile fatty acids from acidogenic fer-
mentation of food waste proved to be a potential sub-
strate for the production of PHAs by Bacillus
megaterium ATCC 14,945, which tackle the need of
medium supplementation. The type of VFAs presented
in the stream originated from acidogenic fermentation
and the bacterial strain were found to be a suitable fit
since all VFAs, excluding valeric acid, could be con-
sumed and PHAs were accumulated. The PHB yields,
per dry cell weight basis, as well as the final dry cell
weights obtained in this work call for the need of further
studies on strain screening and/or growth optimization
in order to achieve higher cell densities, higher PHAs
production yields and productivities. It is hypothesized
that the cultivation output such as productivity due to
high cell density can be improved by transferring the
knowledge obtained from coupling immersed mem-
brane bioreactors to acidogenic fermentation into the
bacterial fermentation stage toward PHAs production.

Highlights

e Volatile fatty acids (VFAs) are cheaper sub-
strates for biopolymer production

e Unreported polyhydroxyalkanoate produc-
tion using butyric and caproic acids

e Using food waste acidogenic fermentation-
derived VFAs bypassed nutrient addition

® VFAs-grown Bacillus megaterium dry cells
contained up to 9% polyhydroxybutyrate

Acknowledgements

We acknowledge the Swedish Research Council for support-
ing this work.

BIOENGINEERED (&) 2495

Disclosure of potential conflicts of interest

No potential conflict of interest was reported by the
author(s).

Funding

This work was supported by The Swedish Research Council
Formas.

ORCID

Steven Wainaina @ http://orcid.org/0000-0003-4709-5126

References

[1] Guevara-Martinez M. Strain- and bioprocess-design stra-
tegies to increase production of (r)-3-hydroxybutyrate by
Escherichia coli. In: TRITA-CBH-FOU. Stockholm: KTH
Royal Institute of Technology; 2019. p. 100.

[2] Mohapatra S, Pattnaik S, Maity S, et al. Comparative
analysis of phas production by Bacillus megaterium
ouat 016 under submerged and solid-state
fermentation. Saudi J Biol Sci. 2020;27(5):1242-1250.

[3] Khajuria R. Polyhydroxyalkanoates: biosynthesis to
commercial production- a review. ] Microbiol
Biotechnol Food Sci. 2017;6(p):1098-1106.

[4] V R. Overview on polyhydroxyalkanoates: a promising
biopol. ] Microb Biochem Technol. 2011;03:99-105.

[5] Blunt W, Levin D, Cicek N. Bioreactor operating stra-
tegies for improved polyhydroxyalkanoate (PHA)
productivity. Polymers. 2018;10(p):1197.

[6] LiZ, Yang], Loh XJ. Polyhydroxyalkanoates: opening doors
for a sustainable future. Npg Asia Mater. 2016;8(p):e265.

[7] Mikkili I, Peele A, Dulla J, et al. Isolation, screening
and extraction of polyhydroxybutyrate (PHB) produ-
cing bacteria from sewage sample. Int ] Pharm Tech
Res. 2014;6(p):974-4304.

[8] Costa SS, Miranda AL, de Morais MG, et al. Microalgae
as source of polyhydroxyalkanoates (phas) — a review.
Int J Biol Macromol. 2019;131(p):536-547.

[9] Favaro L, Basaglia M, Casella S. Improving polyhy-
droxyalkanoate production from inexpensive carbon
sources by genetic approaches: a review. Biofuel
Bioprod Biorefin. 2019;13(1):208-227.

[10] Koller M, Atli¢ A, Dias M, et al. Microbial pha produc-
tion from waste raw materials. In: Chen GG-Q, Ed.
Plastics from bacteria: natural functions and applica-
tions. Springer Berlin Heidelberg: Berlin, Heidelberg;
2010. p. 85-119.

[11] Pagliano G, Ventorino V, Panico A, et al. Integrated
systems for biopolymers and bioenergy production
from organic waste and by-products: a review of



2496

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

& D.H. VUETAL

microbial processes. Biotechnol Biofuels.
(1):113.

