Critical Reviews in Environmental Science and
Technology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/best20

Microbial biodiesel production from lignocellulosic
biomass: New insights and future challenges
Sivakumar Uthandi , Ashokkumar Kaliyaperumal , Naganandhini
Srinivasan , Kiruthika Thangavelu , Iniya Kumar Muniraj , Xinmin Zhan ,
Nicholas Gathergood & Vijai Kumar Gupta
To cite this article: Sivakumar Uthandi , Ashokkumar Kaliyaperumal , Naganandhini Srinivasan ,
Kiruthika Thangavelu , Iniya Kumar Muniraj , Xinmin Zhan , Nicholas Gathergood & Vijai Kumar
Gupta (2021): Microbial biodiesel production from lignocellulosic biomass: New insights and future
challenges, Critical Reviews in Environmental Science and Technology
To link to this article: https://doi.org/10.1080/10643389.2021.1877045

Published online: 11 Feb 2021.

Submit your article to this journal

View related articles

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=best20

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/10643389.2021.1877045

Microbial biodiesel production from lignocellulosic
biomass: New insights and future challenges
Sivakumar Uthandia , Ashokkumar Kaliyaperumala ,
Naganandhini Srinivasana, Kiruthika Thangavelub, Iniya Kumar Muniraja,
Xinmin Zhanc, Nicholas Gathergoodd , and Vijai Kumar Guptae,f
a
Biocatalysts Laboratory, Department of Agricultural Microbiology, Tamil Nadu Agricultural
University, Coimbatore, India; bDepartment of Renewable Energy Engineering, Tamil Nadu
Agricultural University, Coimbatore, India; cCivil Engineering, National University of Ireland,
Galway, Ireland; dSchool of Chemistry, University of Lincoln, Joseph Banks Laboratories, Lincoln,
Lincolnshire, UK; eBiorefining and Advanced Materials Research Center, Scotland’s Rural College
(SRUC), Edinburgh, UK; fCenter for Safe and Improved Food, Scotland’s Rural College (SRUC),
Edinburgh, UK

ABSTRACT

In many countries, biodiesel production is obstructed because of
a high production cost accounting for raw materials, the large
acreage needed for the cultivation of oil-yielding vegetable
crops, and competition between
food and feed. Therefore, biodiesel production requires new
approaches for which microbial
oils offer a potential solution.
Among several microorganisms
available, oleaginous microorganisms (yeast and fungi) accumulate
more than 20–70% oils inside
their cells when grown in specific environmental conditions. Moreover, microbial oils or
single cell oils (SCOs) offer numerous advantages over vegetable oils or animal fats
such as similar fatty acid profile, short life cycles of the microbes, relatively lower environmental impact, reduced labor demand, and convenient scalability. Microbial lipids
production using lignocellulosic biomass (LCB), which are naturally available in abundance, as a renewable raw material for producing second-generation biodiesel, has
become a fundamental approach for tackling the challenges we face of higher energy
costs, protection of the environment, and rapid depletion of crude oil reserves. This
review compares and examines the extent to which different microbes can accumulate
a productive level of lipids using lignocellulosic biomass as substrates, pretreatment
strategies used for converting LCB into SCOs, and future challenges in using LCB for
biodiesel production.
Abbreviations: 4-HBA: 4-hydroxybutyl acrylate; ACC: acetyl-CoA carboxylase; Acetyl
CoA: acetyl–coenzyme A; ACL: ATP: citrate lyase; ADP: adenosine diphosphate; AFEX:
ammonia fiber explosion; ATP: adenosine triphosphate; AMP: adenosine
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monophosphate; AMPD: AMP deaminase; CCH: corncob hydrolysate; CMT: citrate-malate
translocase; CSG: corn stover glucose; CSX: corn stover xylose; CWL: corncob waste
liquor; D-xylose-5-P: xylose-5-phosphate; DM: dry Matter; FAS: fatty acid synthetase;
HCO3-: bicarbonate; ICDH: isocitrate dehydrogenase; IMP: inosine monophosphate; LRibulose-5-P: ribulose-5-Phosphate; LCB: lignocellulosic biomass; LG kinase: levoglucosan
kinase; LMC: lignin model compound; LMS: laccase mediator systems; LPHT: loblolly
pine hot water treatment; MDH: malate dehydrogenase; Mg: metric ton; NH3: ammonia;
RHH: rice hull hydrolysate; SCB: sugarcane bagasse; SCO: single cell oils; SDBM:
Sabouraud dextrose broth medium; SGHT: sweet gum hot water treatment; SRWC: short
rotation woody crops; TAGs: triacylglycerols; WSDH: wheat straw detoxified hydrolysate;
WSNDH: wheat straw non-detoxified hydrolysate; XDH: xylose-1-dehyrogenase
KEYWORDS Lignocellulosic biomass; oleaginous microorganisms; pretreatment; microbial lipid; biodiesel

