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Preface

The world population is 7.8 billion and has been increasing significantly. It is undeniable
that the energy demand will be significantly higher than the supply due to increased
population density and the high need for energy. Nonrenewable fossil fuels are a principal
source of anthropogenic (human-made) greenhouse gases. Biofuel is a type of fuel obtained
from plant, animal, or algal biomass. Biodiesel refers specifically to diesel fuel synthesized
through the transesterification of oils. Biofuel and biodiesel are viable alternatives to
petroleum-based fuels.

Biofuels are sustainable and can lessen the level of greenhouse gases. This book explores
a wide range of topics in the fields of principle, production, molecular aspects, and sustain-
ability of biofuel and biodiesel. A total of 20 chapters are divided into four sections, namely,
(1) Biofuel Production, (2) Biodiesel Production, (3) Molecular Genetics and Biotechnol-
ogy of Biofuel and Biodiesel Production, and (4) Economics and Sustainability of Biofuel
Production. The first section (Biofuel Production) contains chapters discussing biobutanol
production, biomass pretreatment, algal biofuel, life cycle assessment of biofuel, and quan-
tification of biofuels and other fermentation metabolites. The second section (Biodiesel
Production) contains chapters on the topics of the biodiesel production process, biodiesel
production from sorghum, and screening oil seeds for biodiesel production. The third
section of the book (Molecular Genetics and Biotechnology of Biofuel and Biodiesel
Production) is a collection of chapters covering various molecular aspects of biofuel and
biodiesel production, including RNAi-based gene silencing in sugarcane for biofuel produc-
tion, the molecular diversity of biofuel crops, genetic engineering of Trichoderma spp. for
production of plant cell wall-degrading enzymes for biofuels production, isolation and PCR
amplification of DNA from cellulolytic bacteria, production of steryl glucosidase enzymes in
microorganisms for biodiesel production, production of biocatalyst enzyme lipase in yeast
cells for biofuel production, use of artificial small RNAs for gene regulation in cyanobacteria,
use of sorghum as a biofuel crop, and genetic transformation of biofuel tree Paulownia
elongata. The final section in the book (Economics and Sustainability of Biofuel Production)
contains two chapters on the sustainability of sorghum and pearl millet for biofuel produc-
tion and biofuels and sustainability issues. Due to the diverse topics covered in this book, the
book will be useful for researchers, students, and enthusiasts in the field of biofuel and
biodiesel. This book is a true international collaborative project. Researchers from Nigeria,
India, the USA, Brazil, Austria, China, Argentina, France, Zimbabwe, The Netherlands,
Thailand, Singapore, and Egypt contributed to this book. I want to thank all contributors
for their valuable contributions wholeheartedly.

Los Angeles, CA Chhandak Basu
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Chapter 1

Overview of Current Developments in Biobutanol Production
Methods and Future Perspectives

J. Iyyappan, B. Bharathiraja, A. Vaishnavi, and S. Prathiba

Abstract

Renewable biobutanol production is receiving more attention toward substituting fossil-based nonrenew-
able fuels. Biobutanol is recognized as the top most biofuel with extraordinary properties as compared with
gasoline. The demand for biobutanol production is increasing enormously due to application in various
industries as chemical substituent. Biobutanol production technology has attracted many researchers
toward implementation of replacing cost-effective substrate and easy method to recover from the fermen-
tation broth. Sugarcane bagasse, algal biomass, crude glycerol, and lignocellulosic biomass are potential
cost-effective substrates which could replace consistent glucose-based substrates. The advantages and
limitations of these substrates have been discussed in this chapter. Moreover, finding the integrated
biobutanol recovery methods is an important factor parameter in production of biobutanol. This chapter
also concentrated on possibilities and drawbacks of obtainable integrated biobutanol recovery methods.
Thus, successful process involving cost-effective substrate and biobutanol recovery methods could help to
implementation of biobutanol production industry. Overall, this chapter has endeavored to increase the
viability of industrial production of biobutanol.

