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Abstract 

Due to continuously increasing population, industrialization, and environmental pollution, lead to generating high 
energy demand which suitable for our environment. Biodiesel is an alternative renewable fuel source. According to 
the feedstock of production, biodiesel has been categorized into four generations. The main disadvantage of the first 
and second generation is the raw material processing cost that the challenge for its industrial-level production. Ole-
aginous bacteria that contain more than 20% lipid of their cellular biomass can be a good alternative and sustainable 
feedstock. Oleaginous bacteria used as feedstock have numerous advantages, such as their high growth rate, being 
easy to cultivate, utilizing various substrates for growth, genetic or metabolic modifications possible. In addition, some 
species of bacteria are capable of carbon dioxide sequestration. Therefore, oleaginous bacteria can be a significant 
resource for the upcoming generation’s biodiesel production. This review discusses the biochemistry of lipid accumu-
lation, screening techniques, and lipid accumulation factors of oleaginous bacteria, in addition to the overall general 
biodiesel production process. This review also highlights the biotechnological approach for oleaginous bacteria strain 
improvement that can be future used for biodiesel production and the advantages of using general biodiesel in 
place of conventional fuel, along with the discussion about global policies and the prospect that promotes biodiesel 
production from oleaginous bacteria.

Highlights 

• Biodiesel from oleaginous bacteria and its importance are summarized.

• Biochemical pathways for fatty acid synthesis are described.

• Critical biotechnological approaches for bacterial strain improvement have been discussed.

• Sustainable biodiesel production, challenges, and future possibilities have been discussed.
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Introduction
Energy sources and their management is critical input 
for the economic development of any country. Currently, 
the energy crisis and continuously increasing energy 
demands are significant concerns for our society due to 
industrialization and the growing population (Enamala 
et  al. 2018). Over the last several years, we have been 
dependent on fossil fuels for energy scenarios (Zhang 
et al. 2020a, b). Expected biofuel production for 2020 was 
to be 144 billion liters worldwide. In India, the crude oil 
price has been increased significantly in recent past years 
and reached a level of more than140 per barrel. Petro-
based oil contributes about 95% of the requirement for 
transportation fuel, and the demand has been steadily ris-
ing (National policy on biofuel 2019). Developing coun-
tries such as India and China contribute significantly to 
this drastic increase in energy demand (Singh et al. 2020). 
International Energy outlook predicted that world energy 
consumption between 2016 to 2040 will increase 48% 
and require another carbon–neutral energy source to ful-
fill energy requirements (John et al. 2016). The transpor-
tation sector is the primary source of air pollution due to 
the excessive consumption of fossil fuels (Biofuels Annual 
2019). Fossil fuels are fuels formed by natural processes, 
such as the anaerobic decomposition of buried dead 
organisms. The combustion of fossil fuel produces Meth-
ane (CH4) together with the emission of Carbon dioxide 
(CO2), Carbon mono oxide (CO), Nitrogen oxide (NOX), 
Sulfur oxide (SOX), and moisture. Among them, carbon 
emission from CO2 is a significant concern in mitigating 
global warming as it is rapidly increasing, and this gas is a 
significant contributor to the greenhouse effect (Vasude-
van et  al. 2008; Sankaran et  al. 2019). According to the 
current research, approximately 98% of greenhouse gas 

emissions in the atmosphere result from fossil fuel com-
bustion (Dahman et al. 2019; Pant et al. 2019). It is esti-
mated that CO2 emissions will be worldwide risen from 
32.2 billion metric tons to 35.6 billion metric tons in 2012 
to 2020 and 43.2 billion metric tons in 2040 (John et al. 
2016). According to the Intergovernmental Panel on Cli-
mate Change (IPCC), approximately 69% of CO2 emis-
sions are from the energy sector, including 14% from the 
transportation sector only (Dahman et al. 2019). Because 
fossil fuel resources are limited, non-renewable, and pol-
luting by nature, there is a need for alternative fuel that 
is more suitable for the and agricultural waste environ-
ment. On the other hand, bioenergy or biofuels are 
renewable, environment-friendly and technically feasible; 
therefore, this can be the best alternative energy source 
for the upcoming generation.

Biodiesel is one of the most prominent renewable 
energy resources. It is a methyl or ethyl ester formed by 
transesterification of fatty acids, such as oil derived from 
plants, animals, organic waste, and microorganisms 
(Mahlia et al. 2020; Patel et al. 2020a). Biodiesel contains 
more O2 than petroleum diesel and has higher combus-
tion efficiency with lower sulfur and aromatic content. 
They also have a higher flash point, higher cetane num-
ber, and are biodegradable. According to the feedstock 
of production, biodiesel was categorized into four gen-
erations (Alawana et  al. 2019; Aron et  al. 2020; Singh 
et al. 2020). Biodiesel produced from various foods stock 
sources such as edible plant oil and animal fat is called 
first-generation biodiesel. Second-generation biodiesel 
is produced from non-edible feedstock, such as the non-
edible oil, the seed of Jatropha, food waste, animal fat 
waste, and agricultural waste (Ferrero et at. 2020; Srini-
vasan et  al. 2020) etc. When plants (from the second 
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generation) are used for biodiesel production, approxi-
mately 70–80% of the whole production cost is associ-
ated with its harvesting and processing (Adhikaria et al. 
2021). Biodiesel produced from microbes is categorized 
in third-generation biofuels (Allen  et  al. 2018; Hossain 
and Mahlia 2020; Zhang et al. 2020a, b; Zeghloulia et al. 
2021). The fourth-generation was recently introduced in 
which photobiological solar fuels, electro-fuels and syn-
thetic cells are used for biodiesel production (Singh et al. 
2020). Table  1 describes the sources, benefits and chal-
lenges of different generations of biodiesel. Yeast and 
bacteria utilize a reduced carbon source for their energy 
needs; these strains can metabolize various carbohy-
drates, such as residual sugars (for example, molasses or 
lactose). An extensive amount of low-cost carbon-rich 
sources is available to produce biodiesel through fermen-
tation by microorganisms without competing with food 
production. Microorganisms that contain more than 
20% of microbial lipid is called oleaginous microorgan-
ism, and it is considered alternative feedstock for the 
production of oil and fat (Maa et al. 2018). Biodiesel pro-
duction using microbial lipids, called single-cell oils, has 
engrossed great attention globally (Carsanba et al. 2018). 
Oleaginous microorganisms mainly synthesize lipids 
with 4 to 28 unbranched carbon chain lengths (Patel et al. 
2020b), and they can be saturated or unsaturated fatty 
acids depending on the nature of the carbonated hydro 
chain and the number of the double bond.

Many microorganisms produces hydrocarbons as 
metabolic by-products from fatty acids and triacylglyc-
erol (TAG). TAG is used as an energy reserve by eukary-
otic organisms, such as yeast, fungi, plants, and animals. 
However, it has not much been explored in the case of 
bacteria (Bharti et  al. 2014a). TAG biosynthesis by bac-
teria groups is achieved in a high concentration of car-
bon sources, such as sugars, organic acids, alcohols, 

n-alkanes, branched alkanes, phenylalkanes, oils, and 
coal (Kumar et al. 2016). Bharti et al. (2014a) and Kumar 
et  al. (2020) reported that the microbial fatty acid and 
TAG synthesized by bacteria could use as a starting mate-
rial of microbial lipids source for biodiesel production. 
The production of this microbial lipids has numerous 
advantages, such as less laborious, less time-consuming 
process, less affected by season and climate, and easier 
to scale up than second-generation feedstock. Some 
bacterial species, including Streptomyces, Rhodococcus, 
Arthrobacter, Acinetobacter, Mycobacterium, Bacillus, 
and Nocardia, have been reported with their high lipid 
content (Carsanba et al. 2018; Maa et al. 2018), in which 
Rhodococcus strain are the most studied bacterial species 
with an abundance of more than 70% of lipid of their dry 
weight.

Bio-lipids from oleaginous microorganisms also have 
an advantage over vegetable oil in fatty acid composition 
and fatty acids composition can modify to the desired 
level by changing the source of nutrients or substrates 
and metabolic engineering strategy. It also reported that 
oleaginous bacteria efficiently use high-carbon waste 
for lipid production (Kumar et al. 2015; Kot et al. 2017). 
Using this high-carbon waste, such as sewage sludge 
(Ceaet al. 2015), and food waste, the overall production 
cost reduced up to 45%. Some chemolithotrophic bac-
teria use CO2 as a carbon source and produce a signifi-
cant amount of extracellular lipids, which will utilize for 
biodiesel production along with CO2 mitigation. Bacte-
rial strains such as Serratia species, Sulfo bacillus and 
Oscillochloris previously reported fixed atmospheric 
CO2 through the Calvin cycle. They synthesized vari-
ous value-added products, including lipids exopolysac-
charides, bioplastics, and fatty acids (Bharti et al. 2014a; 
Kumar et  al. 2015; Maheshwari et  al. 2018). Along with 
several advantages, there are some challenges associated 

Table 1  Source, benefits and challenges of different generations biodiesel (Leong et al., 2018; Sigh et al., 2020)

S. N Biofuels First generation Second generation Third generation Fourth generation

1 Source Edible oil feedstock-like 
palm oil, soybean, rape-
seed, sunflower & corn, etc

Non-edible feedstock-like seeds 
of jatropha, food waste, animal 
fat waste and agricultural waste, 
etc

Oleaginous microbes, such as 
bacteria, fungus, Yeast microal-
gae etc

Photobiological solar fuels, 
electro-fuels and synthetic cells

2 Benefit Renewable source, 
biodegradable and their 
biodiesel conversion 
process is easy

Renewable, biodegradable, not 
compete with food crops

Renewable, biodegradable, not 
compete with food crops, the 
land is not required, no depend-
ency on climate conditions and a 
higher growth rate

Renewable, Production rate is 
higher, High energy content, 
inexhaustible

3 Challenge Requires land,
manpower for
cultivation and
rising food price

Requires extra land and man-
power for
cultivation and production cost 
is high

Production low for commerciali-
zation and difficult to mainte-
nance etc

Research is on infancy level
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with oleaginous bacteria, such as identification and 
isolation difficulty to maintain a pure culture and 
commercialization.

Excellent reviews and research articles are available for 
various biofuel sources and their production on the inter-
national database (Banerjee et  al. 2017; Enamala et  al. 
2018; Singh et  al. 2019; Arous et  al. 2019; Kumar et  al. 
2020; Wang et al. 2021). This review covers the biochemi-
cal pathways of lipid accumulation, the process of bio-
diesel production by bacteria, and all the possible aspects 
for future biodiesel production enhancement strate-
gies that can apply in bacterial biodiesel production. 
The findings of the present review can help understand 
the importance of oleaginous bacteria and their further 
application in biodiesel production as well their indus-
trial implementation. The summarized biodiesel develop-
ment process from oleaginous bacteria is schematically 
shown in Fig. 1.