1. Introduction

Continued and growing dependence on conventional energy sources has
created a massive impact on energy stability and supply, and environmental
concerns. Conventional energy resources are depleting at an alarming rate;
the total proved reserves of crude oil, coal, and natural gas will last for 50,
132, and 50.9 years, respectively (BP, 2019). On the other hand, the energy
demand will continue to increase as the global population continues to
increase, leading to significantly higher energy consumption than ever
before. The global energy consumption is projected to grow from 575
British thermal units (BTU), as predicted in 2015, to about 736 quadrillions
BTU in 2040, an increase of 28% over 25 years (Mead, 2017). To meet the
increasing energy demand and reduce the environmental concerns associated with fossil fuel consumption, the replacement of fossil fuels with
renewable liquid biofuels is a promising approach for immediate and nearfuture requirements (Callegari et al., 2020). Globally, many nations have set
a target on the production of renewable fuels and blending them with
available petroleum-based fuels. Thus, the demand for renewable energy is
growing at a rapid rate. The share of renewable energy in the energy sector
is estimated to increase from 25% in 2017 to 85% in 2050 (IRENA, 2018).
Biodiesel production is a viable option through which sustainability can be
achieved. It involves producing renewable energy by transesterification of
triacylglycerols (TAGs) of oils and other biological materials. Biodiesel is a
renewable liquid transport fuel that can be used as a replacement for diesel
fuel derived from petroleum without making drastic changes to existing
engines or fuel distribution networks. Biodiesel consists of fatty acid alkyl
esters and is typically produced from triglycerides (e.g., soybean oil) and
alcohol (methanol/ethanol) in the presence of either a base or acid catalyst
through a process called transesterification (Steen et al., 2010). Additionally,
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biodiesel does not contribute net CO2 or sulfur to the atmosphere, emits
fewer pollutants than petroleum-based fuels, and is bio-degradable and nontoxic (Linger et al., 2014). Currently, biodiesel is produced from vegetable
oils (rapeseed oil, soybean oil, jatropha, and palm oil), animal fats, and waste
cooking oil. Animal fats and waste cooking oils cannot meet the demand,
but vegetable oils can. However, because of the competition between vegetable production and arable land, insignificant impact on reducing greenhouse gas emissions, and problems associated with soil conservation, land
degradation, and environmental concerns, humans have been forced to find
alternatives to oil feedstock, thus paving the way for sustainable biodiesel production.
Although microbial production of oils and lipids has a very long history,
interest in microbial oil production has renewed over the past decade
because of the following facts: (i) fatty acid profiles of microbial oils are similar to those of vegetable oils, (ii) microbial oil production does not compete
with the food industry, (iii) microbial oil can be produced in a much shorter
time without the seasons and climate affecting the production process, (iv)
its production requires less labor/space, and (v) production is easy and scalable (Li et al., 2008; Ward & Singh, 2005). However, the current obstacle in
microbial oil production is the high production cost of raw materials. It is
estimated that the cost of biodiesel is 1.5 times higher than that of petro-diesel (Elsolh, 2011; Yesilyurt et al., 2020), and a higher biodiesel production
cost of 70–95% is attributed to raw material (Amin, 2019; Diya’uddeen et al.,
2012; Vicente et al., 2009). At the same time, the demand for biodiesel is
also increasing. According to the Organization for Economic Co-operation
and Development-Food and Agriculture Organization (OECD-FAO) forecast,
world biodiesel production will increase by 14% from 2016 (33.2 billion L)
to 2020 (37.9 billion L) (FAO, 2016).
To overcome the issue of raw material cost, alternative biomass such as
the use of LCB for microbial oil production has gained attention recently.
In the present scenario, biomass-based energy production has increased
from 42.8 EJ in 2000 to 56.5 EJ in 2016, which is almost an increase of
32% (WBA, 2018). The overall demand for biomass could surpass 108 exajoules globally, so the future proportional share of biomass will contribute
to 60% of the total renewable energy use in 2030 (IRENA Bioenergy, 2014).
Biodiesel from LCB is a relatively current area of research, which includes
the pretreatment of LCB to liberate lignin and making cellulose more
accessible to enzymatic hydrolysis, fermentation with oleaginous microorganisms to produce lipids, and then transesterification of lipids into biodiesel. This review deepens the knowledge on biodiesel production from
LCB and delineates the up-to-date availability of LCB for biodiesel production, advanced pretreatments used for microbial lipid production, and the
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metabolic aspect of lipid production from lignocellulosic sugars and their
techno-economic aspects of biodiesel production.
2. Lignocellulosic biomass availability

The total land and aquatic biomass reserves worldwide are estimated to be
around 1.8 trillion tons and 4 billion tons, respectively. In terms of energy,
it has a potential production capacity of 33,000 EJ, which is more than 80
times the annual energy consumption in the world (WBA, 2018). In general, the biomass available for biofuels is categorized into four groups
(Azad et al., 2015): (i) agricultural residues (obtained after harvesting food
crops and after processing grains), (ii) woody biomass, including fuelwood
residues, the industrial processing of wood chips, and pruning of forest
trees, (iii) dedicated energy crops encompassing food and nonfood crops,
and (iv) animal manure. Of these groups, agricultural residues and woody
biomass are the two primary sources of biomass that have the potential to
meet renewable energy demand. According to the International Renewable
Energy Agency (IRENA), the use of LCB for producing renewable energy
will be doubled in 2030 compared to that in 2010. A significant share of
40% of renewable energy generation would come from agricultural residues,
energy crops, and forest residues would cover the remaining. Therefore, a
massive demand for biomass supply is anticipated in Asia, Europe,
and Russia.
2.1. Agricultural residues

When processing crops such as paddy, wheat, sugarcane, and maize, an
enormous amount of residues are generated; for instance, one ton of sugarcane generates 300 kg of bagasse, one ton of paddy generates 0.75 tons of
straw, and an equal amount of stover is generated when processing corn.
All these residues are rich in cellulose, hemicellulose, and lignin, which can
be a potential feedstock for biodiesel production. However, not all residues
are available for biofuel generation, and significant quantities are used as
fodder, manure, and local use for trashing houses (Ramesh et al., 2019).
Globally, various countries generate agricultural residues in enormous
amounts, and their availability is depicted in Figure 1.
2.2. Woody biomass

Woody biomass represents a significant source of renewable energy in the
world that could fulfill 2–18% of the world primary energy needs in 2050.
The global use of woody biomass for energy use in 2010 was approximately
30 EJ, which was partially used as household fuelwood (16 EJ), and the
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Figure 1. Total agricultural residues generated by various countries in 2018. Source: production
data were taken from http://faostat3.fao.org/browse/Q/QC/E and residue values were obtained
from the manual conversion ratio from each crop yield.

remaining was used for large-scale industrial purposes (14 EJ) (Lauri et al.,
2014). The wood industry comprising paper mills, sawmills, and furniture
manufacturing units are significant sources of woody biomass. Moreover, a
considerable portion of wood residues is engendered by lodging and pruning of forest trees (Anwar et al., 2014). The major contributor of wood residues in the United States (US); around 368 million tons of woody biomass
is generated annually (Amiri & Karimi, 2015; Liu et al., 2012; Matsushita
et al., 2009). There are dedicated short rotation woody crops (SRWC) for
fuel production, and they come from intensively managed plantations.
Species and hybrids within the genera of Populus (i.e., poplars) and salix,
as well as other hardwoods (Eucalyptus spp.: sycamore, Platanus occidentalis L: red alder) and softwoods (e.g., loblolly pine, Pinus taeda L, slash pine
and Douglas-fire) are the potential resources of renewable biomass for fuel
production (Matson et al., 2011). The US Department of Energy information administration reported that wood and wood-derived fuels would
account for 9% of the energy consumed in 2030. It is envisaged that one
dry ton of woody biomass can generate about 17.2 million (106) BTUs of
energy (Liu et al., 2012). Therefore, woody biomass is considered the most
sustainable and renewable biomass for biodiesel production. Moreover, the
production and subsistence of woody biomass have other significant
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Figure 2. Global production of forest products in 2018. Source: FAOSTAT, 2018 (http://www.
fao.org/forestry/statistics/80938/en/).