Key words Biobutanol, Microorganisms, Substrates, Cofermentation, Product recovery

1 Introduction

Recently, biofuel production through fermentation has received
greater attention due to world environment problems and exhaus-
tion of nonrenewable fossil-based fuels. Biofuels generally belong
to renewable resources and have the capacity to compete with
fossil-based fuels in terms of efficiency and compatibility [1]. At
present, world energy consumption particularly transportation is
mainly dependent on the nonrenewable fossil-based fuels and
instantaneously it is estimated that energy consumption will get
increased with 60% of growth in the year of 2030 [2]. Enormous
demand in the energy sector cannot be fulfilled by limited source of
fossil-based fuels. Consequently, biobased fuels could satisfy the
growing need of energy supply. Among the various biofuels,

Chhandak Basu (ed.), Biofuels and Biodiesel, Methods in Molecular Biology, vol. 2290,
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biobutanol is recognized as the top most biofuel with extraordinary
properties as compared with gasoline. Importantly, biobutanol can
be used in various sectors like food industry and pharmaceutical and
chemical industry [3].

Acetone–butanol–ethanol (ABE) fermentation is the major
route for the production of biobutanol through fermentation
using microorganisms. At present, industrial production of butanol
is accomplished by chemical synthesis using petrochemically
derived propylene as raw material. Hydroformylation of propylene
results in the formation of butyraldehyde and n-butanol is pro-
duced by the reaction of hydrogenation of butyraldehyde
[3]. Many researchers and industrialist are currently focusing on
the biobased production of butanol using cost-effective substrates.
Since, employment of petrochemically derived raw materials leads
to environment-related problems. Thus, wide opportunity exists
for the production of biobutanol using cost-effective substrates.
This chapter aims to discuss about current technologies available on
the proper selection of substrates and process conditions for devel-
opments in biobutanol production.

2 Physio-Chemical Properties of Butanol

Butanol is a four-carbon alcohol and having the molecular formula
of C4H9OH. The boiling point of butanol is 118 �C, which is
higher than the boiling point of ethanol 78 �C. Butanol is less
corrosive in nature and less evaporative when compared with etha-
nol [4, 5]. Particularly, butanol is having low volatility and high
energy content. The ability of butanol to adsorb the moisture is
very less [6–8]. The air fuel ratio of butanol is 11.2 and butanol can
be blended with petrol with increased ratio when compared with
ethanol. Butanol has the energy content which is very close to
fossil-based fuel of petrol [5, 9]. The oxygen content present in
the butanol is about 21.5% and the flash point of butanol is 35 �C.
The specific heat and viscosity of butanol at 20 �C are 2.63 kJ/kg. K
and 3.6 CP, respectively. Further, the freezing point and latent heat
of butanol are about �88.9 �C and 582 kJ/kg. The solubility of
butanol in water at 25 �C is about 73 g/L [10–13]. Importantly,
butanol can be used alone in our current engines systems without
any modifications of the engine systems and can also be blended
with other fuels like gasoline, hydrogen, methanol, ethanol, and
isopropanol [14]. It ensures that butanol has top most superior
position among the various alternative renewable fuels.

4 J. Iyyappan et al.



3 Methods of Butanol Production

Butanol can be produced by using both chemical synthesis and
biochemical synthesis. The growing demand for butanol leads to
make increasing attention toward achievement of butanol produc-
tion by means of both chemical route and biological route
[3]. Butanol production through fermentation still has many dis-
advantages over chemical method of butanol production. In order
to implementation of biobutanol production, the challenges
behind the process technologies have to be rectified in future.
Searching competent microorganism, alternative low cost sub-
strates and less effort of the production methods has to be con-
centrated more on the production of butanol using fermentation.
When compared with the biological route for the production of
butanol, chemical route has simplest method by involving single
step [3].