Lipid/fatty acid content reported in different types 
of bacteria
The bacteria cell growth rate is high, but lipid accumu-
lation in bacteria is low compared to fungus and micro-
algae. Bacterial lipids are produced in tiny droplets in 
bacterial cytosol with high cell growth rates under sim-
ple cultivation methods, and some strains accumulate 
oil under a particular environment (Qadeer et al. 2017). 
Poly hydroxyl alkanoic acids are the most abundant class 
of neutral lipids in most bacterial species and serve as 
intracellular carbon and energy storage compounds (Car-
sanba et al. 2018). TAG accumulation has been reported 
in some cases (Bharti et  al. 2014a). It reported that the 
accumulation of lipid in a bacterial culture mainly occurs 
during the stationary growth phase. Microbial lipids dif-
fer by their composition and contents, depending upon 
the biochemical synthesis pathways. The microbes can 
follow different factors that affect the lipids synthesis 

Fig. 1  Flow chart biodiesel production from oleaginous bacteria
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pathways, such as culture conditions, carbon sources, 
temperature, pH, and nutrient availability. Rhodococcus, 
Mycobacterium, Streptomyces, Nocardia, and Acineto-
bacter are some bacterial genera that produce triacylg-
lycerols in the maximum amount. Gram-positive bacteria 
such as Rhodococcus opacus and Arthrobacter species 
are reported for high biomass and storing fatty acids up 
to 87% of their cellular dry weight (CDW). These fatty 
acids and their derivatives act as precursors for synthe-
sizing their cell envelopes (Kumar et al. 2020). R. opacus 
accumulated TAG up to 86% of its cellular dry weight, 
and it was the most studied oleaginous bacterial strain 
subject to pilot-scale fermentation and optimization. It 
was reported that the Clostridium synthesize and store 
hydrocarbon ranging from C11 to C35 with the majority 
of medium-chain n-alkanes (C18–C27) and higher range 
n-alkanes (C25–C35). Vibrio furnissii bacterium belongs 
to the halotolerant microbes, which synthesizes and pro-
duces intracellular and extracellular hydrocarbons rang-
ing between C15 and C24, having similar properties to 
kerosene and light oil. Gram-negative bacterial strains 
have not been much reported for TAG accumulation 
compared to gram-positive bacteria (Babu et  al. 2020; 
Kumar et al. 2020). Some gram-negative bacterial strains 
such as Alcanivorax or Marinobacter species are capa-
ble of synthesizing wax ester and a small extent of TAG. 
These quantities increase when these bacterial strains 
are grown on specific carbon sources (n-alkanes or olive 
oil). A gram-negative strain Aeromonas, content fatty 
acid up to 12% CDW in which 30% is eicosapentaenoic 
acid (polyunsaturated fatty acid). Genus Nitratireductor 
(α-proteobacterium), oleaginous gram-negative bacte-
rial strains, have been reported for wastewater treatment 
application using short-chain organic acids as carbon 
sources. This bacterial strain also produces a mixture 
of fatty acids have TAG, squalene, and methyl ester of 
2-butenoic acid. Recently, the genetic engineering tool is 
the most potential technique for optimizing and select-
ing carbon sources for of lipid and fatty acids production 
(Rottig and Steinbuchel 2015).

Biochemical pathways for fatty acid synthesis 
in bacteria
Lipids are an essential and significant structural compo-
nent of the cell, and cells make different lipids for differ-
ent functions. Fatty acids are the components of the lipid 
and fatty acids are precursors for various biomolecules, 
such as phospholipids, sphingolipids, sterols as secondary 
metabolites and signaling molecules (Campbell and Cro-
nan 2010; Janben and  Steinbuchel 2014). Bacterial fatty 
acids are similar to the most abundant species in eukary-
otic cells, but bacterial fatty acids are shorter than eukar-
yotic fatty acids. They generally lack polyunsaturation, 

and the monoenoic C18 acids have different double-
bond positions. Some bacteria make branched-chain 
fatty acids, whereas others make 3-hydroxy acyl acids. In 
general, fatty acid synthesis (FAS) pathways are present 
in two distinct molecular forms called type I and type II. 
FAS catalyzes by a single, large polypeptide unit com-
posed of several distinct domains in the type I system, 
which is present in mammals (including humans).

In the type II system (present in bacteria, plants and 
protozoa) (Ratledge et al. 2004; Qadeer et al. 2017), hav-
ing components, including the acyl carrier protein (ACP), 
exist as discrete proteins. The two FAS systems (I and 
II) and related activities belong in structure and func-
tion, but they generally lack sequence homology. Precur-
sors are derived from the acetyl-CoA in these fatty acid 
biosynthesis pathways. Acetyl-CoA is the acetyl trans-
fer agent, ubiquitous by nature, plays a role in central 

Fig. 2  Initiation steps (a & b) in the type II fatty acid synthesis 
pathway of E.coli 
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metabolic pathways, and serves as an intermediate for 
fatty acid synthesis (Wang et al. 2021). Fatty acid synthe-
sis in bacteria involves initiation and elongation steps, as 
shown in Figs. 2 and 3. An Acyl carrier protein (ACP) is a 
slight, very acidic, and highly soluble protein in this fatty 
acid synthesis pathway. All the intermediates of this fatty 
acid synthesis pathway are covalently bound to this ACP. 
Table  2 demonstrates detailed information on enzymes 
that evolve in lipid biosynthesis.

Initiation
The initiation reactions provide the substrates for the 
first chain elongation step. Fatty acid synthesis primed by 
acceptor C2 unit short acyl-Coenzyme A (acyl-CoA) thi-
oesters, incorporating specific primers units, determines 
whether the final acyl chain will be even or odd chain will 
be straight or branched. In E. coli, straight-chain fatty 
acids are primed by condensing acetyl-CoA with malonyl-
ACP to yield acetoacetyl-ACP, CoA, and CO2. According 

to malonyl-CoA is required for the entire elongation step 
for fatty acid biosynthesis, and it formed in the first step. 
This reaction is catalyzed by acetyl-CoA carboxylase 
(ACC). Malonyl-CoA was utilized in fatty acid biosyn-
thesis only in malonyl-ACP and this conversion was cata-
lyzed by ACP transacylase (Fab D). The condensations of 
acetyl-CoA with malonyl-ACP were catalyzed by ketoa-
cyl-acyl carrier protein synthase III (FabH). Similarly, 
straight-chain fatty acids are synthesized when synthesis 
is primed bypropionyl-CoA (Pfleger et  al. 2015). There 
are some mechanisms or pathways for initiating fatty acid 
biosynthesis in E. coli (Qadeer et  al. 2017). First, acetyl-
acetyl-CoA condenses to yield acetoacetyl-ACP catalyzes 
by FabH (3-ketoacyl-ACP synthase III), as revealed in 
Fig. 2a, b. In the second pathway, the acetate moiety was 
first transferred from acetyl-CoA to acetyl-ACP by the 
transacylase activity of FabH. The acetyl-ACP was then 
condensed with malonyl-ACP by FabB (synthase I) or by 
FabF (synthase II) shown in Fig. 2a, b.

Fig. 3  Fatty acid synthesis and degradation in E.coli. Green arrow indicates gene that code for particular protein or enzyme required for the 
reaction. Red Cross indicate blocking particular pathway for inhibit fatty acid degradation
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Elongation
Claisen condensation
In the fatty acid synthesis cycle, the reaction was Claisen 
condensation of an acyl-enzyme/acyl thioester (acyl-ACP 
or for FabH, acetyl-CoA) with malonyl-ACP to form a 
3-ketoacyl-ACP, CO2, ACP (or CoA) and free enzyme. 
In E. coli, three enzymes catalyzed 3-ketoacyl-ACP syn-
thase reactions, and these enzymes were referred to as 
synthases I, II, and III, but more recently called FabB, 
FabF, and FabH, respectively, after their gene names. 
Enzymes FabB and FabF have a dimeric protein structure 
and can participate in the saturated and unsaturated fatty 
acid synthesis reactions. It is the irreversible step in the 
elongation cycle of fatty acid synthesis, and thus 3-ketoa-
cyl-ACP synthases play a crucial role in regulating the 
product distribution of this pathway (Janben and  Stein-
buchel 2014).

Reduction
The 3-keto-thioester (3-ketoacy-ACP) is reduced by 
NADPH-dependent 3-ketoacyl-ACP reductase (Fab G) 
and forms 3-hydroxy acyl- ACP. In E. coli, only a single 
NADPH-specific 3-ketoacyl-ACP reductase is present 
and functional with all acyl chain lengths (Javidpour et al. 
2014).

Dehydration
Removal of a water molecule from the three hydroxy 
acyl-ACP is catalyzed by 3-hydroxy acyl-ACP dehy-
dratase (FabZ) and form Enoyl-ACP. Dehydratase 

efficiently catalyzed the dehydration of chain 3-hydroxy 
acyl-ACPs and a long chain of saturated and unsaturated 
3-hydroxy acyl-ACP.

Reduction
An enoyl-ACP reductase (FabI) reduction process has 
been catalyzed and gives an acyl-ACP as an end product. 
Enoyl-ACP reductase was the last enzyme of the fatty 
acid cycle. FabI pulls the other reversible cycle steps by 
controlling other enzymes activity (FabG and FabZ) for 
accurate fatty acid biosynthesis. Acyl-ACP can serve as a 
substrate for another round of elongation or if sufficient 
chain length synthesizes. It can transfer into complex 
lipids. The trans-3-decanoyl-ACP FabI is followed by 
elongation by either FabB or FabF to form palmitic acid, 
the primary saturated fatty acid in E. coli.

Factors affecting lipid synthesis and accumulation 
in bacteria
Carbon (C) and Nitrogen (N) source
Carbon and Nitrogen are essential sources for microor-
ganism growth and affect cellular lipid accumulation. 
An appropriate C/N percentage triggers lipid accumula-
tion. Usually, a high C/N ratio in the medium increases 
the total lipid yield (Qadeer et  al. 2017). Excess car-
bon source and limiting nitrogen in providing growth 
medium stimulates the synthesis of triglycerides, because 
cellular growth is impaired, and the cell utilizes the car-
bon source for neutral lipid biosynthesis (Bharti et  al. 
2014b; Kumar et al. 2020). The biosynthesis of fatty acids 

Table 2  Enzymes and genes envolve in lipid biosynthesis (Campbell and Cronan, 2010; Wang et al. 2021)

S. N Name of protein/ enzyme Protein size (active form) Gene name Functions

1 Acetyl-CoA Carboxylase(ACC)
1.accA Carboxyl-
transferase subunit
2.accB Biotin carboxyl
carrier protein(BCCP)
3.Biotin carboxylase
4.Carboxyl-transferase subunit

35 kDa (× 2 with 2AccD)
16.7 kDa (+ biotin × 2)
49.3 kDa(× 2)
33.2 kDa(x2with2 AccA)

accA
accB
accC
accD

Conversion of acetyl-CoA to malonyl-CoA

2 Fab D/malonyl-CoA: ACP transacylase 32.3 kDa (× 1) fabD gene Conversion of malonyl-CoA to malonyl-ACP

3 FabH /3-ketoacyl-ACP
synthase III also called
acetoacetyl-ACP synthase

33.5 kDa (× 2) FabH Catalyze 3- ketoacyl-ACP synthase reactions

4 FabB /3-Ketoacyl-
ACP/synthase I

42.6 kDa (× 2) FabB Catalyze 3- ketoacyl-ACP synthase reactions

5 FabF /3-Ketoacyl-ACP
synthase II

43.0 kDa (× 2) FabF Catalyze 3- ketoacyl-ACP synthase reactions

6 FabG/ an NADPH-dependent 
3-ketoacyl-ACP reductase

25.6 kDa (× 4) FabG Conversion of 3ketoacyl-ACP to 3OH acyl ACP

7 FabZ / 3-hydroxy acyl-ACP
Dehydratase

16.9 kDa (× 2) FabZ Removes H2O from 3OH acyl ACP and forms enoyl—ACP

8 FabI / an enoyl-ACP
reductase

27.7 kDa (× 4) FabI Reduction of enoyl ACP to acyl ACP



Page 8 of 19Koreti et al. Bioresources and Bioprocessing            (2022) 9:47 

and their composition in the cells depends on the avail-
able carbon source and C/N ratio. Kumar and Thakur 
(2018) reported produced biodiesel production from Ser-
ratia species lipid using sodium bicarbonate and glucose 
(carbon source) enriched culture medium. Recombinant 
E. coli in fermentation produced 4.8 and 3.8  g/L FFA 
using glycerol or glucose with woody biomass hydro-
lysate as a carbon source. Behera et  al. (2019) isolated 
high lipid accumulating bacteria from dairy waste water. 
They reported high lipid accumulation (80–90%) using 
different cellulose, lactose, sucrose and starch, in which 
lactose supplemented culture gives the highest accumu-
lation (90%) and 1.2 g/l lipid productivity. However, raw 
glucose and other pure compounds are not cost-effective 
for large-scale biodiesel production. Future research is in 
progress to optimize effective and cheap carbon sources 
for significant lipid and biodiesel production from 
bacteria.

Other nutrients
Other nutrients such as Ammonium chloride, Sodium 
nitrate, Phosphate, Magnesium sulfate have also con-
trolled the accumulation of lipids in the bacterial cell 
in nutrient deficiency conditions. Increasing a 10% 
concentration of Ammonium chloride in the culture 
medium could increase the lipid content (Sitepu et  al. 
2014). Increasing the engagement of NaNO3 in the cul-
ture media could decrease lipid accumulation in Cyano-
bacteria cell biomass. Sulfate, Magnesium Sulfate, and 
Phosphate deficiency can also cause the accumulation 
of lipids in certain oleaginous microbes (Kumar et  al. 
2020). According to Arora et  al. (2016) N/P limitation 
could enhance lipid production. Nayan et al. (2020) said 
increased lipid concentration in a microorganism (Chlo-
rella kessleri) in Phosphorus limited growth. Notably, not 
much work done in nutrients affects oleaginous bacteria 
compared to other organisms, such as algae and yeast.