secondary advantages such as carbon sequestration, protection of forest
habitat, and conservation of soils (Abdel-Fattah et al., 2015). The global
availability of forest products during 2018 is given in Figure 2.
2.3. Dedicated energy crops

Dedicated energy crops can produce a large volume of biomass, have high
energy potential, and can be grown in marginal soils (Mitchell et al., 2016).
Some of the most promised and widespread energy crops are switchgrass
(Panicum virgatum L.), elephant grass (Pennisetum purpureum Schumach.),
poplar (Populus spp.), willow (Salix spp.), mesquite (Prosopis spp.), energy
cane, Napier grass, sorghums, etc. Most of the energy crops belong to the family
Gramineae, and these biomass-based systems require enormous quantities of
material. For example, a 300 million L per year ethanol producing plant will
require 907,000 DM Mg of feedstock year1 or 2490 DM Mg of feedstock
day1, or 222 ha of feedstock (switchgrass) yielding 11.2 DM Mg ha1 (Mitchell
et al., 2008). Considerable breeding progress has been made on several dedicated energy crops, with yields exceeding 20 DM Mg ha1. Hybrid poplar produces the most significant energy yield (6.15 MJ m2 yr1), followed by
switchgrass (5.8) and then reed canary grass (4.9) (Karp & Shield, 2008). Both
biofuel and biogas can be derived from these crops. This strategy will help in
producing energy without impacting food security or the environment.
2.4. Animal manure

Anaerobic digestion of animal manure, a valuable source of nutrients and
renewable energy, can solve multiple issues, including water pollution, air

CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY

7

emissions, and waste-to-energy plants. Above all, anaerobic digestion of
cow manure harnesses the untapped energy potential of organic waste by
converting the waste into high calorific gases (Niu & Li, 2016). For
example, biogas, as a bioenergy output from the process, could be used for
electricity generation in turbines and internal combustion engines or could
be burned directly for cooking or heating rooms and water (Wid &
Horan, 2018).
3. Biomass complexity and issues in LCB conversion

LCB consists of 35–55% of cellulose, 20–40% of hemicellulose, and 10–25%
of lignin. Cellulose is a prime sugar molecule of LCB that is made up of a
linear polymer of glucose, and these glucose units are linked primarily by
b-1,4-glycosidic bonds. The cellulose molecule is 60–80% crystalline and
20–40% amorphous in nature, which constitutes the structural and functional composition of plants (Bonechi et al., 2017; Tursi, 2019). Success in
pretreatment relies on the efficient conversion of cellulose into fermentable
sugars (Gupta et al., 2016; Mirmohamadsadeghi et al., 2021; Usmani,
Sharma, Gupta, et al., 2020; Usmani, Sharma, Karpichev, et al., 2020). This
is achieved by breaking down the cellulose molecule into simple sugars
such as glucose. Studies related to lignocellulosic biodiesel production were
performed by converting cellulose into glucose via dilute acid treatment
(Ananthi et al., 2019; Kumar et al., 2017; Patel et al., 2016; Yousuf, 2012).
However, a decrease in the degree of polymerization and crystallinity index
of the cellulose molecule is vital in the conversion of LCB to biodiesel. The
pretreatment process should also increase the surface area to be accessible
by the enzymes for effective hydrolysis.
The second most abundant sugar macromolecule of LCB is hemicellulose, a branched polymer of pentoses, and its predominant portion consists
of xylose along with a lesser amount of arabinose, mannose, glucose, and
galactose (Jindal & Jha, 2016). Together with lignin, a thin layer of hemicelluloses circulating with the cellulose molecule forms a matrix and therefore
prevents cellulose from an enzymatic breakdown. Since hemicelluloses have
shorter chain lengths and lower molecular weight, they can be easily hydrolyzed in an acidic environment. The primary hydrolyzed product of hemicellulose is xylose, a five-carbon sugar that can be converted into biodiesel
by oleaginous microorganisms either solely or in combination with glucose
in co-metabolism.
After cellulose, lignin is the second most abundant biopolymer on
earth, and its worldwide availability is 50 million tons from pulping processes. Lignin aids in structural rigidity and resistance against oxidative
stress in plants. It covalently links with hemicelluloses and forms a
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network around the cellulose molecule, which shows higher recalcitrance
toward an enzymatic attack. Lignin is a polymer composed of phenylpropanoid units that are formed from the polymerization of three alcohols,
namely p-coumaryl, coniferyl, and sinapyl alcohols. For enzymatic
hydrolysis of cellulose, lignin needs to be removed. Delignification or
depolymerization of lignin using chemical, thermal, and biological methods have been attempted; for instance, efficient delignification can be
achieved by alkaline pretreatment, Organosolv pretreatment, wet oxidation, and ammonia fiber explosion (AFEX) (Bundhoo et al., 2013).
Organosolv pretreatment can efficiently remove high-quality lignin, which
can be valorized for generating higher value products (Welker et al., 2015;
Zhao et al., 2009). Nevertheless, lignocellulosic industries focus only on
carbohydrates, and the use of lignin for generating heat and electricity is
underrated. Recently, lignin has emerged as a renewable carbon source
for biodiesel production. The upper pathways (aromatic catabolism) by
which this aromatic polymer is funneled to form lipids have been elucidated, and it is believed that lignin valorization would have a significant
effect on lignocellulosic biorefinery in the coming years (Huang et al.,
2020; Kosa & Ragauskas, 2013; Xu et al., 2019).
4. Biomass deconstruction for biodiesel production