3.1 Chemical

Synthesis

Ethanol is the feedstock for the production of butanol using chem-
ical method. Dehydrogenation, aldol condensation, and hydroge-
nation are the three sequential reactions involved in the production
of butanol from ethanol [15, 16]. Initially, ethanol is converted
into acetaldehydes by hydrogen removal phenomenon due to dehy-
drogenation. This step is an industrially important process since
dehydrogenation of ethanol could lead to produce variety of pet-
rochemicals and chemicals such as ethyl acetate. The next step is
conversion of acetaldehydes into β-hydroxyketone or
β-hydroxyaldehyde through aldol condensation reaction. Carbonyl
compound reacts with the enolate or enol compounds and results
in the carbon-carbon bond formation. The final step is hydrogena-
tion resulting in the formation of butanol. Catalyst involvement is
an essential stage for the chemical synthesis of butanol. Recently,
researchers are concentrating on the development of catalyst system
for the production of butanol by using chemical methods. Mg and
Al mixed oxides [17], hydroxyapatite [18], andMgO [16] are some
of the catalysts used for the production of butanol from ethanol.
The direct conversion of ethanol from butanol has many benefits
over biological production of butanol. Even though currently
industrial production of butanol is well established by chemical
rout, handling of chemicals could lead to arise environmental-
related issues.

3.2 Biochemical

Synthesis

Biochemical synthesis of butanol contains several steps. Anaerobic
fermentation of carbohydrates by Clostridia species is well docu-
mented [19, 20]. The formation of biobutanol mainly involves
Acetone Butanol Ethanol (ABE) fermentation. There are two
stages in ABE fermentation like acidogenesis and solventogenesis.
Initially, Embden–Meyerhof pathway (EMP) results in the

Overview of Current Developments in Biobutanol Production Methods and. . . 5



degradation of carbohydrate into pyruvate. At this stage, two moles
of pyruvate are generated from one mole of carbohydrate. Further,
the generated pyruvate is converted into CO2 and acetyl-CoA.
Further, acetyl-CoA is converted into acetoacetate, butyryl coA,
and acetaldehyde. Butanol is formed by consecutive reactions of
butyryl coA into butyraldehyde. During the acidogenesis, organic
acids are formed and require the condition of pH > 5 in the
fermentation medium. At the end of acidogenesis, formed organic
acids are converted into solvents such as butanol, acetone, and
ethanol, and it is known as solventogenesis [19, 20]. The key
enzymes involved in the formation of butanol due to ABE fermen-
tations are alcohol dehydrogenase, CoA–acylating aldehyde dehy-
drogenase, 2-ketoacid decarboxylase, pyruvate dehydrogenase,
butyryl–CoA dehydrogenase, and crotonase [21].

4 Butanol-Producing Microorganisms

Biological production of butanol is specific to several Clostridia
species involving Clostridium acetobutylicum, Clostridium sacchar-
obutylicum, Clostridium thermocellum, Clostridium beijerinckii,
Clostridium saccharoperbutylacetonicum, Clostridium aurantibu-
tyricum, Clostridium pasteurianum, Clostridium sporogenes, and
Clostridium cadaveris. Among these, Clostridium acetobutylicum
is considered as a vital species for biobutanol production. Table 1
summarizes the important microorganism used for biobutanol
production.

Clostridium acetobutylicum is a heterofermentative,
rod-shaped, spore-forming gram-positive bacterium, nonpatho-
genic species, and mostly anaerobic in nature [22]. Clostridium
acetobutylicum has been used for large-scale production of solvents
from starch-related substrates. During the stationary phase of the
organism, organic acids are completely converted into organic
solvents. Usually,C. acetobutylicum involves two phases comprising
acidogenic and solventogenic phases. C. acetobutylicum produced
about 2.7 g/L of butanol [23]. During the exponential phase
acidogenic part takes place, where acid-forming pathways get acti-
vated. In this phase pH reduced to 5. During solventogenic phases,
organic acid gets converted into acetone, butanol, and ethanol.