Zainal-Abideen M, Md Din MF, Ujang Z, et al,
Polyhydroxyalkanoates (PHA) production from palm oil
mill effluent (pome) using mixed culture in sequencing
batch reactor (sbr). http://eprints.utm.my/3689/, 2015.
Munir S, Igbal S, Jamil N. Polyhydroxyalkanoates (pha)
production using paper mill wastewater as carbon
source in comparison with glucose. J Pure Appl
Microbiol. 2015;9:453-460.

Pakalapati H, Chang C-K, Show PL, et al. Development
of polyhydroxyalkanoates production from waste feed-
stocks and applications. ] Biosci Bioeng. 2018;126
(3):282-292.

Lemechko P, Le Fellic M, Bruzaud S. Production of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  using
agro-industrial effluents with tunable proportion of
3-hydroxyvalerate monomer Int ] Biol
Macromol. 2019;128:429-434.

Kettl K-H, Shahzad K, Eder M, et al. Ecological foot-
print comparison of biobased pha production from
animal residues. Chem Eng Trans. 2012;29:439-444.
Shahzad K, Kettl K-H, Titz M, et al. Comparison of
ecological footprint for biobased PHA production from
animal residues utilizing different energy resources.
Clean Technol Envir. 2013;15(3):525-536.

Chen H, Meng H, Nie Z, et al. Polyhydroxyalkanoate
production from fermented volatile fatty acids: effect of
ph and feeding regimes. Bioresour Technol. 2013;128
(p):533-538.

Kleerebezem R, Joosse B, Rozendal R, et al. Anaerobic
digestion without biogas? Rev Environ Sci Bio/
Technol. 2015;14(4):787-801.

Aydin S, Yesil H, Tugtas AE. Recovery of mixed vola-
tile fatty acids from anaerobically fermented organic
wastes by vapor permeation membrane contactors.
Bioresour Technol. 2018;250:548-555.

Wainaina S, Parchami M, Mahboubi A, et al. Food
waste-derived volatile fatty acids platform using an
immersed membrane bioreactor. Bioresour Technol.
2019;274(p):329-334.

Szacherska K, Oleskowicz-Popiel P, Ciesielski S, et al.
Volatile fatty acids as carbon sources for polyhydrox-
yalkanoates production. Polymers. 2021;13(3):321.
Valappil SP, Boccaccini AR, Bucke C, et al
Polyhydroxyalkanoates in gram-positive bacteria:
insights from the genera bacillus and streptomyces.
Antonie Van Leeuwenhoek. 2007;91(1):1-17.
Mohanrasu K, Rao RGR, Dinesh GH, et al
Optimization of media components and culture condi-
tions for polyhydroxyalkanoates production by Bacillus
megaterium. Fuel. 2020;271:117522.

Thammasittirong A, Saechow S, Thammasittirong SN.
Efficient polyhydroxybutyrate production from Bacillus
thuringiensis using sugarcane juice substrate. Turk
J Biol. 2017;41(6):992-1002.

2017;10

units.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Naranje, NK, Bharat ], Wadher, HJ, et al. Bacillus
megaterium as potential producer for PHAs. IOSR ]
Environ Sci Toxicol Food Tech. 2015;1: 7-10.
Yuksekdag Z, Aslim B, Beyatli Y, et al. Effect of carbon
and nitrogen sources and incubation times on
poly-beta-hydroxybutyrate ~ (PHB)  synthesis by
Bacillus subtilis 25 and Bacillus megaterium 12. Afr
] Biotechnol. 2004;3:1684-5315. Vol 1. .

Munir S, Jamil N. Polyhydroxyalkanoates (PHA) pro-
duction in bacterial co-culture using glucose and vola-
tile fatty acids as carbon source. ] Basic Microbiol.
2018;58(3):247-254.

Hassan, MA, Bakhiet, EK, Ali, SG, et al. Production
and characterization of polyhydroxybutyrate (PHB)
produced by Bacillus sp. isolated from Egypt. ] App
Pharm Sci. 2016;6(4):46-51.

Okwuobi PN, Ogunjobi A. Production and analysis of
polyhydroxyalkanoate (pha) by Bacillus megaterium
using pure carbon substrates. World Appl Sci J.
2013;28:1336-1340.