The pretreatment process involves physical, chemical, physico-chemical,
and biological methods for removing lignin and making the carbohydrates
(cellulose and hemicellulose) more accessible to enzymatic hydrolysis. In
the past, a large number of pretreatment techniques have been developed,
including chemical (dilute acid (DA), alkali, and Organosolv), physical
(microwave, extrusion, and ultrasonication), biological (whole-cell and
enzymes), and thermal-based treatment such as AFEX, steam or CO2
explosion, etc. Among these, DA and alkali-based pretreatments, ionic
liquids, and organic solvents are most widely used for LCB to produce biodiesel. Corn stover, wheat straw, sugarcane bagasse (SCB), corncob, and
switchgrass are the major LCBs tested for microbial lipid production by
involving yeast and filamentous fungi (Syawala et al., 2013).
The DA-pretreated hydrolysate results in inhibitors, such as acetate, furfural, and hydroxymethylfurfural (HMF), which inhibit the growth of oleaginous microorganisms. The inhibitory effects of these compounds can be
reduced by detoxifying agents; for instance, Amorphotheca resinae ZN1 and
neutralizing agents such as Ca(OH)2 for improving lipid production
(Taherzadeh & Karimi, 2008; Zhang et al., 2010). However, in some cases,
detoxification does not improve lipid production; for instance, Yarrowia
lipolytica, Cryptococcus curvatus, Rhodotorula glutinis, and Lipomyces
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starkeyi, when cultivated using DA-treated wheat straw, did not show any
significant improvement in fermentation.
Comparatively, only a few studies have been performed on the dilute
alkali treatment of LCB for microbial lipid production; oleaginous filamentous fungi Mortierella isabellina was grown using pretreated corn stover
without detoxification that resulted in 2.5 g L1 of lipids. When the same
strain was cultivated using detoxified wheat straw, a higher lipid yield of
6.9 g L1 was obtained because of the combined utilization of glucose and
xylose (Ruan et al., 2014).
Several studies have been performed on the ionic liquid pretreatment of
corn stover by R. toruloides; a lipid yield of 6.6 g L1 was obtained when
simultaneous saccharification and fermentation performed on regenerated
corn stover; furthermore, a much higher lipid yield of 7.2 g L1 was
obtained after using a separate hydrolysis and fermentation method. On
the other hand, in the enzyme hydrolysis method, R. toruloides Y4 yielded
lesser lipid of 5.5 g L1 when ionic liquid-treated corn stover was used.
Hence, a high inoculum and initial density should be maintained when
pretreating the biomass material with ionic liquids.
Very little work has been done on lipid production by microalgae using
LCB. For example, Chlorella pyrenoidosa, when cultivated on trifluoroacetate treated rice straw, yielded 1.59 g L1 of lipids (Li et al., 2011). The
overall process for biodiesel production from LCB is given in Figure 3.
5. Oleaginous microorganisms

The microorganisms (molds, bacteria, yeast, and microalgae) that can accumulate more than 20% of lipids inside their cells in the form of triacylglycerols (TAGs) are called oleaginous microorganisms (Liang & Jiang, 2013;
Ratledge & Wynn, 2002). The oils thus produced are popularly known as
SCOs, whose properties are similar to that of vegetable oils (Amara et al.,
2016; Kumar et al., 2011a). Most evidence suggests that accumulated TAGs
are suitable for biodiesel production through the transesterification process.
5.1. Molds

Fungi metabolically store the external carbon into carbohydrates and then
as lipids. Some oleaginous fungi can store up to 70% of their biomass as
lipids (Chuppa-Tostain et al., 2018; Gema et al., 2002; Papanikolaou et al.,
2004; Ratledge, 2004). Lipids content in fungi are mostly influenced by the
nature of carbon source, nitrogen source, C/N ratio, temperature, and pH
in the lipid production medium. Usually, ammonium ion serves as deficient
nutrition, and it should be noted that nitrogen is not only a limiting
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Figure 3. Green process of biodiesel production from lignocellulosic biomass.

nutrient for lipid accumulation but also if nitrogen exists in excess, limitation of other nutrients can also induce lipid synthesis (Muniraj et al.,
2013). Our previous studies identified many potential oleaginous fungi
from sago wastewater for biodiesel production. The oleaginous fungi A. terrus KPR12 and A. caespitosus ASEF14 were accumulated more than 30% of
lipid per weight (Ashika et al., 2016; Ashokkumar et al., 2015;
Naganandhini et al., 2017).

5.2. Bacteria

Bacteria exhibit high cell growth rates under simple cultivation methods.
Several bacterial species of Rhodococcus, Streptomyces, and Nocardia can
accumulate high lipid content (Arabolaza et al., 2008; Kurosawa et al.,
2010). The structures and composition of bacterial TAG could differ from
that of other microbial oils, substantially depending on the bacterial strains
and carbon source (Alvarez & Steinb€
uchel, 2002). Also, these organisms
can grow by using various carbon sources, which include glucose, sucrose,
glycerol, sodium glutamate, and sugar beet molasses. Only a few bacteria
have been reported, including Mycobacterium, Nocardia, Streptomyces,
Gordonia, and Rhodococcus which can produce lipids such as other oleaginous microorganisms that can be used directly for biodiesel production.
Under special conditions, Rhodococcus and Gordonia could accumulate up
to 80% lipid content at high carbon and low nitrogen concentrations. This
lipid accumulation process mostly happens during the stationary phase of
the microbial growth (Dhanasekaran et al., 2017).
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5.3. Yeast

Oleaginous yeasts grow rapidly and are rich in oil contents. They can grow
on various carbon sources such as glucose, xylose, arabinose, glycerol,
monosodium glutamate, SCB hydrolysate, etc. However, the best-known
high oil content-producing yeasts include those belonging to the genera
Rhodotorula, Rhizopus, Trichosporon, Yarrowia, Candida, and Cryptococcus.
On an average level, these yeasts can accumulate lipids up to 40% of their
biomass. In addition, nutrient limitation conditions might cause lipid accumulation of up to 80% of their biomass (Beopoulos et al., 2009; Patel et al.,
2016; Signori et al., 2016). Lipid content and fatty acid profiles differ
between species; for example, Cryptococcus curvatus and Cryptococcus albidus accumulate lipids up to 58% and 65%, respectively, but their fatty acid
profiles differ significantly (Beopoulos et al., 2009; Meng et al., 2009).
However, in contrast, lipid content varies significantly in Rhodotorula sp.
(R. glutinis and R. graminis), but their fatty acid composition remains similar (Beopoulos et al., 2009). More importantly, their doubling time (less
than an hour), adaptability to environmental conditions, and ease of cultivation compared with microalgae make them potential candidates for the
production of biodiesel. From one of our studies, the oleaginous yeast
Candida tropicalis ASY2 accumulated lipids of more than 50% of their
weight when cultivated in sago processing wastewater (Ashika et al., 2017;
Thangavelu et al., 2020).
5.4. Microalgae