Temperature
Temperature is also an essential factor for lipid accumu-
lation in microorganisms. It affects the degree of satura-
tion in the triacylglycerols production, because different 
optimum temperatures require particular enzyme activ-
ity to evolve in lipid metabolism. Mostly 30 to 36ºC tem-
peratures are preferred by cultivating oleaginous bacteria 
for biodiesel production (Kumar et  al. 2017a, b; Kumar 
and Thakur 2018).

pH
pH value and the carbon present in the culture medium 
also affect lipid accumulation. In general, a pH ranging 

from 5.0 to 6.5 is most suitable for lipid accumulation in 
oleaginous bacteria (Kumar et  al. 2017a, b). Kosa et  al. 
(2013) reported a positive influence with an increase in 
pH in R. opacus. A research study and review said that 
(Kot et  al. 2017; Qadeer et  al. 2017) in some bacterial 
species shows that pH does not significantly affect lipid 
accumulation, but it can affect the overall biomass pro-
duction rate. Thus, more research will require for the 
assessment of pH effect on lipid accumulation and other 
essential compounds linked with lipid accumulation.

Biodiesel production process from oleaginous 
bacteria
Selection of oleaginous bacterial strain
Depending on the growth condition of microorganisms, 
it has specific or different lipid accumulation capacity 
even in the same microorganism. Therefore, screening 
is required for determining the lipid composition in a 
microorganism or bacteria (Behera et al. 2019). The initial 
screening of the oleaginous bacteria tested for their abil-
ity to grow on a nitrogen-deficient medium (Bharti et al. 
2014b). An isolated bacterium produced on a nitrogen-
limited medium was further screened based on its capac-
ity to store lipids in CDW. The selected isolates were 
grown for a particular culture condition, and when the 
stationary phase reached, the cells harvested by centrif-
ugation and lipid contents were estimated. The cell pel-
lets dried to constant dry weight. Finally, the CDW was 
measured and further analyzed for lipid accumulation 
capacity by the gravimetric method. Some other screen-
ing methods used, such as the Fat stain method, Soxhlet 
extraction method, GC extraction method, near-infrared 
reflectance spectroscopy (NIRS) method, neutral (trans 
esterifiable) and polar lipids content determined using 
flow cytometry or nile red strain method (Behera et  al. 
2019; Zhang et al. 2020a, b).

Culturing /cultivation of bacteria for biomass production
Culturing selected bacteria used in biodiesel produc-
tion is crucial, affecting the overall production cost. The 
implement biodiesel production from bacteria, there is 
a need to search for a cheap and cost-effective method. 
There are many substrates used for bacteria cultivation. 
Bioaccumulation of lipids is mainly dependent on the 
substrate used by the microorganism. A high C/N ratio is 
required for lipid biosynthesis, and glucose is a frequently 
used substrate for high lipid accumulation. Sometimes 
xylose was also used as a substrate. However, using a pure 
form of these substrates increases total biodiesel produc-
tion cost, because the more significant part (about 85%) 
of the cost depends on feedstock, and commercializa-
tion is not economically suitable. For commercialization, 
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bacterial feedstock substrate should be low cost and high 
availability by nature. The economic viability of microbial 
oils remains uncertain due to the high price of cultivation 
substrate, which accounts for 40–80% of overall biodiesel 
production cost (Cho et al. 2015). Therefore, the oleagi-
nous microorganisms are cultivated on low-cost sub-
strates to produce economically sustainable microbial oil. 
Instead of glucose, nutrient-rich wastewaters (low-cost 
substrates) can be a good alternate for oleaginous micro-
organism’s cultivation to develop an environmentally and 
economically viable biodiesel production process (Arous 
et al. 2019). A different type of waste (food, agricultural 
waste, sewage sludge) rich in organic nutrients is con-
sidered a good substrate source for bacterial growth and 
lipid accumulation (Cea et  al. 2015). The following sec-
tion describes some alternative substrates that are used 
in bacteria cultivation.

Dairy wastewater
The dairy industry generates large volumes of wastewa-
ter with a high concentration of fats and oils. The dairy 
wastewater is efficiently utilized to grow the lipid accu-
mulating microorganisms for nutrient purposes (Kumar 
et  al. 2015). Behera et  al. (2019) isolated rod-shaped 
oleaginous bacterium DS-7 from dairy wastewater and 
investigated their lipids accumulation potential. This bac-
terium efficiently utilizes dairy wastewater by approxi-
mately 50% BOD reduction and accumulates lipid up to 
72%. Few studies reported the ability of oleaginous bac-
terial stain to treat wastewaters with simultaneous lipid 
production. R. opacus was used to treat and valorize dairy 
wastewater and produced microbial lipid (Kumar et  al. 
2015). Bacteria accumulated up to 14.28% w/w lipid and 
reduced the initial COD by 30% from raw dairy waste-
water. The lipid content and COD removal efficiency 
increased up to 33% and 62% when added mineral salts 
were to the dairy wastewater. R. opacus PD630 reports 
efficient dairy wastewater treatment with high lipid accu-
mulation (Gupta et al. 2017). This strain (R. opacus) was 
studied for a successful scale-up process using a biore-
actor for cultivation. In this experiment, three different 
culture modes were applied: fed-batch, continuous and 
constant cell recycling, and found that the continuous 
cell recycling manner of cultivation showed a maximum 
lipid accumulation (3.4 g /L).

Municipal sewage sludge
Sewage sludge is an organic waste by-product generated 
by the wastewater treatment plant’s primary and second-
ary treatment process (Sharholy et  al. 2007; Zhou et  al. 
2020). Municipal sewage sludge (MSS) from munici-
pal wastewater treatment plants might be an alternative 

feedstock for oleaginous bacteria cultivation and bio-
diesel production (Karn and Kumar 2019; Yang et  al. 
2020). It has a variety of different elements, such as tri-
glycerides, diglycerides, monoglycerides, phospholipids, 
free fatty acids, and organic nutrients. Thus the reason 
is making an ideal feedstock for the production of bio-
diesel. Different types of wastewater sludge (primary, 
secondary, blended, and stabilized sludge) are the source 
of other bacteria that are oleaginous by nature. Kumar 
and Thakur (2018) experimented and deliberated on bio-
diesel production (yield-11.21 ± 0.19%w/w, with balance 
FAMES composition) from chemolithotrophic, oleagi-
nous bacterium Serratia species by utilizing MSS media 
as a carbon source for the growth of bacteria. They also 
analyzed the 5% blends and found better fuel properties, 
which will employ without modifying the existing engine. 
Jamal et  al. (2019) worked on wastewater treatment, 
extracted lipid from wastewater sludge, and produced 
biodiesel. Lipid extraction using a mixture of polar and 
nonpolar solvents and sulfuric acid used for transesteri-
fication. Moreover, a 78% ester yield from 2 h of ex-situ 
esterification at 7% catalyst concentration.

Agricultural waste and lignocellulosic biomass
Lignocellulosic refers to the dry matter of the plant. Ligno-
cellulosic biomass is the forest and agricultural residue and 
commercial energy crops. It represents the most abundant 
natural resource that will be utilized to produce biofuels. 
Lignocellulose consists of three polymers: cellulose 35–55%, 
hemicellulose 20–40%, and lignin 10–25%. Lignocellulosic 
biomass rich in sugars can help the growth of heterotrophic 
organisms (Cheah et al. 2020). The oleaginous microorgan-
ism can utilize cellulose-based sugars grown on lignocellu-
losic hydrolysates biomass. In particular, nitrogen-deficient 
conditions produced lipid up to 70% of DCW (Kumar et al. 
2017a, b). Many researchers have reported the fermenta-
tion of lignocellulosic biomass to biogas or ethanol (Sun 
et al. 2021). Certain studies have explored the possibility of 
producing TAGs from lignocellulosic biomass for biodiesel 
production.

Food waste
The various food waste such as potato infusion, vegetable, 
and fruit wastes use as a substrate for bacteria cultivation 
and lipid production. R. opacus was grown on orange waste, 
apple, pomace, or sweet whey waste, found high lipid con-
tent of about 85% (w/w of CDM) and when Gordonia spe-
cies DG cultivated on potato infusion, orange waste, carob 
waste, and apple pomace then achieved 70% (w/w of CDM). 
Table  3 shows different forms of waste having additional 
potential with microorganisms for lipid accumulation.
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Lipid extraction and lipid characterization
Lipid extraction has contributed approx. 30–40% of the 
total biodiesel production. The efficiency of lipid extrac-
tion and lipid recovery is directly influenced by the use 
of microorganism (Khoo et al. 2020). Thus, sophisticated 
processes were optimized for lipid extraction, incorpo-
rating various steps including different extraction proce-
dures such as solvents extraction, Soxhlet method, Folch 
method, Bligh and Dyer method, Supercritical fluids, and 
ultrasonication, etc. for achieving quality products. Chlo-
roform, Methanol, and n-Hexane are commonly used 
solvents in all extraction methods.

Ultrasonication is a new technique that is broadly uti-
lized to enhanced bio-product production from various 
organic wastes. It reported that ultrasonication applies 
to scale-up, and it has been used in many processes such 
as biogas production and crude oil recovery (Wang and 
Gu 2017). Chen et al. (2018) assessed the application of 
ultrasonication in biodiesel production and overcame 
the difficulties in the production process from oleaginous 
microorganisms. The oleaginous microbe is accessible 
and easy to handle to cultivate and characterize chemi-
cal reactions in the cell. Moreover, high efficiency of lipid 
extraction, transesterification, and in-situ transesterifica-
tion methods have successfully been used for biodiesel 
production. Furthermore, this technique gives higher 
biodiesel yield with no extra energy and cost investment. 
There are many advantages such as sort reaction time 
low temperature. Ho et al. (2016) and Sivaramakrishnan 
and Incharoensakdi et al. (2017) reported that ultrasoni-
cation could increase the bioavailability of organic waste 
by disrupting the complex and large molecules to simple 
forms. According to Han et  al. (2016), ultrasonication 
can stimulate autotrophic oleaginous microbes (algae) 
for lipid production. By affecting the integrity of cell 
walls, rupturing the linkages between the phospholipids 

molecules, and disrupting the cells (Abdullah et al. 2016), 
ultrasonication is utilized for lipid extraction from 
microalgae (Wang et al. 2016; Chong et al. 2021). In-situ 
trans-esterification is the new way of biodiesel produc-
tion in which oil located in microbes can directly con-
vert the biodiesel without disturbing the biodiesel profile 
(Chen et  al. 2018). Many scientists accounted for the 
application of ultrasonication in both esterification and 
transesterification. Apart from lipid extraction, various 
pretreatment methods enhance lipid recovery. Physical, 
chemical, and enzymatic methods are used in the series 
to pretreat extracted lipids (Patel et  al. 2020b). Lipid 
extraction methods are well established and standardized 
in plant and algae-based biodiesel production (Mat Aron 
et  al. 2021). Conventional methods are easy, economic 
and give higher yield and are widely used for lipid extrac-
tion. Bacterial lipid extraction and recovery for biodiesel 
production are new and developing research.