Clostridium beijerinckii has the capacity to utilize sugars like
hexose and pentose [24]. C. beijerinckii is a mesophilic, saccharo-
lytic, and rod-shaped bacteria. It possesses flagella for its locomo-
tion. C. beijerinckii has the ability in fermenting starch. During the
growth cycle, the morphology changes slightly. Solventogenesis
and endospore formation has been restricted by the final
products [25].
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Altering the genetic material of a particular microorganism by a
natural recombination is called genetically modified organisms. The
mutant generated plays an essential role in butanol production.
Apart from Clostridial species, several other mutants play a vital
role in biobutanol production. Escherichia coli is a predominant
anaerobic gram-negative, rod-shaped bacteria with lateral flagella.
In addition to flagella, the proteinaceous structure called pili is also
produced for attachment. The outer membrane of the cell is supe-
riorly made of lipopolysaccharide layer. E. coli can be generally
retrieved from specimens on selective media. High production of
biobutanol is accomplished by E. coli [26]. E coli can be used for
aerobic and anaerobic fermentation of butanol. Generally, E. coli
has the doubling time of around 20 min.

The biofuel can be obtained byCyanobacteria organisms which
is a free-living photosynthetic bacterium. Isobutyraldehyde, isobu-
tanol, and ethylene can be produced with the help of cyanobacteria.
Cyanobacteria is also known as cyanophyta. Cyanobacteria need
not require expensive nutrients. Cyanobacteria cells can be grown
fast when compared to other cells. Cyanobacteria are easily compli-
ant [27]. Cyanobacteria involves in the transformation of carbon-
di-oxide to biofuels. Cyanobacteria are unicellular. Cyanobacteria
are commonly called as Blue green algae. Cyanobacteria have the
ability to consume carbon dioxide and solar energy. Butanol-
producing efficiency can be promoted by Co-A dependent bio-
chemical pathway involved in cyanobacteria. The recent advances
in genomic sequences ensure cyanobacteria to be involved in meta-
bolic engineering [28]. Klebsiella pneumoniae had been employed
for the biobutanol production and it is the gram-negative, rod--
shaped bacterium. Klebsiella pneumoniae consumes carbon source
when it is grown on glycerol substrate [29]. Klebsiella pneumoniae
produced about 1030 mg/L of butanol. Glycerol can be metabo-
lized by Klebsiella pneumonia [30].

Table 1
List of microorganisms used for biobutanol production

S. No Microorganism Reference

1. Clostridium acetobutylicum [23]

2. Clostridium beijerinckii [24]

3. Escherichia coli [26]

4. Cyanobacteria [28]

5. Clostridium tyrobutyricum [33]

6. Klebsiella pneumoniae [29]

7. Saccharomyces cerevisiae [31]

8. Pseudomonas putida [35]
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Yeasts like Saccharomyces cerevisiae have been widely used for
the production of biobutanol. Saccharomyces cerevisiae can be
genetically manipulated to obtain metabolites; S. cerevisiae is a
unicellular organism. Saccharomyces cerevisiae is notably used in
food industries. Saccharomyces cerevisiae can withstand high con-
centrations of n-butanol [31]. Saccharomyces cerevisiae produced
about 2.1 mg\L of butanol [32]. Genetically engineered Saccharo-
myces cerevisiae could become a prominent microorganism in pro-
ducing biobutanol.

Clostridium tyrobutyricum is an anaerobic, gram-positive,
spore-forming and rod-shaped bacteria. The butanol production
ability is more due to the absence of acetone-forming genes. Bio-
synthesis pathway of C. tyrobutyricum is not related with autolysis
of cell and its spores [33]. Clostridium tyrobutyricum produced
biobutanol with the yield of around 4.645 mg/L [34]. Apart
from these species, Pseudomonas plays a major role in butanol
production. Pseudomonas is a gram-negative bacterium. Pseudo-
monas comes under the family of Pseudomonadaceae. Pseudomonas
putida can stand up to high butanol concentrations [35]. Pseudo-
monas putida is extensively used in bioremediation sites. Terminal
oxidation pathway was primarily followed by Pseudomonas
butanovora [36].