Globally, microalgae are the most abundant biomass producers with very
high photosynthetic return and have the ability to accumulate higher neutral lipid content of outcompeting terrestrial plants for biofuel production
(Forjan et al., 2015). Oleaginous microalgae typically accumulate lipid content that varies from 20 to 80%. Chlorella, Neochloris, Nannochloropsis, and
Scenedesmus are the most common microalgae strains with lipid content of
40–60% of their total dry cell weight (Rawat et al., 2013). The high productivity, scavenging ability of industrial source CO2 and non-competing to
food crops lead microalgae-based oil as one of favorable option, but the
main problems encountered in the scalability of autotrophic microalgaebased biodiesel production is the need for light during the cultivation process (Lardon et al., 2009).
6. Lipid production pathways

LCB after various pretreatments results in glucose, xylose, arabinose, mannose, and galactose, along with some inhibitory compounds such as acetate,
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Figure 4. Cellular pathways, enzymes, and organelles involved in the carbohydrate to
lipid conversion.

furfural, and HMF. All these sugars have been used for the production of
microbial oil. Hexose sugars follow the de novo lipid metabolism, whereas
the pentose phosphate pathway generates the intermediary compound of
G3P for five-carbon sugars, which are further utilized in de novo lipid
metabolism. Lignin, on the other hand, upon depolymerization by chemical, mechanical, and enzymatic methods yields a variety of intermediate
compounds that further funnel through the “upper pathways” such as the
ß-ketoadipate pathway and thereby gets converted into lipids. The biochemical routes of lipid production by different sugars and aromatic monomers are given in Figure 4.
6.1. Lignin to lipid conversion

To be economically feasible and technologically viable, the lignocellulosic
biofuels industry should focus on generating high-value co-products using
LCB, especially from lignin. Over the decade, lignin has been considered a
low-value byproduct of industrial energy needs. However, in recent years,
lignin has become an attractive energy resource for lipid production by oleaginous microorganisms. Actinobacteria, Rhodococcus opacus DSM 1069,
and PD630 were identified as the potential candidates for depolymerization
and conversion of lignin to lipids. Lignin model compounds such as 4-
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hydroxybenzoic acid (4-HBA) and vanillic acid (VA) were used as the sole
carbon source for lipid production by using the above strains (Kosa &
Ragauskas, 2012). Surprisingly, Rhodococcus strains produced lipids based
on their oleaginicity. The strains R. opacus DSM 1069 and PD630 produced
0.1 and 0.09 g of lipids per gram of 4-HBA, and after using VA as the sole
carbon source, they yielded 0.02 and 0.04 g of lipids, respectively (Kosa &
Ragauskas, 2012, 2013).
Similarly, the same strain R. opacus DSM 1069 was tested on ethanol
organosolv lignin (EOL) and ultrasonicated EOL (us-EOL) for lipid production, and changes in lignin structure and formation of lipids over a
period of time revealed a lipid yield of 4.08% (Kosa & Ragauskas, 2013).
Additionally, the commercial laccase enzyme from Trametes versicolor was
added along with Rhodococcus opacus PD630 to study the synergistic action
of laccase and PD630 on the depolymerization of kraft lignin and lipid production. The results showed that depolymerized laccase products promote
the growth and lipid yield of PD630 compared to cell growth without laccase (Zhao et al., 2016). All the studies mentioned above provide a positive
alternative for lignin valorization, and the lipid produced could be converted to biodiesel by transesterification.
6.2. Carbohydrate to lipid conversion