Transesterification
Chemically transesterification is also called alcoholysis or 
esterification of triglycerides. Figure  4 shows the trans-
esterification reaction in the presence of alcohol and 
a catalyst (alkali or acid or enzymes). In this reaction, 
triglycerides are converted into fatty acid methyl ester 
(FAME), with glycerol as a by-product (Ferrero et  al. 
2020). Some other methods are also used to produce 
biodiesel, such as thermal cracking or pyrolysis. Still, 
this process is challenging to operate and produces by-
products with no commercial value. The different alco-
hols used for transesterification processing, including 
methanol, ethanol, isopropanol, and butanol, but because 
of low cost and availability, mostly methanol is consid-
ered for industrial production (Vazquez et  al. 2020). 
There are many methods of transesterification of lipid 
shown in Table 4 and their respective yield. This current 

Table 3  List of various substrates for growth of bacteria and their lipid content (Kumar et al. 2015; Kumar et al. 2017a, b; Goswami et al. 
2017)

Remark—ND: not detected

S.N Bacterial Species Substrate for growth Biomass 
concentration
(g/L)

Lipid content of dry 
cell weight (DCW) %

4 Rhodococcus opacus Dairy wastewater with mineral salt medium 6.6 33.30

5 R. opacus Orange waste ND 85.00

6 Rhodococcus species Lignin compounds ND 4.08

7 R. opacus Oxygen-pretreated kraft lignin
(discharged from the
pulp and paper industry)

0.5 14.20

8 R. opacus Toxic biomass
gasification wastewater

0.7 54.30

9 Gordonia species Sugar cane molasses ND 96.00
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review evaluated three different transesterification meth-
ods including homogenous acid–base transesterification, 
heterogeneous acid–base transesterification, and enzy-
matic transesterification.

Homogenous base transesterification
Biodiesel is commonly produced using homogeneous base 
catalysts, such as sodium hydroxide (NaOH) or Potassium 
hydroxide (KOH). These commonly used catalysts in the 
industrial level biodiesel production due to several reasons 
such as required low reaction temperature and atmospheric 
pressure for catalyzing the reaction, high conversion can be 
achieved in minimal time, widely available, and economic. 
The base-catalyzed transesterification reaction is 4000 times 
faster than the acidic catalyst transesterification reaction. 
The feedstock and catalyst ratio is critical for biodiesel yield. 
Sometimes base catalysts, particularly NaOH, cause soap 
formation, and this soap with the products can significantly 
reduce the fatty acid methyl ester (FAME) yield. These affect 
the purification process, such as glycerol separation and 
water washing.

Homogenous acid transesterification
Liquid acid catalysts are proposed to overcome the limi-
tations of liquid base-catalyzed Transesterification. They 
are widely used to catalyze acid transesterification, such 
as Sulfuric acid (H2SO4) and Hydrochloric acid (HCl). 
Acid-catalyzed transesterification is advantageous to the 
base-catalyzed process, because the acid catalyst is insen-
sitive to feedstock free fatty acids (FFAs). It can catalyze 
esterification and Transesterification simultaneously. 
Acid catalysis is more efficient when more than 1% FFA 
is present in the oil. The acid-catalyzed system is not a 
popular choice for commercial applications because of 
the slower reaction rate, the requirement of high reaction 
temperature, the high molar ratio of alcohol to oil, sepa-
ration difficulty of the catalyst, severe environmental and 
corrosion-related problems makes (Lotero et al. 2005).

Heterogeneous catalyst
The heterogeneous catalyst used to overcome the prob-
lem related to the homogeneous catalyst has easy recov-
ery, reusability, and purification in the absence of water, 

Fig. 4  Transesterification reaction

Table 4  Extraction method, lipid content and biodiesel yield (Bharti et  al. 2014a; Goswami et  al. 2017; Kumar et  al. 2017a, b; 
Maheshwari et al. 2018)

S.N Bacterial species Lipid extraction method Lipid content (% dry 
weight)

Type of catalyst used in 
transesterification

Biodiesel yield %

10 Rhodococcus opacus Chloroform/ Methanol 40–80 H2SO4/Methanol 53.00

11 Serratia species
ISTD04

Chloroform /Methanol 64 NaOH / Methanol 40.00–80.00

12 Serratia species
ISTD04

Chloroform /Methanol 64 Immobilized lipase from 
Pseudomonas sp. ISTPL3

92.00

13 Bacillus species
SS105

Chloroform /Methanol 57 NaOH/ Methanol 90.00
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a low corrosive character that makes it more suitable for 
biodiesel production (Gupta et al. 2017, 2020). There are 
two types; acid and base heterogeneous are available. 
The most commonly used solid-based heterogeneous 
catalysts are alkaline earth metal oxides, supported alkali 
metals, hydrotalcite, and basic zeolites (Li et al. 2019) and 
zeolite, mixed metal oxides, sulfonic acid group, polyoxo-
metalates, and hetero polyacid are heterogeneous solid 
acid catalysts. Because of the slow reaction rate and side 
reaction, this heterogeneous solid acid catalyst was not 
a popular choice for researchers and was unsuitable for 
commercial biodiesel production. It recorded that the 
various heterogeneous catalyst broadly used for transes-
terification of soybean oil, waste cooking, sunflower oil, 
Jatropha oil (Vahid and Haghighi 2016; Mardhiah et  al. 
2017). Other than there not reported any work of het-
erogeneous catalysts for catalyzing Transesterification of 
bacterial lipids.

Enzymatic transesterification
The lipases (triacylglycerol acyl hydrolases) are serine 
hydrolases that catalyze triglycerides hydrolysis and give 
free fatty acids and glycerol at an oil–water interface. 
These enzymes are produced in the presence of a lipid 
such as oil or any other inducer, such as fatty acids, hydro-
lyzable esters, triacylglycerols, and glycerol. The lipases 
may use as free or immobilized forms. Transesterification 
reaction catalyzed by acid or alkali has many disadvan-
tages, such as high energy consumption and triglycerides 
with high free fatty acid (FFA) content. The downstream 
processes, such as the recovery of glycerol, the removal 
of inorganic salts, and the removal of water and cata-
lyst removal are complex and require additional costs. 
Enzymatic transesterification has an advantage over the 
conventional methods such as high yields and reactions 
done at low reaction temperatures with easy recovery of 
glycerol. For Industrial applications, microbial lipases are 
potent biocatalysts due to their potential to hydrolyze 
industrial waste materials. Lipase shows high catalytic 
activity in free form, but immobilized lipase was the best 
choice due to its high cost for production and recovery 
problems. At the industrial application of the process, the 
immobilization of lipase has become more vital, because 
it could be recovered quickly and used in continuous 
reactions. Immobilized enzymes are more stable toward 
temperature and chemical used in the transesterification 
process and are easy for handling, recovery, and recycle. 
Some particular microorganisms such as Candida antar-
tica, Pseudomonas fluorescens were used as a source of 
lipase and lipase immobilization for biodiesel synthesis 
(Ali et  al. 2017). Various oils source has used the sub-
strate, such as Jatropha curcas, Stillingia oil, Castor oil, 
waste cooking oil (Khan et al. 2019). However, there is no 

report for bacterial lipid sources. Despite many advan-
tages, biodiesel production has not been well developed 
commercially using enzymatic transesterification.

Separation, purification, and characterization of biodiesel
The trans esterified reaction mixture contains biodiesel, 
glycerol, and un-reacted methanol. After the completion 
of transesterification, the reaction mixture was allowed 
to settle. The mixture has been separated into two layers 
according to the gravity of the present components, the 
upper biodiesel layers (with water and methanol) and the 
lower glycerol layer. The lower glycerol layer is separated 
manually from the upper biodiesel layer. After the sepa-
ration and purification, the biodiesel layer was washed 
with water, and excess methanol (volatile compound) 
was removed by a rotary evaporator (Bharti et al. 2014a). 
Formed biodiesel can characterize the compounds pre-
sent in biodiesel using spectrophotometry methods, such 
as Fourier Transform Infrared (FTIR) Spectroscopy and 
Gas chromatography–mass spectrometry (Kumar et  al. 
2015; Goswami et al. 2017).

Biotechnological approach
Genetic engineering for lipid enhancement
Genetic engineering is the successful gene modifica-
tion strategy for the enhancement of various metabolites 
compounds, such as starch, lipid, polymers and second-
ary metabolites (Chong et al. 2021). Multiple experiments 
on plants and microorganisms gene levels for targeted 
genetic modification (Bao et al., 2018; Qi et al. 2020; Ade-
gboye et  al. 2021). Different genes controls biochemical 
pathways of lipid biosynthesis and metabolism in oleagi-
nous bacteria are displayed in Table  2. In genetic engi-
neering strategy, these genes are either up-regulated or 
down-regulated for enhancing lipid synthesis, as shown 
in Fig. 5 and Table 5. Recently, the CRISPR/Cas9 systems 
were reported as a better gene-editing tool in microor-
ganisms for biofuel production (Banerjee et  al. 2017; 
Cho et al. 2018). With the help of CRISPR/Cas9 system 
desired gene can be activated or knockout by CRISPR 
activation (CRISPRa) and CRISPR interference (CRIS-
PRi). CRISPR/ Cas9 systems are widely reported for pro-
ducing the best strain in several bacterial genera, such 
as Escherichia coli, Bacillus, Clostridium, Pseudomonas, 
Staphylococcus, Lactobacillus, and Streptomyces (Hoang 
et al. 2018). Genomics, proteomics, and advanced com-
putational technologies provide the way to screen and 
improve oleaginous bacterial strains, which are further 
used for industrial biodiesel production.

Metabolic engineering strategies
Different biotechnological approaches such as genetic 
and metabolic engineering have been used to produce 
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the desired product from various sources. Gene regula-
tion mechanisms for fatty acid synthesis in bacteria are 
better known than others. Metabolic engineering is the 
new technique in which genetic engineering is used to 
modify microorganism metabolism. The primary strategy 
involved in metabolic engineering is optimizing existing 
biochemical pathways or introducing the components 

(Liang et al. 2013; Nie et al. 2022). This approach helped 
make bacterial strains that show maximum lipid accu-
mulation capacity, which can be utilized as a lipid source 
for biodiesel production (Pfleger et al. 2015). Some meta-
bolic engineering strategies are used for enhancing lipid 
synthesis in bacteria. Metabolically engineered E. coli 
could produce fatty acid esters using renewable carbon 

Fig. 5  Generations of biodiesel, and future possibilities of biodiesel production from oleaginous bacteria by genetic modifications

Table 5  List of various modified strain and their respective target gene or enzyme (Liang et al. 2013; Pfleger et al. 2015; Banerjee et al. 
2017; Cho et al. 2018; Nie et al. 2022)

S.N Bacterial Species Gene name Yield

14 E. coli accA-D (ACC), tesA (thioesterase I) 6X fatty acid synthesis

15 E. coli ACC​ 3 X lipid content

16 E. coli E. coli  + fatty acid synthesis

17 E. coli FAT  > 0.2 g/L fatty acid content

18 E. coli Antisense PEPC  + 46.9% lipid content

19 E. coli ACC, thioesterase, D fadD (acyl-CoA synthetase) 20 X fatty acid content
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sources in fed-batch fermentation mode. There are the 
following strategies used in metabolic engineering.

Blocking the competing pathways
The enhanced lipid accumulation metabolism in bacteria, 
the undesired pathways blocked by deleting all the genes 
that encode enzymes for these pathways. β oxidation 
is one such central metabolic pathway that consumes 
acetyl-CoA and competes with acetyl-CoA synthesis. 
Many research reports enhance product formation by 
blocking β oxidation pathways (Pfleger et  al. 2015). The 
deletion of acetate formation and other fermentation 
pathways in bacteria positively impacts acetyl-CoA levels 
and products made from acetyl-CoA. The transcriptional 
control of gltAcan flux in the TCA cycle in E. coli leads to 
threefold increased isobutanol and acetyl-CoA-derived 
biofuels production.

Deregulation of the fatty acid biosynthesis pathways
According to Pfleger et al. (2015), the elimination of the 
by-pass regulation strategy also gives successful results 
for the increasing production of oleochemicals in E. coli. 
Acetyl-CoA synthase (ACS) catalyzes the conversion of 
acetate into acetyl-CoA in E. coli. Increased ACS level 
presumably enhanced the activation of acetate to acetyl 
CoA, increasing fatty acid synthesis, over-expressing the 
ACS gene in E. coli leads to ninefold increased activity of 
ACS, which significantly increases assimilation of acetate 
from the medium and can contribute to enhanced lipid 
biosynthesis. Similarly, acyl-ACP-thioesterase (FAT) 
FATs, also called TesA, are a group of enzymes that 
hydrolyze acyl-ACPs and form the free fatty acids and 
ACP, therefore, reducing the formation of long-chain 
acyl-ACP. It reported that the FAT gene introduction in 
E.coli can produce enhanced free fatty acids expresses 
medium-chain FAT (from Umbellularia californica) 
enzyme in E. coli (deficient in fatty acid degradation) 
and found the minor accumulation of medium-chain 
fatty acids. They concluded that acyl-ACP intermediates 
might act as feedback inhibitors for fatty acid synthesis. 
Depletion of the regulatory signal removes this feedback 
inhibition and increases fatty acid accumulation.

