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Abstract
Extensive usage of synthetic plastics poses a negative impact on environment and concomitantly increasing fossil fuel 
demand. Hence, bioplastic like polyhydroxyalkanoates (PHAs) has gained attention due to their analogous properties with 
synthetic plastics. However, its cost competitiveness is a big confront. In this context design of a substrate facilitator, mixed 
bacterial culture (MBC) can address this burning issue and augment avenue to industrial PHAs production. Herein, PHAs 
production by MBC comprised of Bacillus species was investigated. Eight preserved PHAs producing Bacillus species were 
selected of which 04 strains showed accumulation of PHAs granule. Among them, Bacillus sp. C1 and Bacillus sp. O6 were 
compatible to each other as revealed from antagonistic activity. Independently, Bacillus sp. C1 (2013) and Bacillus sp. O6 
produced 0.90 ± 0.01 g/L & 1.30 ± 0.02 g/L PHAs. However, 2.70 ± 0.01 g/L of PHAs was recovered from MBC through 
submerged fermentation. Infra-red spectra illustrated sharp peak at 1719.86  cm−1 denoting carbonyl-ester (C = O) functional 
group of polyhydroxybutyrate (PHB). It was degraded within 21 days as confirmed from open windrow composting. This 
research represents a new approach for PHAs production however before pilot scale operation, evaluation of inexpensive 
carbon sources as substrate is highly indispensable.
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Abbreviations
PHAs  Polyhydroxyalkanoates
MBC  Mixed bacterial culture
(C = O)  Carbonyl-ester
PHB  Polyhydroxybutyrate

Mt  Metric tons
NA  Nutrient agar
GM  Growth media
MSM  Mineral salt medium
OFAT  One factor at a time
DCW  Dry cell weight
ATR   Attenuated total reflectance
FTIR  Fourier transform infrared spectroscopy
IR  Infra-red
ANOVA  Analysis of variance

Introduction

Petrochemical-based plastic waste is the major cause of 
white pollution. Recent trends in its production and man-
agement strategies predicted accumulation of 12,000 Mt of 
waste in the environment by 2050. Thus, creating a signifi-
cant burden on recalcitrant plastic waste management (Geyer 
et al. 2017). Petrochemical energy depletion coupled with 
white pollution has drawn attention of scientist to produce 
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bioplastics or biopolymer (Muneer et al. 2020). Polyhy-
droxyalkanoates (PHAs) are the bioplastics synthesized by 
microbes, which serves as energy storage granule during 
carbon starvation. The structural, thermal, mechanical and 
biocompatible properties validate it as a suitable substitute 
to petrochemical-based plastic, which can address issues 
concerned with white pollution (Maity et al. 2020).

PHAs synthesis is a stress regulated phenomenon trig-
gered by microbes during macro and micro nutrient lim-
ited condition (Mohapatra et al. 2016a, b). Many bacte-
ria including the genera Bacillus, Clostridium, Nocardia, 
Streptomyces, Staphylococcus, Corynebacterium, Rho-
dococcus and Klebsiella, Escherichia, Methylobacterium, 
Alcaligenes, Rhizobium, Ralstonia, Enterobacter, Aero-
monas, Azotobacter, Pseudomonas, Citrobacter, Zobellella 
and Cupriavidus were reported as PHAs producers (Javaid 
et al. 2020; Maity et al. 2017; Carpa and Barbu-Tudoran 
2011). Additionally, certain genetically engineered bacteria 
such as E. coli MG1655, P. putida KT2440, R. eutropha 
5119, B. subtilis H16, C. necator DSM 428, P. citronellolis 
NRRLB-2504, S. degradans 2–40, C. necator IPT 026, X. 
campestris IBSBF1867, A. hydrophila ATCC7966, A. junii 
BP25 and S. elongatus PCC 7942 were also exploited for 
PHAs production in contrast to wild strain (Liu et al. 2020; 
Bhatia et al. 2018; Rebocho et al. 2020; Sawant et al. 2017; 
Rodrigues et al. (2019);;;;; Anburajan et al. (2019); Lowe 
et al. 2017). So far 150 distinct monomers of PHAs with 
molecular weight 2 ×  102 to 3 ×  103 KDa have been recov-
ered from bacteria. Such variations of monomer depend on 
the type of bacteria, substrate and bioprocess technology 
used for production. Considering carbon configuration of 
the monomer, PHAs can be categorized in to three subtypes 
viz., short, medium and long chain length PHAs (Zhu et al. 
2022). These biomaterials imitate properties of petrochem-
ical-based plastic, biodegradable under natural conditions 
and non-cytotoxic in nature. Therefore, it can be used in the 
preparation of domestic plastic, photographic film, biomedi-
cal devices, drug delivery carriers, drugs, fine chemicals & 
nutritional supplements (Mohapatra et al. 2020). However, 
replacement of petrochemical-based plastic by PHAs has 
been limited due to cost competitiveness, which restricts its 
lucrative market penetration and adoption (Pati et al. 2020).