Seventy-five percent of LCB consists of carbohydrates; upon treatment
(physical, chemical, physicochemical, and biological), it yields glucose and
xylose in higher amounts. Oleaginous microorganisms are known to produce lipids with both glucose and xylose when a higher C:N ratio is maintained. However, the majority of the treatments only concentrate on sugars
and neglect the level of nitrogen, and hence, to maintain an appropriate
C:N ratio by adding an external nitrogen source is needed. Peptone and
ammonium nitrate are the tested nitrogen sources with detoxified SCB
hydrolysate for cultivating Yarrowia lipolytica Po1g on glucose and xylose
(carbon source) separately. From the two nitrogen sources, peptone favored
maximum growth (11.42 g L1) and lipid productivity (1.76 g L1 day1)
than NH4NO3 (biomass: 6.49 g L1) (Tsigie et al., 2011).
Simultaneous utilization of xylose along with glucose is another approach
for improving lipid production while using LCB. Generally, oleaginous
microbes first utilize all the available glucose, a simple sugar, and they prefer other carbon sources, a process that often results in low-level lipid production. Nevertheless, certain oleaginous microorganisms can utilize both
glucose and xylose simultaneously in the LCB hydrolysate. Synthetic xylose
with an initial C:N ratio and xylose concentration of 285 and 85 g L1,
respectively, were tested for lipid production by oleaginous molds M.
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isabellina ATHUM 2935 and Cunninghamella echinulata ATHUM 4411,
respectively, which yielded 6.1 g L1 and 6.7 g L1 of lipids after 360 h of
fermentation (Fakas et al., 2009). In addition, oleaginous molds,
Colletotrichum sp. DM06 and Alternaria sp. DM09, have been reported to
produce a lipid yield of 2.2 and 4.3 g L1 by utilizing xylose.
Similarly, simultaneous assimilation of glucose and xylose were noted in
the oleaginous yeast Trichosporon cutaneum AS2571 when it was cultivated
with glucose to xylose ratio of 2:1, a significant lipid content of 59% was
achieved (Hu et al., 2011). A mixture of glucose, cellobiose, and xylose was
tried for cultivating Lipomyces starkeyi for lipid production, and the results
showed the simultaneous utilization of cellobiose and xylose in the presence of glucose and reached a lipid productivity level of 0.19 g per gram of
sugar. This strategy of cellobiose utilization would avoid glucose-repressing
enzymes (Gong et al., 2012). Cellulosic sugars, along with several monoand di-saccharides, were evaluated for lipid production using Mortierella
isabellina. CMC was not a favorable substrate for this fungus because of
the absence of the cellulase system. Among the various mono- and di-sugars, glucose and xylose yielded the maximum lipid content of 66.50% and
66.68%, respectively (Zeng et al., 2013). Co-fermentation of xylose and glucose was also observed in the hydrolysate of LCB. Both acid- and alkalitreated corn stover yielded a varied concentration of glucose and xylose
sugars (17:14 and 21.9:6.4). The fungal strain M. isabellina ATCC42613 cultivated using these acid and alkaline hydrolysates produced a lipid yield of
4.78 and 2.48 g L1, respectively, under the submerged process. Increased
lipid yield in the acid-treated hydrolysate was due to the higher concentration of xylose, and simultaneous utilization of xylose and glucose was
observed (Ruan et al., 2012). Microbial lipid production from LCB using
oleaginous strains is given in Table 1.
Poontawee et al. (2017) assessed different oleaginous yeast strains for the
efficient use of lignocellulosic-derived sugars. Among the 418 yeast strains
screened, Rhodosporidium fluviale DMKU-SP314 was found to generate the
highest lipid concentration of 7.9 g L1 at glucose and xylose ratio of 2:1,
which is generally observed in lignocellulosic hydrolysis. Deeba et al.,
(2016) obtained an increased lipid yield of 7.8 ± 0.57 g L1 and a lipid content of 53.40% by the oleaginous fungus Cryptococcus vishniaccii MTCC
232 using a sludge extract of sonicated paper mill compared to a synthetic
glucose medium. Gao et al. (2014) recorded the use of corncob residue
hydrolysate (cellulose residue of corncob obtained after xylan extraction)
with glucose monosaccharides and xylose as a viable feedstock for microbial lipid production using Trichosporon cutaneum.
The development of inhibitor-tolerant (acetic acid, furfural, and HMF) oleaginous microorganisms for lipid production is an important criterion when
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Table 1. Microbial lipid production from LCB using oleaginous strains.
Strains
T. fermentans
CICC 1368
C. vishniaccii
MTCC 232
C. curvatus
ATCC 20509
T. cutaneum
ACCC 20271
T. dermatis CH007
R. glutinis
CGMCC 2.703
C. aerius UIMC65
L. starkeyi

Feedstock, pretreatment
Waste sweet potato vines,
enzymatic hydrolysis
Paper mill sludge, ultrasonication

Lipid
Fermentation
production g L–1
time (d)

References

9.6

12

(Zhan et al., 2013)

7.8

6

(Deeba et al., 2016)

10.83

3

(Liang et al., 2012)

12.3

5

(Gao et al., 2014)

Corncobs, enzymatic hydrolysis
Corncobs, acid hydrolysis

9.8
5.5

7
2.7

(Huang et al., 2012)
(Liu et al., 2015)

Municipal solid waste, detoxified
prehydrolysate enzymatic hydrolysate
Sugarcane bagasse, acid hydrolysis

4.31

6
3

(Ghanavati
et al., 2015)
(Xavier et al., 2017)

6
6

(Mast et al., 2014)
(Patel et al., 2015)

Sweet sorghum bagasse, detoxified
prehydrolysate enzymatic hydrolysate
Corncob residues, enzymatic hydrolysis

R. glutinis CBS 20 Wheat straw, acid hydrolysis
R. kratochvilovae Cassia fistula L. fruit pulp,
HIMPA1
aqueous extract

–1

0.14 g g
of bagasse
1.4
4.86

LCB is used for lipid production. One of the strategies to overcome the
inhibitory effect is detoxification of wheat straw achieved by adding Ca(OH)2
to the dilute sulfuric acid-treated hydrolysate and then neutralizing it with
sulfuric acid. The detoxified wheat straw hydrolysate allowed oleaginous yeast
to grow and produce lipid, whereas the microorganism did not even grow in
a medium containing the non-detoxified substrate (Yu et al., 2011).
Several strains showed good performance on non-detoxified lignocellulosic hydrolysate; for example, acid hydrolyzed corn stover resulted in the
formation of furfural (0.073 g L1), HMF (0.032 g L1), and acetic acid
(2.71 g L1). The oleaginous mold M. isabellina produced higher biomass
of 14.08 and 4.78 g L1 of lipids without any detoxification. Mostly, lipid
production using LCB is undertaken in shake flasks, and very few studies
could be scaled up to the pilot stage. For instance, corn stover treated with
DA, an alkali, and the hydrolysate that was used to cultivate M. isabellina
yielded 6.9 g L1 of lipids after enzymatic hydrolysis in a 7.5 L scale fermentor; the fungus used glucose, xylose, and acetate to produce the lipids.
7. Fatty acid profiles of microbial lipids from lignocellulosic biomass

Fatty acid fractions of lipids obtained after fermentation were evaluated,
and the contents are given in Table 2. It is evident from the table that oleic,
linoleic, stearic, and palmitic acids are the major fatty acids in these fractions. Lipids from DA-treated LCB had more than 50% of mono- and diunsaturated (C18:1 and C18:2) fatty acids, whereas saturated fatty acids
(C16:0 and C18:0) accounted for 40% of the total lipids produced.
Interestingly, treated SCB had 10.75% of linolenic acid, although, within
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the limit of the biodiesel standards, its content above 12% leads to oil
coagulation. On the contrary, concentrated sulfuric acid-treated corncob
had the highest content of C18:0 (48.7%). Lignin and its derived compounds yielded a different kind of fatty acid profile, wherein its monounsaturated content was lesser, and the saturated fatty acid contents were
higher. Similar kinds of fatty acid profiles were observed for alkali-treated
LCB. Overall, unsaturated and saturated fatty acids are in a ratio of 1:3.
Iodine value (IV), saponification value (SV), and high heating value
(HHV) are the three parameters used for estimating the quality of biodiesel, and an increased number of double bonds in the fatty acid increases
the IV and reduces the SV. A few studies have tested biodiesel properties
by transesterification of lipids; all of them satisfy the biodiesel standards of
EU, US, and India (Table 3). Lipids of Aspergillus sp. grown on SCB, corn
cob waste liquor, and Sabouraud media showed density (g cm3), kinematic viscosity (mm2 s1), and IV (g of I2 per 100 g of oil) in the ranges of
0.8–0.85, 4.85, and 11–98 (g I2/100 g), respectively. In addition, the crude
lipid obtained from Mortierella sp. had similar oil properties compared to
those of jatropha and other vegetable oils, which met the standards for biodiesel (Kumar et al., 2011a).
8. Prediction of biodiesel properties of microbial lipids produced
from LCB