Enzyme expression regulation in lipid metabolism
The main objective of metabolic engineering is to balance 
gene expressions that provide sufficient enzymatic activ-
ity and avoid excess protein synthesis.  Some biological 
approaches have been implied for balancing gene expres-
sions, such as variation of DNA copy number, induc-
tion, promoter strength, and translation initiation rate 
(Pfleger et  al. 2015). Zhang et  al. (2021) engineered the 
FadR-responsive promoters for acyl-CoA levels up- or 
down-regulate expression in response to acyl-CoA levels 

when this promoter is used to regulate the expression of 
acyl-CoA synthetase, ethanol synthesis, and wax-ester 
synthetase. Its leads to threefold increased biodiesel pro-
duction. Similar results found by Xu et al. (2011), when 
using promoters engineered to respond to FapR (the 
dynamic regulatory protein that responds to malonyl-
CoA levels), were used and found a threefold increase in 
free radicals fatty acid.

The advantage of biodiesel as diesel fuel
Availability of biodiesel
The biodiesel domestically can be produced using renew-
able oilseed crops such as soybean, rapeseed, and sun-
flower, non-edible oil sources such as castor oil (Vazquez 
et  al. 2020), waste food materials, wastewater, micro-
bial oils sources (single cell oil from fungi, bacteria, and 
microalgae) (Wahlen et  al. 2013; Zhang et  al. 2020a, b). 
Handling, transporting, and storing biodiesel is much 
easier and more cost-effective than petro diesel. Biodiesel 
is safe to handle and transport, because it has a high flash 
point than petroleum diesel fuel. Biodiesel is used alone 
or in blended forms (mixed in any ratio with petroleum 
diesel fuel). Primarily B20 and B10 blends are used. B20 
20% biodiesel is blended with 80% petroleum diesel, 
and B10 10% biodiesel has blended with 90% petroleum 
diesel.

The higher combustion efficiency
Combustion efficiency is how efficiently a device or 
engine consumes fuel. Oxygen content in biofuel 
improves combustion efficiency; it increases the homo-
geneity of oxygen with the energy during combustion 
(Mishra and Goswami 2017). Depending on the produc-
tion source, biodiesel contains oxygen, therefore, having 
higher combustion efficiency. Biodiesel also has higher 
heating values (HHVs), and biodiesel is more lubricating 
than petroleum diesel fuel; therefore, biodiesel can make 
longer life of diesel engines.

Lower emissions property of biodiesel
Combustion of biodiesel reduces 90% unburned hydro-
carbons (HC) and 75–90% polycyclic aromatic hydro-
carbons (PAHs), particulates, and carbon monoxide than 
petroleum diesel fuel. Biodiesel contains a tiny amount 
of nitrogen as compared with petrodiesel. The N2O 
reduction was dependent on initial N2O concentration 
in the feedstock and slightly dependent upon tempera-
ture. Biodiesel also contains a trace amount of sulfur, so 
SO2 emissions reduce by biodiesel (Mishra and Gos-
wami 2017; Sheth et al. 2020). Biodiesel in conventional 
diesel engines, the emission of unburned HC, carbon 
monoxide, sulfates, PAHs, CO2, nitrated PAHs, ozone-
forming HC, and PM can be substantially reduced (Kaya 
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and Kokkulunk 2020). Biodiesel blends are preferred in 
engines, because they can decrease power, torque, and 
NOx emissions (a contributing factor in the formation 
of smog and ozone) (Dahman et al. 2019). Recently, vari-
ous additives have been added to biodiesel for improving 
engine performance. Shadid et  al. (2020) reported that 
using nanocatalyst containing fuel blends can reduce the 
emission of CO2, HC, and NOx.

Biodegradability of biodiesel
Biodiesel has degraded about four times faster than pet-
rodiesel. Therefore, because biodiesel contains oxygen, it 
shows poor oxidative stability compared to petrodiesel. 
Biodiesel contains unsaturated and polyunsaturated 
FAME that are more susceptible to oxidation. This bio-
diesel quality makes it very advantageous for the environ-
ment (Reddy et  al. 2020). After 28  days, biodiesel fuels 
have 77–89% biodegradability, and diesel fuel was only 
18% biodegradability (Dahman et al. 2019).

Biofuels policies and Future prospect for biodiesel
Energy is an essential component of the economic devel-
opment of the county. The growing population and their 
enhanced living standards generate continuous energy 
demands, and most of the energy demands have been 
fulfilled by conventional fossil fuels. Fossil fuels gener-
ate a direct and indirect impact on health, the environ-
ment, and the economy. Renewable energy, such as 
biofuel, is the best alternative energy source to reduce 
the dependency on fossil fuels (Gautam et  al. 2019; 
Ziolkowska 2020). Biofuel is a sustainable fuel alterna-
tive, and its production is encouraged by both developed 
and developing countries (Demirbas et  al. 2008; Araujo 
et al. 2017). Therefore, the development and implementa-
tion of biofuel require a biobased economy and policies. 
These policies create a chain mechanism from produc-
tion to supply of biofuel. Around 65 countries are made 
their formal biofuel policies by 2018. Therefore, biofuel 
use increases (Acharya and Perez-Pena 2020). The United 
States, Brazil produced nearly 90% of the ethanol, and the 
European Union countries and the remaining 10% pro-
duced by China, Canada, India, Thailand, and Argentina 
by 2018 (Acharya and Perez-Pena 2020). Biofuel policies 
adopted by different countries have similar objectives, 
such as concern for environmental impact, feedstock 
availability, rural development, promoting industrializa-
tion, enhanced blending ratio with fossil fuel, and reduc-
ing the dependency on fossil fuel (Araujo et  al. 2017; 
Acharya and Perez-Pena 2020). Government policies also 
play a central role in promoting and nurturing research, 

innovation, and implementation and encouraging the 
biofuel’s market (Sinha et al. 2019).

Oleaginous microbes are the lipid source for bio-
diesel production for the upcoming generation. These 
oleaginous bacteria are cultivated on various agricul-
tural residues and waste substrates. Sewage sludge 
consists of untreated municipal liquid waste, contain-
ing about 99.9% of water, while the remaining content 
might be organic or inorganic. This sludge was prone 
to the growth of different harmful microbes and caused 
land, air, and water pollution, negatively impacting the 
environment (Karn and Kumar 2019). Therefore, utiliz-
ing this waste as a substrate by oleaginous bacteria and 
producing biodiesel is effective. Thus it has promoted 
waste management, such as minimization, recycling 
and disposal. There are vast research possibilities of 
biodiesel production from oleaginous bacteria as lipid 
sources. In the future, significant challenges related 
to bacterial biodiesel would be to search and develop 
bacterial strains with a high lipid profile. Not all bacte-
rial strains accumulate sufficient lipid at the cultivation 
stage; therefore, new advanced metabolic engineering 
strategies can opt for bacterial strain development and 
optimizing cultivations condition for both small scale 
and industrial levels. The path of researches opportu-
nities has opened on the following perspectives in the 
future:

1.	 Oleaginous bacteria strain selection—various tech-
niques will search for the best strain with high lipid 
accumulation. Biotechnological approaches will apply 
for the development of the best bacterial strains.

2.	 Alternative substrate selection and its utilization for 
the cultivation of bacteria for biodiesel production 
make the overall process very cost-effective and posi-
tively impact the environment.

3.	 Physiological cultivation conditions of microbes are 
necessary to understand for high yielding of by-prod-
ucts.

4.	 It is making an effective lipid extraction technique 
that utilizes a solvent system at a low cost. Transes-
terification is an essential step of biodiesel produc-
tion. Therefore, knowing the best catalyst for bacte-
rial lipid transesterification will be needed and give a 
good FAME profile.

5.	 The various catalysts are available, but very few are 
reported for bacterial lipid transesterification. There-
fore, there will be an open possibility to research the 
novel catalyst for bacterial lipid.

6.	 Separation and purification are needed to finish the 
overall process with an efficient solvent system that 
gives high-quality biodiesel with minimum unde-
sired by-products formation. FAME profile analysis 



Page 16 of 19Koreti et al. Bioresources and Bioprocessing            (2022) 9:47 

ensures that the bacterial biodiesel that fits ASTM 
(American Society for Testing and Materials) stand-
ards will suit engine performance.

7.	 Finally, we require a new and advanced policy in the 
future, which can promote biodiesel production from 
oleaginous bacteria and other microorganisms.

Conclusions
Increasing population, industrialization, and environ-
mental pollution consequences generate high energy 
demand that is suitable or friendly for our environ-
ment. Biofuels are an alternative, renewable energy 
source that is more suitable for the environment. It is 
a third-generation biofuel that reduces the depend-
ency on fossil fuels for energy production. Bacteria 
are an excellent prominent resource for an upcoming 
generation as a suitable feedstock for lipids sources. 
An oleaginous bacterium has tremendous benefits. 
Its feedstock has many advantages such as a short life 
span, a high growth rate, and is easy to cultivate on dif-
ferent substrates. At the cellular level, metabolically 
and genetically modification ease. Providing various 
nutrients and the C/N ratio in the medium will also 
change the lipid composition and total biomass yield. 
Bacteria can metabolize various carbohydrates, such 
as residual sugar from food, and grow multiple waste 
organic materials, such as wastewater, food waste, dairy 
wastewater, and sewage sludge. Biodiesel production 
by microorganisms can also be helpful for waste man-
agement and sustainable development. Various lig-
nocellulosic agricultural wastes can use as a substrate 
for bacteria cultivation. Microbial oil production from 
oleaginous microorganisms uses different nutrient-rich 
wastewaters, and this microbial oil used for biodiesel 
production has great potential for industrial applica-
tion. It provides an advantage for wastewater treatment 
by removing COD and nutrients from the bacteria’s 
wastewaters and producing renewable oil for biodiesel 
production. Some bacteria species give us dual benefits, 
such as microalgae; they utilize CO2 called CO2 seques-
trating bacteria. They also accumulate a significant 
amount of lipid. Every step involved in biodiesel pro-
duction affects biodiesel’s overall quantity and quality. 
Therefore, we need to use the best-optimized method 
for each step. Future research needs to implement lab-
based bacterial biodiesel production methods to make 
industrial and commercialized levels.

Acknowledgements
The authors are thankful to the Junior Research Fellowship (DBT/JRF/
BET18/I/2018/AL/123), Regional Centre for Biotechnology, NCR Bio-
tech Science Cluster 3rd Milestone, Faridabad-Gurugram Expressway, 
Faridabad-120001, for providing funding support. The authors are also are 
thankful to the Head, School of Studies in Biotechnology, Pt. Ravishankar 

Shukla University, Raipur for providing laboratory facilities and conducting the 
study.

Author contributions
DK wrote the original draft, data collection from the published literature, 
constructed figures, and tables. Prof. SKJ helped for collect data and gave sug-
gestions. Dr. NKC gave advice and validated this manuscript and also reviewed 
and edited this manuscript. AK revised the spelling and grammatical errors 
and gave suggestions. All authors read and approved the final manuscript.