Reports suggest, higher PHAs production can be achieved 
by using pure culture under optimized conditions (Dash 
et al. 2020). Nevertheless, life cycle analysis of the overall 
process indicated a negative impact on its cost affordabil-
ity. In contrast, recent reports emphasize on usage of high 
PHAs producing microbes, reasonable carbon sources like 
agro-industrial & domestic waste (Mohapatra et al. 2017), 
genetically engineered microbes and native mixed bacterial 
culture (MBC) for cost-effective PHAs production (Zhang 
et al. 2018). Moreover, PHAs production by MBC reduces 
the energy required to maintain axenic conditions which can 

resolve issues linked with low metabolic activities, conver-
sion efficiency and wide variety of substrate utilization by 
pure culture (Zhu et al. 2022). As PHAs yield is directly 
proportional to microbial cell biomass, therefore usage of 
MBC is considered as a promising approach for cost-effec-
tive PHAs production. Though the concept of PHAs pro-
duction by MBC has been described earlier (Cavaille et al. 
2016; Coats et al. 2016; Zhu et al. 2022) still many facts 
associated with it are unclear. In light of above, an attempt 
has been made to investigate PHAs production by MBC via 
submerged fermentation and analyze improvement of yield 
in comparison to pure culture.

Materials and methods

Bacterial source

Previously, 16 PHAs producing Bacillus sp. & Zobellella 
sp. were isolated from rhizospheric soil region of different 
plants & fish processing industry effluent respectively and 
preserved in glycerol stock at -20 °C (Mohapatra et al. 2014; 
Maity et al. 2017). These bacterial isolates were revived in 
nutrient agar (NA), and then induced for synthesis of PHAs 
granule in mineral salt medium (MSM)  (K2HPO4—2.5, NaCl 
-10.0,  (NH4)2SO4—3.38,  KH2PO4—2.5,  CaCl2—0.052, 
yeast extract—2,  MgSO4.7H2O—0.2,  Na2HPO4—1.5 and 
glucose—20.0 in g/L). Further, PHAs granule accumula-
tion by these preserved bacterial isolates were examined via 
Sudan black staining (Dash et al. 2020). Reagents and cul-
tivation media utilized in the research were procured from 
Merck-Millipore, Sigma-Aldrich and Hi-Media Lab. Pvt. 
Ltd.

In‑vitro antagonistic activity among PHAs producers

Antagonistic activity (in-vitro) among PHAs granule accu-
mulating bacteria were studied using agar well diffusion 
technique. Desired bacteria were lawn cultured on NA plate 
and 10 μL of another bacterial suspension was placed in the 
agar well. Culture plates were incubated at 37 °C ± 2/24 h 
to observe zone of inhibition (Khokhar et al. 2012). MBC 
was prepared using compatible PHAs accumulating bacteria. 
Inoculum was developed individually and then mixed in 1:1 
ratio to formulate MBC comprising of pre-determined cell 
biomass 1.5 ×  108cells/mL (0.5 McFarland standard).