Fatty acid profiles obtained from LCB were used to predict essential biodiesel properties such as IV, SV and HHV according to the mathematical
equation developed. The empirical equations for biodiesel properties are
follows as IV ¼ 254 DB(%FC/M), SV ¼ 560(%FC/M), HHV ¼
49.43  0.041(SV)  0.015(IV); where FC ¼ % of each fatty acid component, M ¼ molecular mass of each fatty acid component (Patel et al.,
2017). The iodine value of more than 40–90% was observed for the lipids
produced with LCB, which met the international standards for biodiesel.
Higher iodine values were obtained for lipids produced using yeasts and
molds, whereas bacterial lipids had the lowest iodine value, suggesting that
oleaginous molds are better candidates for biodiesel production from LCB.
Among the yeasts and molds, M. isabellina and Y. lipolytica resulted in
higher IV than other oleaginous microorganisms, as shown in Figure 5(a).
An IV of 19.83 (g I2/100 g) was obtained using Trichosporon fermentans
grown in glycerol minimal media with sweet potato vines hydrolysate
(Shen et al., 2015). A higher IV of 99.86 (g I2/100 g) was attained after
using Rhodotorula glutinis grown in the LCB hydrolysate (Yen et al., 2015).
In contrast with IV, bacterial lipids from lignin model compounds had a
higher SV in the range of 231–238 mg KOH g1 of oil. Biodiesel obtained

0.4
7.7
10.2
8.8
0.31

Aspergillus sp.

Trichosporon
coremiiforme
M. isabellina

M. isabellina

R. opacus
(PD630)
R. opacus
(PD630)

Auto-hydrolysates

Auto-hydrolysates

Dilute acid and alkali

Dilute acid and alkali

Sulfuric acid

Sulfuric acid

Sulfuric acid
Sulfuric acid

28.7

26.7

25.6

20.0

23.3

0.73

22.2
0.73

2.1

22.9

27.9
24.2

28.8

25.9
27.0
6.0
5.7
23.5
22.4
19.8
36.2
37.1
22.5

C16:0

7.8

13.9

3.59

2.32

0.0

0.0

0.0
0.0

3.5

4.2

7.7
6.0

10.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.6

C16:1

34.0

14.5

2.44

1.74

24.9

43.4

7.0
48.7

5.2

5.2

4.4
8.3

5.8

15.2
15.3
2.0
0.8
9.0
9.3
5.9
4.5
5.5
3.3

C18:0

4.8

11.4

52.7

58.4

40.0

0.0

58.2
0.0

1.45

14.1

14.2
11.9

15.7

47.7
45.0
56.0
55.9
43.4
42.7
53.4
46.3
45.1
49.8

C18:1

0.0

0.0

10.8

12.5

7.5

0.0

6.8
0.0

9.06

0.0

0.0
4.1

0.0

6.42
7.30
19.0
20.9
15.4
17.0
13.5
3.4
4.9
16.8

C18:2

Major fatty acids in total lipids (%)
Other

0.0

0.0

2.87

0.0

0.0

2.07

1.23

4.3

–
3.21

0.0

0.0
0.0

0.0

0.0

0.0
0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

0.9
0.0

10.75

0

0.0
0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.5

C18:3

References

(Wells et al., 2015)

(Ruan et al., 2012)

(Huang et al., 2013)

(Chang et al., 2013)
(Subhash &
Mohan, 2011)

(Kamat et al., 2013)

(Economou
et al., 2011)
(Kosa &
Ragauskas, 2013)

(Yu et al., 2011)

(Yu et al., 2011)

Note: Lipid values are in (g g1); NDLH, non-detoxified hydrolysate; DLH, detoxified hydrolysate; SDBM, Sabouraud dextrose broth medium; CWL, corncob waste liquor.



Sweet gum

Corn stover
(Glucose)
Corn stover
(Xylose)
Loblolly pine
0.25

10.8
3.2

Cryptococcus sp.
Aspergillus sp.

NA

0.02
Dilute acid

NA
NA

0.04
0.1

2.4

Sugarcane
bagasse
Corncob
Corncob
(SDBM)
Corncob
(CWL)
Corncob

NA

0.09

Rhodococcus opacus
(PD630)4-HBA
R. opacus (PD630)VanA
Rhodococcus opacus
(DSM 1069)4-HBA
R. opacus (DSM 1069)
VanA
A. terreus

Rice hull

Pretreatment
Dilute acid (NDLH)
Dilute acid (DLH)
Dilute acid (NDLH)
Dilute acid (DLH)
Dilute acid (NDLH)
Dilute acid (DLH)
Dilute acid (DLH)
Dilute acid (NDLH)
Dilute acid (DLH)
Sulfuric acid

5.8
4.2
0.4
0.3
3.5
2.4
2.4
4.6
3.7
3.6

Lignin model
compound

Oleaginous strains

C. curvatus
Cryptococcus curvatus
Y. lipolytica
Y. lipolytica
R. glutinis
R. glutinis
R. toruloides
L. starkeyi
L. starkeyi
M. isabellina

LCB

Wheat straw

Lipid
content (g L–1)

Table 2. Fatty acid profiles of lipids produced from different lignocellulosic biomass.
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Fuel properties
0.850
4.85
98.3
50.41
10.75
NS
NS
NS
NS
NS
NS
NS
NS
NS

0.8012
NA
16.0
NS
NS
0.42
NS
NS
NS
NS
NS
NS
NS
NS

SDBM
Aspergillus sp.
(Subhash &
Mohan, 2011)
0.8342
NA
11
NS
NS
0.40
NS
NS
NS
NS
NS
NS
NS
NS

CWL
Aspergillus sp.
(Subhash &
Mohan, 2011)
0.92
54.81
NS
NS
NS
28.22
218
7.0
3.9
0.62
0.082
32.05
14.55
230

Mortierella sp.
(Kumar
et al., 2011b)

Note: NS, not specified; SCB, sugarcane bagasse; SDBM, Sabouraud dextrose broth medium; CWL, corncob waste liquor.