Vishnuvardhan Reddy S, Thirumala M, Mahmood SK.
Production of PHB and p(3HB-co-3HV) biopolymers
by Bacillus megaterium strain OU303A isolated from
municipal sewage sludge. World ] Microbiol
Biotechnol. 2009;25(3):391-397.

Shahid S, Mosrati R, Ledauphin J, et al. Impact of
carbon source and variable nitrogen conditions on
bacterial biosynthesis of polyhydroxyalkanoates: evi-
dence of an atypical metabolism in Bacillus megaterium
DSM 509. J Biosci Bioeng. 2013;116(3):302-308.

Sabra W, Abou-Zeid D. Improving feeding strategies
for maximizing polyhdroxybutyrate yield by Bacillus
megaterium. Res ] Microbiol. 2008;3(p):308-318.
Ariunbaatar ], Esposito G, Yeh D, et al. Enhanced
anaerobic digestion of food waste by supplementing
trace elements: role of selenium (vi) and iron (ii).
Front Environ Sci. 2016;4:4.

Hahn S, Chang Y, Kim BS, et al. Communication to
the editor optimisation of microbial poly(3--
hydroxybutyrate) recovery using dispersions of sodium
hypochlorite solution and chloroform. Biotechnol
Bioeng. 1994;44(2):256-261.

Weiland P. Biogas production: current state and
perspectives. Appl Microbiol Biotechnol. 2010;85
(4):849-860.

Deublein D, Steinhauser A. Biogas from waste and
renewable resources: An Introduction. 2011.
Weinheim: John Wiley & Sons.

Laycock B, Halley P, Pratt S, et al. The chemomecha-
nical properties of microbial polyhydroxyalkanoates.
Prog Polym Sci. 2013;38(3):536-583.

Ushani U, Sumayya AR, Archana G, et al. Chapter 10 -
enzymes/biocatalysts and bioreactors for valorization
of food wastes. In: Banu JR, Ed. in Food waste to
valuable resources. Academic Press: London; 2020. p.
211-233.


http://eprints.utm.my/3689/

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

Tan G-Y, Chen C-L, Li L, et al. Start a research on
biopolymer polyhydroxyalkanoate (pha): a review.
Polymers. 2014;6(p):706-754.

Mitra R, Xu T, Xiang H, et al. Current developments
on polyhydroxyalkanoates synthesis by using halo-
philes as a promising cell factory. Microb Cell Fact.
2020;19(1):86.

Verlinden RA, Hill DJ, Kenward MA, et al. Bacterial
synthesis of biodegradable polyhydroxyalkanoates.
J Appl Microbiol. 2007;102(6):1437-1449.

Zhang X, Lin Y, Wu Q, et al. Synthetic biology and
genome-editing tools for improving pha metabolic
engineering. Trends in Biotechnology; 2019;38(7): p.
689-700.

McAdam B, Brennan Fournet M, McDonald P, et al.
Production of polyhydroxybutyrate (PHB) and factors
impacting its chemical and mechanical characteristics.
Polymers. 2020;12(12):2908.

Rehman A, Aslam A, Masood R, et al. Production and
characterization of a thermostable bioplastic
(poly-s-hydroxybutyrate) ~ from  Bacillus  cereus
nrrl-b-3711. Pakistan ] Bot. 2016;48:349-356.

Cui Y-W, Zhang H-Y, Ji S-Y, et al. Kinetic analysis of
the temperature effect on polyhydroxyalkanoate pro-

duction by Haloferax mediterranei in synthetic
molasses wastewater. ] Polym Environ. 2017;25
(2):277-285.

Javaid H, Nawaz A, Riaz N, et al. Biosynthesis of
polyhydroxyalkanoates (PHAs) by the valorization of
biomass and synthetic waste. Molecules. 2020;25
(23):23.

Goswami G, Panda D, Samanta R, et al. Bacillus mega-
terium adapts to acid stress condition through
a network of genes: insight from a genome-wide tran-
scriptome analysis. Sci Rep. 2018;8(1):16105.
Bhagowati P, Pradhan S, Dash HR, et al. Production,
optimization and characterization of polyhydroxybuty-
rate, a biodegradable plastic by Bacillus spp. Biosci
Biotechnol Biochem. 2015;79(9):1454-1463.