Optimization of growth parameters

In general, PHAs production by many bacteria is parallel to 
cell biomass yield (Mohapatra et al. 2015). Therefore, differ-
ent parameters viz., culture media, pH, temperature, carbon 
source, nitrogen source and inoculum volume regulating 
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optimal growth of bacteria were optimized by variation of 
one-factor at a time (OFAT) method (Maity et al. 2017). 
Inoculum having 1.5 ×  108 cells/ mL (0.5 McFarland stand-
ards) was developed to evaluate role of growth parameters 
on PHAs accuring bacteria. Parameters including culture 
media [growth media (GM) & MSM], pH (5–9), tempera-
ture (23–42 °C), inoculum size (5–20% v/v), carbon source 
(maltose, sucrose, dextrose, glucose, fructose) and nitrogen 
source (ammonium chloride, sodium nitrate, yeast extract, 
peptone, ammonium sulphate) were optimized. Here, car-
bon to nitrogen ratio was maintained at 6:1. Regarding cul-
ture media optimization, GM & MSM (each 100 mL) was 
taken, 10 mL of day-old inoculum was added and incubated 
at 37 °C ± 2/24 h with 120 rpm. Culture medium depicting 
higher cell biomass yield was determined  (OD600) through 
spectroscopic assay (λ35-Perkin-Elmer). Similarly, other 
parameters were studied using optimized culture media.

PHAs production

PHAs production by pure and MBC was carried out through 
submerged fermentation using shake flask technique (Pati 
et al. 2020). In brief, 1 L of MSM (pH 7) was taken, inocu-
lum (10%) was added and incubated at 37 °C/72 h. Bac-
terial cell biomass was harvested through centrifugation 
(10,000 rpm/15 min) and dried at 50 °C for 12 h. Cell bio-
mass was suspended in aqueous sodium hypochlorite solu-
tion (3:1) and incubated at 37 °C/1 h. Suspension was then 
centrifuged and rinsed with acetone, methanol and diethyl-
ether in 1:1:1 ratio. Subsequently, cell biomass was collected 
in chloroform, and dried to get PHAs. PHAs yield was esti-
mated using the formula;

Fourier Transform Infrared Spectroscopic (FTIR) 
analysis

FTIR analysis was conducted to detect the functional groups 
of PHAs. Extracted film (2 mg) was placed on attenuated 
total reflectance (ATR) and IR (infra-red) spectra were 
noted within the spectral range 4000—400  cm−1, scan: 16 
and window material: CsI using single beam spectrometer 
(Perkin-Elmer RX I) (Pati et al. 2020).

Biodegradability of PHAs

Biodegradability of PHAs was estimated by open windrow 
composting technique in natural conditions (Mohapatra 
et al. 2016a, b). PHAs film was composted under the soil 
in natural (pH—7.2 & temperature—35 °C ± 2) conditions. 

PHAs production (%) =
Weight of PHAs

Dry cell weight (DCW)
× 100

Biotransformation of surface of the film was observed under 
stereomicroscopic imaging. Further, the rate of biodegrada-
tion was estimated from weight loss dynamics of PHAs film 
at 7 days interval up to 21 days. Biodegradability in terms of 
percentage was calculated using the formula; Biodegrada-
bility (%) = [(W1-W2) / W1] X 100, where W1—initial and 
W2—final weight of the PHAs film.

Statistical analysis

Statistical interpretation of growth parameters optimization 
and PHAs production was analyzed by one-way ANOVA, 
where significant level is p < 0.05.