Density (g cm–3)
Kinematic viscosity (40  C; mm2 s–1)
Iodine value (g of I2 per 100 g of oil)
Cetane number
Concentration of linolenic acid (C18:3) (%)
Acid number (mg KOH g–1)
Flash point ( C )
Pour point ( C)
Water content (%)
Ash content (%)
Carbon residue (%)
Calorific value (MJ Kg–1)
Free fatty acid (%)
Fire point ( C)

SCB
Aspergillus
terreus (Kamat
et al., 2013)

Table 3. Fuel properties of biodiesel produced from microbial lipid.

NS
1.9–6.0
NS
47–65
NS
NS
>130
NS
<0.03
<0.02
NS
NS
NS
NS

US biodiesel
standard
ASTM D6751

0.86–0.90
3.5–5.0
120 max
51 min
12 max
NS
>120
NS
<0.05
<0.02
<0.3
NS
NS
NS

EU biodiesel
standard
EN 14214

0.86–0.90
3.5–5.0
NS
51 min
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

Indian biodiesel
standard
IS 15607
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from Y. lipolytica cultivated in the detoxified and non-detoxified hydrolysate of wheat straw had an SV of 160.054 and 157.757 mg KOH, respectively
(Yu et al., 2011), while Lipomyces starkeyi ATCC 56304 cultured in the
biphasic system (providing glucose for cell growth and xylose for oil production) showed the highest SV of 203.958 mg KOH (Probst & Vadlani
2017). Yeasts and molds had almost similar SV ranges between
192–243 mg KOH g1 of oil except the lipids obtained from A. terreus that
had the maximum SV (Figure 5(b)). Nevertheless, there was no significant
difference in the HHVs of microbial lipids obtained using LCB. The HHV
ranged from 38.4 to 40.4 MJ kg1 (Figure 5(c)).
A density of 0.877 g cm3 was obtained in C. curvatus ATCC 20509 by
using volatile fatty acids as a substrate (Xu et al., 2015). The oil obtained
from R. kratochvilovae HIMPA1 grown using Cassia fistula fruit pulp aqueous extract had a density of 0.784 g cm3 (Patel et al., 2015). Oxidative stability of 248 and 4.51 h was observed using R. kratochvilovae HIMPA1
cultivated in an aqueous extract (Cassia fistula L. fruit pulp) (Patel et al.,
2015), and pulp and paper industry effluent, respectively (Patel et al., 2017).
9. Conclusion and future prospects

Environmental concerns associated with fossil fuels and petroleum supplies
have prompted the search for eco-friendly and renewable production of biofuels. The current scarcity of petro-diesel and the higher production cost of
biodiesel produced using vegetable oils and animal fat are the foremost challenges to humanity in this era. Therefore, the utilization of oleaginous
microorganisms is recommended for the industry to produce large quantities
of biodiesel. The market for SCO is attractive because of its elevated lipid
yield, non-season, or climate dependence, similar fatty acid composition with
vegetable oils, and the ability to grow using a diverse range of carbon sources. Similar to other biorefineries, SCO production from LCB is a physical,
chemical, and biological process. Hence, for industrial level scalability,
researchers should focus on the lipid accumulation process, hydrolysis, and
pretreatment methods. Furthermore, successful SCO biorefinery depends on
the right choices of feedstock, oleaginous microorganisms, pretreatment
3

Figure 5. (a) Predicted iodine values of microbial biodiesel obtained from lignocellulosic biomass. (b) Predicted saponification values of microbial biodiesel obtained from lignocellulosic
biomass. (c) Predicted higher heating values of microbial biodiesel obtained from lignocellulosic
biomass. Note: WSNDH, wheat straw non-detoxified hydrolysate; WSDH, wheat straw detoxified
hydrolysate; RHH, rice hull hydrolysate; LMC, lignin model compound; SCB, sugarcane bagasse;
CCH, corncob hydrolysate; SDBM, Sabouraud dextrose broth medium; CWL, corncob waste
liquor; CSG, corn stover glucose; CSX, corn stover xylose; LPHT, loblolly pine hot water treatment; SGHT, sweet gum hot water treatment.
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process, lipid recovery, and co-product production. However, the current
drawbacks of economic SCO production consist of low lipid productivity
and low tolerance to pretreatment degradation products.
Microbial lipids are a potential source for the appropriate production of
renewable biofuels and can be a potential solution to the negative effect of
fossil fuel depletion. Biodiesel has been produced by the transesterification
of fatty acids with short-chain alcohols yielding mono-alkyl esters of longchain fatty acids (for instance, fatty acid methyl esters and ethyl esters).
However, understanding this process is essential for the development of
oleaginous microorganisms for producing fatty acids and short-chain alcohols required for transesterification, and to have acyltransferases with
higher activity for short-chain alcohols. Furthermore, developing microbes
with both higher efficiency and the competency for utilizing cheap substrates is an urgent need in order to compete with fossil fuel consumption.
To drive down costs, it will be essential to use an inventive cultivation system containing all the starch or carbon materials, including domestic and
industrial wastes. However, our economic analysis indicated that there is a
need to minimize the cost of medium components and develop microbial
systems that can produce higher lipid productivities in minimal media.
Since the last few decades, several studies have focused on the production
of biodiesel, a bulk commodity, using oleaginous microbes. On the other
hand, the high production cost has prevented this technology from reaching the market. Hence, genetic modification of oleaginous microorganisms,
further development of pretreatment techniques, process design, government subsidy, policy support, and other technological advancements for
valuable co-product generation are the necessary way forward for achieving
sustainable biodiesel production.
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