Funding
Junior Research Fellowship, Regional Centre for Biotechnology, NCR 
Biotech Science Cluster 3rd Milestone, Faridabad-Gurugram Expressway, 
Faridabad-120001.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable

Consent of publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Received: 16 December 2021   Accepted: 15 March 2022

References
Abdullah MA, Nazir MS, Raza MR et al (2016) Autoclave and ultra-sonication 

treatments of oil palm empty fruit bunch fibers for cellulose extraction 
and its polypropylene composite properties. J Clean Prod 126:686–697. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2016.​03.​107

Acharya RN, Perez-Pena R (2020) Role of comparative advantage in biofuel 
policy adoption in Latin America. Sustainability 12:1411. https://​doi.​org/​
10.​3390/​su120​41411

Adegboye MF, Ojuederie OB, Talia PM, et al (2021) Bioprospecting of microbial 
strains for biofuel production: metabolic engineering, applications, 
and challenges. Biotechnol Biofuels 14:5. https://​doi.​org/​10.​1186/​
s13068-​020-​01853-2

Adhikaria S, Illukpitiya P (2021) Small-scale biodiesel production for on-farm 
energy security: a sustainable income diversification opportunity for 
oilseed producers. Biofuels. https://​doi.​org/​10.​1080/​17597​269.​2021.​
18722​90

Alalwana HA, Alminshidb AH, Aljaafari HAS (2019) Promising evolution of 
biofuel generations. Renew Energy Focus 8:127–139. https://​doi.​org/​10.​
1016/j.​ref.​2018.​12.​006

Ali CH, Qureshi AS, Mbadinga SM et al (2017) Biodiesel production from waste 
cooking oil using onsite produced purified lipase from Pseudomonas 
aeruginosa FWSH-1: Central composite design approach. Renew Energy 
109:93–100. https://​doi.​org/​10.​1016/j.​renene.​2017.​03.​018

Allen J, Unlu J, Demire Y et al (2018) Integration of biology, ecology and engi-
neering for sustainable algal-based biofuel and bioproduct biorefinery. 
Bioresour Bioprocess 5:47. https://​doi.​org/​10.​1186/​s40643-​018-​0233-5

Araujo K, Mahajan D, Kerr R et al (2017) Global biofuels at the crossroads: 
an overview of technical, policy, and investment complexities in the 
sustainability of biofuel development. Agriculture 7:32. https://​doi.​org/​
10.​3390/​agric​ultur​e7040​032

Aron NSM, Khoo KS, Chew KW et al (2020) The Hong Phong Nguyen sustain-
ability of the four generations of biofuels—a review. Int J Energy 
Resources. https://​doi.​org/​10.​1002/​er.​5557

Arora N, Patel A, Pruthi PA, Pruthi V (2016) Synergistic dynamics of nitrogen 
and phosphorous influences lipid productivity in Chlorella minutissima 

https://doi.org/10.1016/j.jclepro.2016.03.107
https://doi.org/10.3390/su12041411
https://doi.org/10.3390/su12041411
https://doi.org/10.1186/s13068-020-01853-2
https://doi.org/10.1186/s13068-020-01853-2
https://doi.org/10.1080/17597269.2021.1872290
https://doi.org/10.1080/17597269.2021.1872290
https://doi.org/10.1016/j.ref.2018.12.006
https://doi.org/10.1016/j.ref.2018.12.006
https://doi.org/10.1016/j.renene.2017.03.018
https://doi.org/10.1186/s40643-018-0233-5
https://doi.org/10.3390/agriculture7040032
https://doi.org/10.3390/agriculture7040032
https://doi.org/10.1002/er.5557


Page 17 of 19Koreti et al. Bioresources and Bioprocessing            (2022) 9:47 	

for biodiesel production. Bioresour Technol 213:79–87. https://​doi.​org/​
10.​1016/j.​biort​ech.​2016.​02.​112

Arous F, Jaouani A, Mechichi T (2019) Oleaginous microorganisms for simul-
taneous biodiesel production and wastewater treatment. Microbial 
Wastewater Treatment. https://​doi.​org/​10.​1016/​B978-0-​12-​816809-​7.​
00008-7

Babu MV, Murthy KM, Rao GAP (2020) Production process optimization 
of SterculiaFoetida Methyl Esters (Biodiesel) using response surface 
methodology. Int J Ambient Energy. https://​doi.​org/​10.​1080/​01430​750.​
2020.​17236​92

Banerjee A, Banerjee C, Negi S et al (2017) Improvements in algal lipid produc-
tion: a systems biology and gene editing approach. Crit Rev Biotechnol 
38:369–385. https://​doi.​org/​10.​1080/​07388​551.​2017.​13568​03

Bao T, Zhao J, Li J et al (2018) n-Butanol and ethanol production from cellulose 
by Clostridium cellulovorans overexpressing heterologous aldehyde/
alcohol dehydrogenases. Biores Technol 285:121316. https://​doi.​org/​10.​
1016/j.​biort​ech.​2019.​121316

Behera AR, Dutta K, Verma P et al (2019) High lipid accumulating bacteria iso-
lated from dairy effluent scum grown on dairy wastewater as potential 
biodiesel feedstock. J Environ Manage 15:109686. https://​doi.​org/​10.​
1016/j.​jenvm​an.​2019.​109686

Bharti RK, Srivastava S, Thakur IS (2014a) Extraction of extracellular lipids 
from chemoautotrophic bacteria Serratia sp. ISTD04 for production of 
biodiesel. Bioresour Technol 165:201–204. https://​doi.​org/​10.​1016/j.​
biort​ech.​2014.​02.​075

Bharti RK, Srivastava S, Thakur IS (2014b) Production and characterization of 
biodiesel from carbon dioxide concentrating chemolithotrophic bacte-
ria, Serratia sp. ISTD04. Bioresour Technol 153:189–197. https://​doi.​org/​
10.​1016/j.​biort​ech.​2013.​11.​075

Campbell JW, Cronan JE (2010) Bacterial fatty acid biosynthesis: targets for 
antibacterial drug discovery. Ann Rev Microbiol 55:305–332

Carsanba E, Papanikolaou S, Erten H (2018) Production of oils and fats by 
oleaginous microorganisms with an emphasis given to the potential 
of the nonconventional yeast Yarrowialipolytica. Crit Rev Biotechnol 
38:1230–1243. https://​doi.​org/​10.​1080/​07388​551.​2018.​14720​65

Cea M, Sangaletti-Gerhard N, Acuna P et al (2015) Screening transesterifiable 
lipid accumulating bacteria from sewage sludge for biodiesel produc-
tion. Biotechnol Report 8:116–123. https://​doi.​org/​10.​1016/j.​btre.​2015.​
10.​008

Cheah WY, Sankaran R, Show PL et al (2020) Pretreatment methods for ligno-
cellulosic biofuels production: current advances, challenges and future 
prospects. Biofuel Res J 25:1115–1127. https://​doi.​org/​10.​18331/​BRJ20​
20.7.​1.4

Chen J, Li J, Zhang X (2018) Ultra-sonication application in biodiesel produc-
tion from heterotrophic oleaginous microorganisms. Crit Rev Biotech-
nol 38:902–917. https://​doi.​org/​10.​1080/​07388​551.​2017.​14187​33

Cho HU, Kim YM, Choi Y et al (2015) Effects of pH control and concentration on 
microbial oil production from Chlorella Vulgaris cultivated in the efflu-
ent of a low-cost organic waste fermentation system producing volatile 
fatty acids. Bioresour Technol 184:245–250

Cho S, Shin J, Cho BK (2018) Applications of CRISPR/Cas system to bacterial 
metabolic engineering. Int J Mol Sci 19:1089. https://​doi.​org/​10.​3390/​
ijms1​90410​89

Chong JWR, Yew GY, Khoo KS et al (2021) Recent advances on food waste 
pretreatment technology via microalgae for source of polyhydroxyal-
kanoates. J Environ Manag 293:112782. https://​doi.​org/​10.​1016/j.​jenvm​
an.​2021.​112782

Dahman Y, Dignan C, Fiayaz A et al (2019) An introduction to biofuels, foods, 
livestock, and the environment. Biomass Biopolymer Based Mater 
Bioenergy. https://​doi.​org/​10.​1016/​B978-0-​08-​102426-​3.​00013-8

Demirbas A (2008) Biofuels sources, biofuel policy, biofuel economy and 
global biofuel projections. Energy Convers Manage 49:2106–2116. 
https://​doi.​org/​10.​1016/j.​encon​man.​2008.​02.​020

Enamala MK, Enamala S, Chavali M et al (2018) Production of biofuels from 
microalgae-a review on cultivation, harvesting, lipid extraction, and 
numerous applications of microalgae. Renew Sust Energ Rev 94:49–68. 
https://​doi.​org/​10.​1016/j.​rser.​2018.​05.​012

Ferrero GO, Sanchez Faba EM, Rickert AA et al (2020) Alternatives to rethink 
tomorrow: biodiesel production from residual and non–edible oils 
using biocatalyst technology. Renew Energy 150:128–135. https://​doi.​
org/​10.​1016/j.​renene.​2019.​12.​114

Gautam R, Ansari NA, Thakur P et al (2019) Status of Bio fuel in India with 
production and performance characteristics: a review. Int J Ambient 
Energy. https://​doi.​org/​10.​1080/​01430​750.​2019.​16302​98

Goswami L, Namboodiri MMT, Kumar RV et al (2017) Biodiesel production 
potential of oleaginous Rhodococcusopacus grown on biomass gasifica-
tion wastewater. Renew Energ 105:400–406. https://​doi.​org/​10.​1016/j.​
renene.​2016.​12.​044

Gupta N, Manikandan N, Pakshirajan K (2017) Real–time lipid production and 
dairy wastewater treatment using Rhodococcusopacus in a bioreactor 
under fed–batch, continuous and continuous cell recycling modes for 
potential biodiesel application. Biofuels 9:1–8. https://​doi.​org/​10.​1080/​
17597​269.​2017.​13363​47

Gupta J, Agarwal M, Dalai AK (2020) An overview on the recent advancements 
of sustainable heterogeneous catalysts and prominent continuous 
reactor for biodiesel production. J Ind Eng Chem 88:58–77. https://​doi.​
org/​10.​1016/j.​jiec.​2020.​05.​012

Han F, Pei H, Hu W et al (2016) The feasibility of ultrasonic stimulation on 
microalgae for efficient lipid accumulation at the end of the logarith-
mic phase. Algal Res 16:189–194. https://​doi.​org/​10.​1016/j.​algal.​2016.​
03.​014

Ho WWS, Ng HK, Gan S (2016) Advances in ultrasound assisted transesterifica-
tion for biodiesel production. Appl Ther Eng 100:553–563. https://​doi.​
org/​10.​1016/j.​applt​herma​leng.​2016.​02.​058

Hoang PTN, Ko JK, Gong G et al (2018) Genomic and phenotypic characteriza-
tion of a refactored xylose-utilizing Saccharomyces cerevisiae strain for 
lignocellulosic biofuel production. Biotechnol Biofuels 11:268. https://​
doi.​org/​10.​1186/​s13068-​018-​1269-7

Hossain N, Mahlia TMI (2020) Progress in physicochemical parameters of 
microalgae cultivation for biofuel production. Crit Rev Biotechnol 
39:835–859. https://​doi.​org/​10.​1080/​07388​551.​2019.​16249​45

India Biofuels Annual Biofuels Annual 2019, USDA Foreign Agricultural Service, 
2019.

Jamal SIH, Park HS (2019) Monoalkyl esters (biodiesel) production from waste-
water sludge by esterification. Biofuels. https://​doi.​org/​10.​1080/​17597​
269.​2019.​16997​49

Janben HJ, Steinbuchel A (2014) Fatty acid synthesis in Escherichia coli and 
its applications toward the production of fatty acid–based biofuels. 
Biotechnol Biofuels 7:1–26. https://​doi.​org/​10.​1186/​1754-​6834-7-7

Javidpour P, Pereira JH, Goh EB et al (2014) Biochemical and structural studies 
of NADH–dependent FabG used to increase the bacterial production 
of fatty acids under anaerobic conditions. Appl Environ Microbiol 
80:497–505. https://​doi.​org/​10.​1128/​AEM.​03194-​13

John C, Paul H, Jim D (2016) International energy outlook. 2016 with projec-
tions to 2040. United States: N. p. 2016. Web. Doi:https://​doi.​org/​10.​
2172/​12967​80

Karn SK, Kumar A (2019) Sludge: next paradigm for enzyme extraction and 
energy generation. Prep Biochem Biotechnol 49:105–116. https://​doi.​
org/​10.​1080/​10826​068.​2019.​15661​46

Kaya C, Kokkulunk G (2020) Biodiesel as alternative additive fuel for diesel 
engines: an experimental and theoretical investigation on emissions 
and performance characteristics. Energy Sour Part A Recovery Util 
Environ Effects. https://​doi.​org/​10.​1080/​15567​036.​2020.​17746​85

Khan I, Ganesan R, Dutta JR (2019) Probiotic lipase derived from Lactobacillus-
plantarum and Lactobacillusbrevis for biodiesel production from waste 
cooking olive oil: an alternative feedstock. I J Green Energy 17:62–70. 
https://​doi.​org/​10.​1080/​15435​075.​2019.​16881​57

Khoo KS, Chew KW, Yew GY et al (2020) Recent advances in downstream 
processing of microalgae lipid recovery for biofuel production. Biores 
Technol. https://​doi.​org/​10.​1016/j.​biort​ech.​2020.​122996