Results

In our previous study, PHAs production efficacy of 16 differ-
ent species of Bacillus sp. & Zobellella sp. were analyzed. 
Then, these PHAs producers were preserved in glycerol 
stock at -20 °C. Eight bacterial strains viz., Bacillus sp. C1 
(2013) (KF626477), Bacillus sp. P1 (2013b) (KF626468), 
Bacillus sp. P2 (2013) (KF626472), Bacillus sp. P3 (2013) 
(KF626473), Bacillus sp. P4 (2013c) (KF626474), Bacillus 
sp. O6 (KF626479), Bacillus subtilis sp. G5 (KP172548) and 
Zobellella tiwanensis sp. DD5 (KX258951) were revived 
for the present study. Among them, 4 bacterial strains such 
as Bacillus sp. C1 (2013), Bacillus sp. P1 (2013b), Bacil-
lus sp. P4 (2013c) and Bacillus sp. O6 showed accumula-
tion of PHAs granules, which was confirmed from Sudan 
black staining under bright field microscopic imaging 
(Fig. 1). Based on the aim of the study these PHAs produc-
ers were evaluated for antagonistic activity prior to devel-
opment of MBC. It was conducted among Bacillus sp. C1 
(2013)—Bacillus sp. O6, Bacillus sp. C1 (2013)—Bacil-
lus sp. P1 (2013b), Bacillus sp. C1 (2013)—Bacillus sp. 
P2 (2013), Bacillus sp. O6—Bacillus sp. P1 (2013b), 
Bacillus sp. O6—Bacillus sp. P2 (2013) and Bacillus sp. 
P1 (2013b)—Bacillus sp. P2 (2013). Results depicted that, 
Bacillus sp. C1 (2013) and Bacillus sp. O6 were compatible 
to each other (Fig. 2), while Bacillus sp. C1 (2013)—Bacil-
lus sp. P1 (2013b), Bacillus sp. C1 (2013)—Bacillus sp. P2 
(2013), Bacillus sp. O6—Bacillus sp. P1 (2013b), Bacil-
lus sp. O6—Bacillus sp. P2 (2013) and Bacillus sp. P1 
(2013b)—Bacillus sp. P2 (2013) showed a high degree of 
inhibition to each other. Therefore, native MBC was devel-
oped using Bacillus sp. C1 (2013) and Bacillus sp. O6 for 
PHAs production. In general, PHAs accumulation by many 
pure or MBC is parallel to cell biomass production. Thus, 
growth parameters affecting higher cell biomass produc-
tion were optimized and results indicated that, MSM, pH 
7.0, temperature 37 °C, carbon source (sucrose), nitrogen 
source (ammonium chloride) and inoculum volume 10% 
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were optimum at significant level P < 0.05 (Fig. 3a-f, Sup-
plementary material Table S1). Notably, carbon to nitro-
gen ratio was maintained at 6:1 during optimization of 
growth parameters and PHAs production. Subsequently, 
pure and MBC were evaluated for PHAs production under 
optimized conditions. Pure bacterial culture of Bacillus sp. 
C1 (2013) and Bacillus sp. O6 produced 0.90 ± 0.01 g/L & 
1.30 ± 0.02 g/L of PHAs through submerged fermentation. 
However, 2.70 ± 0.01 g/L of PHAs was recovered from MBC 
in 72 h. Further, the rate of PHAs production was decreased.

The extracted PHAs was subjected to FTIR-ATR analysis 
for detection of functional group. In toto three distinct peaks 
were obtained from IR spectra (Fig. 4), where two distinct 
peaks at 1453.4  cm−1 and 1382  cm−1 depicted C-H bend and 
 CH3 & C-H bend respectively. However, the high intense 
peak obtained at 1719.86  cm−1 confirmed carbonyl ester 

(C = O) functional group of PHB. Hence, the IR analysis 
provides an appropriate insight for chemical structure of the 
PHB. Surface morphology of the PHB film was rough and 
fairly regular as observed under stereomicroscopic imag-
ing (Fig. 5). Biodegradability of PHB film was estimated 
from the weight loss dynamics at seven days interval. The 
initial weight of PHB film (0.106 gm) was reduced to 0.071 
gm & 0.023 gm on  7th &  14th days respectively. Moreover, 
the PHB film was degraded completely within 21 days. Ini-
tially the rate of biodegradation (33.01%) was slower and 
then increased to 78.30—100% from  7th to  21st days. Thus, 
weight loss dynamics clearly validated biodegradability of 
MBC derived PHB film under natural condition.