Russell AD. Lethal effects of heat on bacterial physiol-
ogy and structure. Sci Prog. 2003;86(Pt 1-2):115-137.
Yang A-S, Honig B. On the ph dependence of protein
stability. ] Mol Biol. 1993;231(2):459-474.

Moran S. Chapter 3 - biology. In: Moran S, editor. An
applied guide to water and effluent treatment plant
design. Butterworth-

Heinemann: ~ Amsterdam;  2018. p.  25-37.
Riedel TE, Berelson WM, Nealson KH, et al. Oxygen
consumption rates of bacteria under nutrient-limited
conditions. Appl Environ Microbiol. 2013;79
(16):4921-4931.

Baez A, Shiloach J. Effect of elevated oxygen concen-
tration on bacteria, yeasts, and cells propagated for
production of biological compounds. Microb Cell
Fact. 2014;13(1):181.

Kumari A. Chapter 4 - beta oxidation of fatty acids. In:
Kumari A, editor. Sweet biochemistry: Remembering

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(6]

(67]

(68]

(69]

BIOENGINEERED e 2497

Structures, Cycles, and Pathways by Mnemonics.
Academic Press: London; 2018. p. 17-19.

Allen A, Ayorinde F, Eribo B. Biosynthesis pathways of
PHA. In: Wu L-P, editor. Polyhydroxyalkanoates
(PHAs): Biosynthesis, Industrial Production and
Applications in Medicine. Nova Science Publishers:
Hauppauge; 2014. p. 75-82.

Kourmentza C, Plicido J, Venetsaneas N, et al. Recent
advances and challenges towards sustainable polyhy-
droxyalkanoate (PHA) production. Bioengineering
(Basel). 2017;4(2):2.

Mohapatra S, Maity S, Dash HR, et al. Bacillus and
biopolymer: prospects and challenges. Biochem
Biophys Rep. 2017;12:206-213.

Muralidharan R, Radha K. A kinetic study of polyhy-
droxybutyrate production on nitrogen limited medium
using Bacillus subtilis MTCC 9763 through a two stage
cultivation strategy. ] Environ Biol. 2015;36:537-542.
Alarfaj AA, Arshad M, Sholkamy EN, et al. Extraction
and characterization of polyhydroxybutyrates (PHB)
from Bacillus thuringiensis KSADL 127 isolated from
mangrove environments of Saudi Arabia. Braz Arch
Biol Technol. 2015;58(5):781-788.

Valappil SP, Rai R, Bucke C, et al
Polyhydroxyalkanoate biosynthesis in Bacillus cereus
spv under varied limiting conditions and an insight
into the biosynthetic genes involved. ] Appl
Microbiol. 2008;104(6):1624-1635.

Dhangdhariya JH, Dubey S, Trivedi HB, et al
Polyhydroxyalkanoate from marine Bacillus megater-
ium using CSMCRI’s dry sea mix as a novel growth
medium. Int J Biol Macromol. 2015;76(p):254-261.
Mohapatra S, Sarkar B, Samantaray DP, et al
Bioconversion of fish solid waste into PHB using
Bacillus ~ subtilis based submerged fermentation
process. Environ Technol. 2017;38(24):3201-3208.
Saranya V, Shenbagarathai R. Production and charac-
terization of PHA from recombinant E. coli harbouring
phacl gene of indigenous Pseudomonas sp. LDC-5
using molasses. Braz ] Microbiol. 2011;42
(3):1109-1118. . [publication of the Brazilian Society
for Microbiology]

Karagoz 1. An effect of mold surface temperature on
final product properties in the injection molding of
high-density polyethylene materials. Polym Bull
2021;78(5):2627-2644.

Kumar G, Ohkubo T, Hono K. Effect of melt tempera-
ture on the mechanical properties of bulk metallic
glasses. ] Mater Res. 2011;24(7):2353-2360.