Kosa M, Ragauskas AJ (2013) Lignin to lipid bioconversion by heterotrophic 
oleaginous Rhodococci. Renew Chem 15:2070–2161. https://​doi.​org/​10.​
1039/​C3GC4​0434J

Kot AM, Blazejak S, Kurcz A et al (2017) Effect of initial pH of medium with 
potato wastewater and glycerol on protein, lipid and carotenoid bio-
synthesis by Rhodotorulaglutinis. Elect J Biotechnol 27:25–31. https://​
doi.​org/​10.​1016/j.​ejbt.​2017.​01.​007

Kumar M, Thakur IS (2018) Municipal secondary sludge as carbon source for 
production and characterization of biodiesel from oleaginous bacteria. 
Bioresour Technol Reports 4:106–113. https://​doi.​org/​10.​1016/j.​biteb.​
2018.​09.​011

https://doi.org/10.1016/j.biortech.2016.02.112
https://doi.org/10.1016/j.biortech.2016.02.112
https://doi.org/10.1016/B978-0-12-816809-7.00008-7
https://doi.org/10.1016/B978-0-12-816809-7.00008-7
https://doi.org/10.1080/01430750.2020.1723692
https://doi.org/10.1080/01430750.2020.1723692
https://doi.org/10.1080/07388551.2017.1356803
https://doi.org/10.1016/j.biortech.2019.121316
https://doi.org/10.1016/j.biortech.2019.121316
https://doi.org/10.1016/j.jenvman.2019.109686
https://doi.org/10.1016/j.jenvman.2019.109686
https://doi.org/10.1016/j.biortech.2014.02.075
https://doi.org/10.1016/j.biortech.2014.02.075
https://doi.org/10.1016/j.biortech.2013.11.075
https://doi.org/10.1016/j.biortech.2013.11.075
https://doi.org/10.1080/07388551.2018.1472065
https://doi.org/10.1016/j.btre.2015.10.008
https://doi.org/10.1016/j.btre.2015.10.008
https://doi.org/10.18331/BRJ2020.7.1.4
https://doi.org/10.18331/BRJ2020.7.1.4
https://doi.org/10.1080/07388551.2017.1418733
https://doi.org/10.3390/ijms19041089
https://doi.org/10.3390/ijms19041089
https://doi.org/10.1016/j.jenvman.2021.112782
https://doi.org/10.1016/j.jenvman.2021.112782
https://doi.org/10.1016/B978-0-08-102426-3.00013-8
https://doi.org/10.1016/j.enconman.2008.02.020
https://doi.org/10.1016/j.rser.2018.05.012
https://doi.org/10.1016/j.renene.2019.12.114
https://doi.org/10.1016/j.renene.2019.12.114
https://doi.org/10.1080/01430750.2019.1630298
https://doi.org/10.1016/j.renene.2016.12.044
https://doi.org/10.1016/j.renene.2016.12.044
https://doi.org/10.1080/17597269.2017.1336347
https://doi.org/10.1080/17597269.2017.1336347
https://doi.org/10.1016/j.jiec.2020.05.012
https://doi.org/10.1016/j.jiec.2020.05.012
https://doi.org/10.1016/j.algal.2016.03.014
https://doi.org/10.1016/j.algal.2016.03.014
https://doi.org/10.1016/j.applthermaleng.2016.02.058
https://doi.org/10.1016/j.applthermaleng.2016.02.058
https://doi.org/10.1186/s13068-018-1269-7
https://doi.org/10.1186/s13068-018-1269-7
https://doi.org/10.1080/07388551.2019.1624945
https://doi.org/10.1080/17597269.2019.1699749
https://doi.org/10.1080/17597269.2019.1699749
https://doi.org/10.1186/1754-6834-7-7
https://doi.org/10.1128/AEM.03194-13
https://doi.org/10.2172/1296780
https://doi.org/10.2172/1296780
https://doi.org/10.1080/10826068.2019.1566146
https://doi.org/10.1080/10826068.2019.1566146
https://doi.org/10.1080/15567036.2020.1774685
https://doi.org/10.1080/15435075.2019.1688157
https://doi.org/10.1016/j.biortech.2020.122996
https://doi.org/10.1039/C3GC40434J
https://doi.org/10.1039/C3GC40434J
https://doi.org/10.1016/j.ejbt.2017.01.007
https://doi.org/10.1016/j.ejbt.2017.01.007
https://doi.org/10.1016/j.biteb.2018.09.011
https://doi.org/10.1016/j.biteb.2018.09.011


Page 18 of 19Koreti et al. Bioresources and Bioprocessing            (2022) 9:47 

Kumar S, Gupta N, Pakshirajan K (2015) Simultaneous lipid production and 
dairy wastewater treatment using Rhodococcusopacus in a batch 
bioreactor for potential biodiesel application. J Environ Chem Eng 
3:1630–1636. https://​doi.​org/​10.​1016/j.​jece.​2015.​05.​030

Kumar M, Gupta J, Thakur IS (2016) Production and optimization of polyhy-
droxyalkanoate from oleaginous bacteria Bacillus sp. ISTC1. Res Rev J 
Microbiol Biotechnol 5:80–89

Kumar D, Singha B, Korstad J (2017a) Utilization of lignocellulosic biomass by 
oleaginous yeast and bacteria for production of biodiesel and renew-
able diesel. Ren Sustain Energy Rev 73:654–671. https://​doi.​org/​10.​
1016/j.​rser.​2017.​01.​022

Kumar M, Morya R, Gnansounou E et al (2017b) Characterization of carbon 
dioxide concentrating chemolithotrophic bacterium Serratia sp. ISTD04 
for production of biodiesel. Bioresour Technol 243:893–897. https://​doi.​
org/​10.​1016/j.​biort​ech.​2017.​07.​067

Kumar M, Rathour R, Gupta J et al (2020) Bacterial production of fatty acid and 
biodiesel: opportunity and challenges. Ref Biomass Resid Sust Energ 
Bioprod. https://​doi.​org/​10.​1016/​B978-0-​12-​818996-​2.​00002-8

Li Z, Ding S, Chen C (2019) Recyclable Li/NaY zeolite as a heterogeneous alka-
line catalyst for biodiesel production: process optimization and kinetics 
study. Energ Conver Manag 192:335–345. https://​doi.​org/​10.​1016/j.​
encon​man.​2019.​04.​053

Liang MH, Jiang JG (2013) Advancing oleaginous microorganisms to produce 
lipid via metabolic engineering technology. Prog Lipid Res 52:395–408. 
https://​doi.​org/​10.​1016/j.​plipr​es.​2013.​05.​002

Lotero E, Liu Y, Lopez DE et al (2005) Synthesis of biodiesel via acid catalysis. 
Anal Chem 44:5353–5363. https://​doi.​org/​10.​1021/​ie049​157g

Maa X, Gaoa Z, Wang Q et al (2018) Biodiesels from microbial oils: opportunity 
and challenges. Bioresource Technol 263:631–641. https://​doi.​org/​10.​
1016/j.​biort​ech.​2018.​05.​028

Maheshwari N, Kumar M, Thakur IS (2018) Carbon dioxide biofixation by free 
air CO2 enriched (FACE) bacterium for biodiesel production. J CO2 
Utilizat 27:423–432. https://​doi.​org/​10.​1016/j.​jcou.​2018.​08.​010

Mahlia TMI, Syazmi ZAHS, Mofijur M et al (2020) Patent landscape review on 
biodiesel production: technology updates. Renew Sust Energ Rev 
118:109526. https://​doi.​org/​10.​1016/j.​rser.​2019.​109526

Mardhiah HH, Ong HC, Masjuki HH et al (2017) Investigation of carbon-based 
solid acid catalyst from Jatropha curcas biomass in biodiesel produc-
tion. Energy Convers Manage 144:10–17. https://​doi.​org/​10.​1016/j.​
encon​man.​2017.​04.​038

Mat Aron NS, Khoo KS, Chew KW, Ak V et al (2021) Microalgae cultivation in 
wastewater and potential processing strategies using solvent and 
membrane separation technologies. J Water Process Eng. https://​doi.​
org/​10.​1016/j.​jwpe.​2020.​101701

Mishra VK, Goswami R (2017) A review of production, properties and advan-
tages of biodiesel. Biofuels 9:273–289. https://​doi.​org/​10.​1080/​17597​
269.​2017.​13363​50

National policy on biofuel, Government of India Ministry of New & Renewable 
Energy, Block No. 14, C.G.O. ComplexLodhi RoadNew Delhi–110003, 
https://​mnre.​gov.​in/​file–manag​er/​UserF​iles/​biofu​elpol​icy.​pdf, Retrive 
date 06/06/2019, 15.38 hrs.

Nayan S, Kiran KD, Mark AS (2020) Effects of nitrogen and phosphorus limita-
tion on lipid accumulation by Chlorella kessleri str. UTEX 263 grown 
in darkness. J Appl Phycol 32:2795–2805. https://​doi.​org/​10.​1007/​
s10811-​020-​02144-x

Nie L, Xu K, Zhong B et al (2022) Enhanced l-ornithine production from glu-
cose and sucrose via manipulation of the fructose metabolic pathway 
in Corynebacterium glutamicum. Bioresour Bioprocess 9:11. https://​doi.​
org/​10.​1186/​s40643-​022-​00503-9

Pant D, Misra S, Nizami AS et al (2019) Towards the development of a biobased 
economy in Europe and India. Crit Rev Biotechnol 39:779–799. https://​
doi.​org/​10.​1080/​07388​551.​2019.​16187​87

Patel A, Arora N, Antonopoulou I (2020a) Single cell oil and ethanol production 
by the oleaginous yeast Trichosporonfermentans utilizing dried sweet 
sorghum stalks. Renew Energ 146:1609–1617. https://​doi.​org/​10.​1016/j.​
renene.​2019.​07.​107

Patel A, Karageorgou D, Rova E et al (2020b) An overview of potential oleagi-
nous microorganisms and their role in biodiesel and omega-3 fatty 
acid-based industries microorganisms. Microorganisms 8:434. https://​
doi.​org/​10.​3390/​micro​organ​isms8​030434

Patel A, Matsakas L, Sartaj K (2020c) Extraction of lipids from algae using 
supercritical carbon dioxide. In: Isloor AM, Asiri AM (eds) Green sustain-
able process for chemical and environmental engineering and science. 
Supercritical Carbon Dioxide as Green Solvent. Elsevier Inc, Amsterdam, 
pp 17–39 (ISBN 9780128173886)

Pfleger BF, Gossing M, Nielsen J (2015) Metabolic engineering strategies for 
microbial synthesis of oleochemicals. Metabol Eng 29:1–11. https://​doi.​
org/​10.​1016/j.​ymben.​2015.​01.​009

Qadeer S, Khalid A, Mahmood S et al (2017) Utilization oleaginous bacteria 
and fungi for cleaner energy production. J Clean Product 168:917–928. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​09.​093

Qi W, Lu H, Zhang Y et al (2020) Oil crop genetic modification for producing 
added value lipids. Crit Rev Biotechnol 40:777–786. https://​doi.​org/​10.​
1080/​07388​551.​2020.​17853​84

Ratledge C (2004) Fatty acid biosynthesis in microorganisms being used for 
Single cell oil production. Biochimie 86:807–815

Reddy YS, Reddy CO, Subhadra M et al (2020) Long – term storage effect on 
molecular interactions of biodiesels and blends. Energy Sources Part A 
Recovery Util Environ Effects. https://​doi.​org/​10.​1080/​15567​036.​2020.​
17767​98

Rottig A, Zurek PJ, Steinbuchel A (2015) Assessment of bacterial acyltrans-
ferases for an efficient lipid production in metabolically engineered 
strains of E. coli. Metabol Eng 32:195–206. https://​doi.​org/​10.​1016/j.​
ymben.​2015.​09.​016

Sankaran R, Andres Parra Cruz R, Pakalapati H et al (2019) Recent advances in 
the pretreatment of microalgal and lignocellulosic biomass: a compre-
hensive review. Biores Technol. https://​doi.​org/​10.​1016/j.​biort​ech.​2019.​
122476