Discussion

In the present context, sustainable biopolymer or bioplastic 
production is a matter of concern for academia and industry. 
PHAs being the potential biopolymer has gained attention 
for future endeavor. Extensive research has been undertaken 
on PHAs production using pure bacterial culture, however 
issues pertaining to its cost competitiveness is still unre-
solved. Synthetic biology recommended, usage of MBC is 
more appropriate to this aspect than pure bacterial culture. 
MBC are more robust to unfavorable environmental condi-
tion and can utilize wide array of substrate as carbon source 
to accumulate PHAs. In this finding out of 16, four bacterial 
isolates showed synthesis of PHAs granule even after three 
years of preservation. These bacterial isolates were energeti-
cally stable, therefore PHAs synthesis ability was not sup-
pressed (Mohapatra et al. 2016a, b). Among them, Bacillus 
sp. C1 (2013) and Bacillus sp. O6 were compatible in nature. 
However, other bacterial isolates showed a high degree of 
inhibition to each other. This might be due to production of 
secondary metabolites such as antibiotics, toxins, pigments 
and immunomodulatory substances (Dagher et al. 2021). 
Moreover, Bacillus is preferred by several industries and 

Fig. 1  Black-blue coloured cells 
under Sudan black staining 
exhibited PHAs accumulation 
by (a) Bacillus sp. C1 and (b) 
Bacillus sp. O6

Fig. 2  Showing compatibility among Bacillus sp. C1 and Bacillus sp. 
O6 based on antagonistic activity
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academia over Gram-negative bacteria due to their predomi-
nance nature, faster growth rate, genetic stability, resistance 
to adverse environmental conditions and ability to metabo-
lize low-cost carbon sources for production of endotoxin 
free PHAs (Mohapatra et al. 2017). Thus, native MBC was 
developed using Bacillus sp. C1 (2013) and Bacillus sp. O6.

PHAs accumulation by many pure or MBC is parallel 
to cell biomass production, which is regulated by various 
growth factors. Growth factors optimization data showed 
higher cell biomass yield in MSM at pH 7.0, temperature 
37 °C in presence of sucrose & ammonium chloride as car-
bon & nitrogen source with 10% inoculum size. In line with 
this result, Bhatia et al. (2018) observed higher cell bio-
mass production by MBC comprised of Bacillus subtilis, 
Bacillus amyloliquefaciens and Ralstonia eutropha at pH 

7.0, temperature 30 °C and sucrose & ammonium chloride 
as carbon & nitrogen sources. Further, higher cell biomass 
production by mixed microbial culture at pH 7.0, tempera-
ture 37 °C were also reported earlier (Montiel-Jarillo et al. 
2017; Colombo et al. 2016). In our previous study Bacillus 
sp. C1 (2013) and Bacillus sp. O6 also produced higher cell 
biomass in MSM at pH 7.0, temperature 37 °C with inocu-
lum size 10% (Mohapatra et al. 2014). Moreover, many 
PHAs accumulating bacterial strains showed luxuriant 
growth and higher cell biomass production at 6:1 carbon to 
nitrogen ratio (Pati et al. 2020; Mohapatra et al. 2020). As 
these bacteria were isolated from rhizospheric region, thus 
prevailing physio-chemical parameters with 6:1 carbon to 
nitrogen ratio favored their growth and PHAs production 
(Koller et al. 2013).