Keller A. Morphology of polymers. In: Blahoslav §,
editor. Recent developments in morphology of crystal-
line polymers. De Gruyter: Berlin; 2019. p. 3-26.
Kyriacos D. High-temperature engineering thermo-
plastics. 2017. p. 545-615. Oxford: Elsevier.

Feldmann M. The effects of the injection moulding
temperature on the mechanical properties and mor-
phology of polypropylene man-made cellulose fibre



2498 (&) D.H.VUETAL

(70]

(71]

(72]

(73]

(74]

composites. Compos Manuf.
2016;87:146-152.

Righetti MC. Crystallization of polymers investigated
by temperature-modulated DSC. Materials (Basel).
2017;10(4):442.

Nair AM, Annamalai K, Kannan SK, et al
Characterization of polyhydroxyalkanoates produced
by Bacillus subtilis isolated from soil samples. Malay |
Biosci. 2014;1(1):8-12.

Mudliar S, Vaidya A, Kumar MS, et al. Techno-economic
evaluation of PHB production from activated sludge. Clean
Technol Envir. 2008;10(3):255-262.

Khatami K, Perez-Zabaleta M, Owusu-Agyeman I,
et al. Waste to bioplastics: how close are we to sustain-
able  polyhydroxyalkanoates production? =~ Waste
Manage. 2021;119:374-388.

Gholami A, Mohkam M, Rasoul-Amini S, et al
Industrial production of polyhydroxyalkanoates by
bacteria: opportunities and challenges.
Biotecnologica. 2016;28:59-74.

Part A Appl Sci

Minerva

(75]

(76]

(77]

(78]

(79]

Patel SKS, Singh M, Kalia VC. Hydrogen and polyhy-
droxybutyrate producing abilities of Bacillus spp. From
glucose in two stage system. Indian ] Microbiol.
2011;51(4):418.

Abinaya VR, Velramar B, Nachimuthu R, et al
Exploration of polyhydroxyalkanoates production
from rhizosphere soil bacteria. ENVIS Newslett.
2012;10(p):1-6.

Chen G-Q, Konig K-H, Lafferty RM. Occurrence of
poly-d(-)-3-hydroxyalkanoates in the genus Bacillus.
FEMS Microbiol Lett. 1991;84(2):173-176.
Chakraborty P, Gibbons W, Muthukumarappan K.
Conversion of volatile fatty acids into polyhydroxyalk-
anoate by Ralstonia eutropha. ] Appl Microbiol.
2009;106(6):1996-2005.

Kedia G, Passanha P, Dinsdale RM, et al. Evaluation of
feeding regimes to enhance PHA production using
acetic and butyric acids by a pure culture of
Cupriavidus necator. Biotechnol Bioprocess Eng.
2014;19(6):989-995.



	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1.  Bacterial strain and chemicals
	2.2.  Volatile fatty acids from acidogenic fermentation of food waste
	2.3.  Substrate preparation and cultivation conditions
	2.4.  Cell dry weight measurement
	2.5.  PHA extraction
	2.6.  Determination of carbon source consumption and cell growth
	2.7.  PHA characterization
	2.7.1.  Fourier-transform infrared spectroscopy (FTIR)
	2.7.2.  Differential scanning calorimetry (DSC)

	2.8.  Analysis and presentation of results

	3.  Results and discussion
	3.1.  Bacillus sp. cultivation on glucose– and VFAs-based synthetic medium
	3.2.  Bacillus sp. cultivation in amixture of VFAs derived from acidogenic fermentation of food waste
	3.3.  Cell dry weight and PHA accumulation following Bacillus sp. cultivation in glucose- and synthetic VFAs-containing medium
	3.4.  Cell dry weight and PHA accumulation by Bacillus sp. during cultivation in VFAs-rich stream derived from acidogenic fermentation of food waste
	3.5.  PHA characterization
	3.5.1.  Fourier-Transform Infrared Spectroscopy (FTIR) analysis
	3.5.2.  Differential Scanning Calorimetry (DSC) analysis


	4.  Practical applications and future research perspectives of this work
	5.  Conclusions
	Highlights
	Acknowledgements
	Disclosure of potential conflicts of interest
	Funding
	References