Shadidi B, Alizade HHA, Najafi G (2020) Performance and exergy analysis of 
a diesel engine run on petrodiesel and biodiesel blends containing 
mixed CeO2 and MoO3 nanocatalyst. Biofuels. https://​doi.​org/​10.​1080/​
17597​269.​2020.​17799​76

Sharholy M, Ahmad K, Vaishya R et al (2007) Municipal solid waste characteris-
tics and management in Allahabad, India. Waste Manage 27:490–496. 
https://​doi.​org/​10.​1016/j.​wasman.​2006.​03.​001

Sheth A, Sarkar D, Mukhopadhyay I (2020) Social benefit cost and life cycle 
cost analysis of sustainable biodiesel bus transport in India. Int J Sustain 
Eng. https://​doi.​org/​10.​1080/​19397​038.​2020.​17748​18

Singh D, Sharma D, Soni SL et al (2020) A review on feedstocks, produc-
tion processes, and yield for different generations of biodiesel. Fuel 
262:116553. https://​doi.​org/​10.​1016/j.​fuel.​2019.​116553

Sinha SK, Subramanian KA, Singh HM et al (2019) Progressive trends in Bio-
fuel policies in India: targets and implementation strategy. Biofuels 
10:155–166. https://​doi.​org/​10.​1080/​17597​269.​2018.​15224​83

Sitepu IR, Garay LA, Sestric R et al (2014) Oleaginous yeasts for biodiesel: cur-
rent and future trends in biology and production. Biotechnol Advan 
32:1336–1360

Sivaramakrishnan R, Incharoensakdi A (2017) Direct transesterification of Botry-
ococcus sp. catalysed by immobilized lipase: ultrasound treatment can 
reduce reaction time with high yield of methyl ester. Fuel 191:363–370. 
https://​doi.​org/​10.​1016/j.​fuel.​2016.​11.​085

Srinivasan GR, Shankar V, Sekharan SC (2020) Influence of fatty acid composi-
tion on process optimization and characteristics assessment of bio-
diesel produced from waste animal fat. Energy Sources Part A Recovery 
Util Environ Effects. https://​doi.​org/​10.​1080/​15567​036.​2020.​17714​77

Sun J, Zhang L, Loh KC (2021) Review and perspectives of enhanced volatile 
fatty acids production from acidogenic fermentation of lignocellulosic 
biomass wastes. Bioresour Bioprocess 8:68. https://​doi.​org/​10.​1186/​
s40643-​021-​00420-3

Vahid BR, Haghighi M (2016) Urea-nitrate combustion synthesis of MgO/
MgAl2O4 nanocatalyst used in biodiesel production from sunflower oil: 
influence of fuel ratio on catalytic properties and performance. Energ 
Conver Manag 126:362–372. https://​doi.​org/​10.​1016/j.​encon​man.​2016.​
07.​050

Vasudevan PT, Briggs M (2008) Biodiesel production–current state of the art 
and challenges. J Indust Microbiol Biotechnol 35:421–430. https://​doi.​
org/​10.​1007/​s10295-​008-​0312-2

Vazquez VA, Estrada RAD, Flores MMA (2020) Transesterification of non-edible 
castor oil (Ricinus communis L.) from Mexico for biodiesel production: a 
physicochemical characterization. Biofuels 11:753–762. https://​doi.​org/​
10.​1080/​17597​269.​2020.​17877​00

https://doi.org/10.1016/j.jece.2015.05.030
https://doi.org/10.1016/j.rser.2017.01.022
https://doi.org/10.1016/j.rser.2017.01.022
https://doi.org/10.1016/j.biortech.2017.07.067
https://doi.org/10.1016/j.biortech.2017.07.067
https://doi.org/10.1016/B978-0-12-818996-2.00002-8
https://doi.org/10.1016/j.enconman.2019.04.053
https://doi.org/10.1016/j.enconman.2019.04.053
https://doi.org/10.1016/j.plipres.2013.05.002
https://doi.org/10.1021/ie049157g
https://doi.org/10.1016/j.biortech.2018.05.028
https://doi.org/10.1016/j.biortech.2018.05.028
https://doi.org/10.1016/j.jcou.2018.08.010
https://doi.org/10.1016/j.rser.2019.109526
https://doi.org/10.1016/j.enconman.2017.04.038
https://doi.org/10.1016/j.enconman.2017.04.038
https://doi.org/10.1016/j.jwpe.2020.101701
https://doi.org/10.1016/j.jwpe.2020.101701
https://doi.org/10.1080/17597269.2017.1336350
https://doi.org/10.1080/17597269.2017.1336350
https://mnre.gov.in/file–manager/UserFiles/biofuelpolicy.pdf
https://doi.org/10.1007/s10811-020-02144-x
https://doi.org/10.1007/s10811-020-02144-x
https://doi.org/10.1186/s40643-022-00503-9
https://doi.org/10.1186/s40643-022-00503-9
https://doi.org/10.1080/07388551.2019.1618787
https://doi.org/10.1080/07388551.2019.1618787
https://doi.org/10.1016/j.renene.2019.07.107
https://doi.org/10.1016/j.renene.2019.07.107
https://doi.org/10.3390/microorganisms8030434
https://doi.org/10.3390/microorganisms8030434
https://doi.org/10.1016/j.ymben.2015.01.009
https://doi.org/10.1016/j.ymben.2015.01.009
https://doi.org/10.1016/j.jclepro.2017.09.093
https://doi.org/10.1080/07388551.2020.1785384
https://doi.org/10.1080/07388551.2020.1785384
https://doi.org/10.1080/15567036.2020.1776798
https://doi.org/10.1080/15567036.2020.1776798
https://doi.org/10.1016/j.ymben.2015.09.016
https://doi.org/10.1016/j.ymben.2015.09.016
https://doi.org/10.1016/j.biortech.2019.122476
https://doi.org/10.1016/j.biortech.2019.122476
https://doi.org/10.1080/17597269.2020.1779976
https://doi.org/10.1080/17597269.2020.1779976
https://doi.org/10.1016/j.wasman.2006.03.001
https://doi.org/10.1080/19397038.2020.1774818
https://doi.org/10.1016/j.fuel.2019.116553
https://doi.org/10.1080/17597269.2018.1522483
https://doi.org/10.1016/j.fuel.2016.11.085
https://doi.org/10.1080/15567036.2020.1771477
https://doi.org/10.1186/s40643-021-00420-3
https://doi.org/10.1186/s40643-021-00420-3
https://doi.org/10.1016/j.enconman.2016.07.050
https://doi.org/10.1016/j.enconman.2016.07.050
https://doi.org/10.1007/s10295-008-0312-2
https://doi.org/10.1007/s10295-008-0312-2
https://doi.org/10.1080/17597269.2020.1787700
https://doi.org/10.1080/17597269.2020.1787700


Page 19 of 19Koreti et al. Bioresources and Bioprocessing            (2022) 9:47 	

Wahlen BD, Morgan MR, McCurdy AT (2013) Biodiesel from microalgae, yeast, 
and bacteria: engine performance and exhaust. Energ Fuels 27:220–
228. https://​doi.​org/​10.​1021/​ef301​2382

Wang Z, Gu S (2017) State-of-the-art on the development of ultrasonic equip-
ment and key problems of ultrasonic oil production technique for EOR 
in China. Renew Sustain Energ Review 82:2401–2407. https://​doi.​org/​
10.​1016/j.​ultso​nch.​2017.​03.​035

Wang H, Peng X, Zhang H et al (2021) Microorganisms-promoted biodiesel 
production from biomass: A review. Energy Convers Manag 12:100137. 
https://​doi.​org/​10.​1016/j.​ecmx.​2021.​100137

Wang S, Zhu J, Dai L (2016) A novel process on lipid extraction from microal-
gae for biodiesel production. Energy 115:963–968. https://​doi.​org/​10.​
1016/j.​energy.​2016.​09.​078

Xu P, Ranganathan S, Fowler ZL (2011) Genome–scale metabolic network 
modeling results in minimal interventions that cooperatively force 
carbon flux towards malonyl–CoA. Metabol Eng 13:578–587

Yang J, Shi W, Fang F (2020) Exploring the feasibility of sewage treatment by 
algal–bacterial consortia. Crit Rev Biotechnol 40:169–179. https://​doi.​
org/​10.​1080/​07388​551.​2019.​17097​96

Zeghloulia J, Guendouza A, Duchezb D (2021) Valorization of co-products gen-
erated by argan oil extraction process: application to biodiesel produc-
tion. Biofuels. https://​doi.​org/​10.​1080/​17597​269.​2021.​19415​73

Zhang J, Gao H, Xue Q (2020a) Potential applications of microbial enhanced oil 
recovery to heavy oil. Crit Rev Biotechnol 40:459–474. https://​doi.​org/​
10.​1080/​07388​551.​2020.​17396​18

Zhang Y, Peng J, Zhao H et al (2021) Engineering oleaginous yeast Rhodoto-
rulatoruloidesfor overproduction of fatty acid ethyl esters. Biotechnol 
Biofuels 14:115. https://​doi.​org/​10.​1186/​s13068-​021-​01965-3

Zhang J, Tsai Y, Hsu CH (2020b) Biodiesel production from Nannochlorop-
sisoculata cultured at stressful carbon dioxide concentration and light 
illumination. Biofuels. https://​doi.​org/​10.​1080/​17597​269.​2020.​17876​99

Zhou X, Jin W, Wang Q (2020) Enhancement of productivity of Chlorella pyr-
enoidosa lipids for biodiesel using co-culture with ammonia-oxidizing 
bacteria in municipal wastewater. Renew Energ 151:598–603. https://​
doi.​org/​10.​1016/j.​renene.​2019.​11.​063

Ziolkowska JR (2020) Biofuels technologies: An overview of feedstocks, pro-
cesses, and technologies. Biofuel Sust Future. https://​doi.​org/​10.​1016/​
B978-0-​12-​815581-​3.​00001-4

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1021/ef3012382
https://doi.org/10.1016/j.ultsonch.2017.03.035
https://doi.org/10.1016/j.ultsonch.2017.03.035
https://doi.org/10.1016/j.ecmx.2021.100137
https://doi.org/10.1016/j.energy.2016.09.078
https://doi.org/10.1016/j.energy.2016.09.078
https://doi.org/10.1080/07388551.2019.1709796
https://doi.org/10.1080/07388551.2019.1709796
https://doi.org/10.1080/17597269.2021.1941573
https://doi.org/10.1080/07388551.2020.1739618
https://doi.org/10.1080/07388551.2020.1739618
https://doi.org/10.1186/s13068-021-01965-3
https://doi.org/10.1080/17597269.2020.1787699
https://doi.org/10.1016/j.renene.2019.11.063
https://doi.org/10.1016/j.renene.2019.11.063
https://doi.org/10.1016/B978-0-12-815581-3.00001-4
https://doi.org/10.1016/B978-0-12-815581-3.00001-4

	A comprehensive review on oleaginous bacteria: an alternative source for biodiesel production
	Abstract 
	Highlights 
	Introduction
	Lipidfatty acid content reported in different types of bacteria
	Biochemical pathways for fatty acid synthesis in bacteria
	Initiation
	Elongation
	Claisen condensation
	Reduction
	Dehydration
	Reduction


	Factors affecting lipid synthesis and accumulation in bacteria
	Carbon (C) and Nitrogen (N) source
	Other nutrients
	Temperature
	pH

	Biodiesel production process from oleaginous bacteria
	Selection of oleaginous bacterial strain
	Culturing cultivation of bacteria for biomass production
	Dairy wastewater
	Municipal sewage sludge
	Agricultural waste and lignocellulosic biomass
	Food waste
	Lipid extraction and lipid characterization
	Transesterification
	Homogenous base transesterification
	Homogenous acid transesterification
	Heterogeneous catalyst
	Enzymatic transesterification
	Separation, purification, and characterization of biodiesel


	Biotechnological approach
	Genetic engineering for lipid enhancement
	Metabolic engineering strategies
	Blocking the competing pathways
	Deregulation of the fatty acid biosynthesis pathways
	Enzyme expression regulation in lipid metabolism


	The advantage of biodiesel as diesel fuel
	Availability of biodiesel
	The higher combustion efficiency
	Lower emissions property of biodiesel
	Biodegradability of biodiesel

	Biofuels policies and Future prospect for biodiesel
	Conclusions
	Acknowledgements
	References