Fig. 3  Growth optimization represented higher cell biomass produc-
tion in (a) MSM at (b) pH 7.0 (c) Temperature 37 °C (d) Sucrose as 
carbon source (e) Ammonium chloride as nitrogen source & (f) Inoc-

ulum size 10%, analyzed statistically through one way ANOVA and 
found significant at P < 0.05 level
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Under optimized condition, Bacillus sp. C1 (2013), Bacil-
lus sp. O6 and MBC produced 0.90 ± 0.01, 1.30 ± 0.02 and 
2.70 ± 0.01 g/L of PHAs respectively. Comparatively 0.5 g/L 
of higher PHAs production was achieved by MBC than pure 
bacterial culture. Similarly, Bhatia et al. (2018) reported 
2.30 g/L of PHAs production by MBC comprised of B. sub-
tilis H16 and R. eutropha 5119 using sucrose as sole carbon 
source. The co-culture of S. degradans 2–40 and B. cereus 
also produced 0.27 g/L of PHAs from xylan (Sawant et al. 
2017). Uma and Gandhimati (2020) obtained 1.66 g/L of 
PHAs from MBC of P. tuomuerensis and P. nitroreducens 
using oily bilge water as substrate. A bacterial consortium of 
genetically modified E. coli MG1655 and P. putida KT2440 
enhanced PHAs production (1.32 g/L) from glucose-xylose 

mixtures (Zhu et al. 2022). Rebocho et al. (2020) recovered 
1.85 g/L of PHB from MBC of C. necator DSM 428 and 
P. citronellolis NRRL B-2504 using apple pulp waste as 
substrate. Further, A. hydrophila ATCC7966 and A. junii 
consortia produced 2.64 g/L of PHAs from a mixture of 
acetic & butyric acid (Anburajan et al. 2019). Among all, 
MBC of C. necator IPT 026 and X. campestris IBSBF 1867 
showed higher PHAs production (6.43 g/L) from palm oil 
(Rodrigues et al. 2019). Here, we report for the first time 
higher PHAs production from MBC comprised of Bacillus 
sp. C1 (2013) and Bacillus sp. O6 using sucrose as carbon 
source. Higher PHAs yield by MBC than pure bacterial cul-
ture is due to reduced dissolved oxygen and variation in bac-
terial population leading to nutrient limitation that created a 

Fig. 4  IR absorption band at 1719.86  cm−1 elucidated C = O functional group of PHB

Fig. 5  In vitro biodegradability 
of MBC derived PHB films
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selective pressure for PHAs synthesis. Additionally, MBC 
of Bacillus species has an added advantage over other bacte-
rial genera due to lack of lipo-polysaccharides outer layer, 
which makes the downstream processing simpler there by 
enhancing PHAs yield (Coats et al. 2016; Chen et al. 2015).

IR spectra of MBC derived PHAs exhibited sharp peak at 
1719.86  cm−1 representing carbonyl-ester group (C = O) of 
PHB. Moreover, PHB is the most common homo-polymer 
of PHAs. Correspondingly, Bhatia et al. (2018), Rebocho 
et al. (2020), Rodrigues et al. (2019) and Pati et al. (2020) 
observed similar absorption band at 1720  cm−1, 1723  cm−1, 
1728  cm−1 and 1720.01  cm−1 indicating chemical structure 
of PHB. Weight loss dynamics revealed, 78.30% of PHB 
film degradation on  14th day and complete degradation was 
observed within 21 days. Similar to our result, Pati et al. 
(2020) reported biodegradation of PHB film within 14 days 
under natural condition. In contrast, Volova et al. (2016) 
and Mohapatra et al. (2016a, b) also observed biodegrada-
tion of PHB film within 35 and 30 days respectively. In this 
research, we observed faster degradation of PHB film, which 
might be due to the rough surface that enhances attachment 
of microbes, leading to biodegradation of PHB to  CO2 & 
 H2O in oxic and  CO2 &  CH4 in anoxic condition (Varsha 
and Savitha 2011; Boyandin et al. 2012).

Conclusion

The major drawback of commercial PHB production is 
due to lack of economical bioprocessing technology. Thus, 
development of native MBC could pave the way towards cost 
competitiveness as it can utilize wide range of inexpensive 
substrates to achieve higher PHB yield than monoculture. 
Herein, relatively 0.5 g/L of higher PHB production was 
obtained from indigenous MBC than monoculture. Further, 
PHB production should be conducted through consolidated 
bioprocessing to scale up this approach.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11756- 022- 01302-5.
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