Recently, genetically engineered microalgae are used exten-
sively in biofuel production. In saline water, various microalgal
can be grown, which in turn produces biodiesel involving methane,
ethanol, and butanol. Microalgal are independent of the fertility of
the soil. Microalgal has the tremendous capacity in absorbing car-
bon dioxide from atmosphere [37]. Microalgal growth rate is con-
siderably high and it consumes wastewater for efficient biofuel
production. Microalgae are unicellular in nature. Microalgal
requires simple nutrients for its growth. Greater lipid productivity
is observed in microalgae. Proteins, lipids, and carbohydrates are
the major constituents of microalgae. Microalgal is eminently used
as an antioxidant. Microalgal can be commercially used in pharma-
ceutical and food industries due to the presence of small proportion
of chlorophyll, carotenoids [38].

5 Methods for Selection of Potential Substrates for Biobutanol Production

Selection of cost-effective substrate for the production of biobuta-
nol is essential in order to implementation of biobutanol-
producing industry. Figure 1 indicates the utilization of several
feedstocks(substrates) from agricultural residues and marine eco-
system especially seaweeds in the biobutanol production. Certain
important potential substrates have been discussed in detail in this
subchapter.
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5.1 Sugarcane

Bagasse

Sugarcane bagasse, a fibrous residue obtained after extraction pro-
cess of sugarcane juice, is one among the most effectively utilizing
agro-industrial waste. Various products and process are being
reported on its usage. One of the remarkable applications is in the
production of biofuel (butanol). The composition of bagasse
approximately contains 50% of cellulose and 25% of each of hemi-
cellulose. Chemically, bagasse contains 50% of α-cellulose, 30% of
pentosans, and 2.4% of ash. Bagasse pretreatment improves digest-
ibility, enlargement of inner surface area of the substrate, and
microbial attack [39]. Establishment of second-generation biore-
finery in the view of utilizing agricultural residue in producing
acetone, butanol, and ethanol using non-detoxified sugarcane
bagasse with appreciable amount of glucose and xylose as a sub-
strate obtained from sugarcane mill in Brazil by utilizing
C. acetobutylicum DSM6228 was an initiative. He then pretreated
the wet bagasse with sulfuric acid and adjusted the pH to 5 for wet
and solid fraction using ammonium hydroxide following various
process bagasse was separated into SBH-1, SBH-2 (sugarcane
bagasse hydrolysate-1,2), respectively. The yield of butanol, etha-
nol, and acetone was more when using SBH-2 as a substrate with-
out detoxification [40]. Utilizing sugarcane bagasse with other
strains in future can increase the potential for scaling up in the
biobutanol production by ABE fermentation.

Fig. 1 Various feedstock used for production of biobutanol
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5.2 Algal Biomass as

Substrate

Various biomass from different sources such as agricultural and
aquatic is efficiently utilized as a raw material for the production
of biodiesel, biogas, bio-oil, and biofuels which include butanol
and ethanol. Plants that grow on land cannot effectively capture
sunlight; in addition, switchgrass, a fast-growing terrestrial plant,
can convert more solar energy. On the other hand, reports showed
that the aquatic plants micro- and macroalgae (seaweeds) have
great efficiency in photosynthesis. Carbon sources are found in
the form of carbohydrates such as starch, glucose, sugar, and
other polysaccharides. Algal lipids also comprised sugars, fatty
acids, and glycerol [41]. Usually Clostridium species are restricted
for butanol production; newly, algal species had caused the curiosity
among the researchers in the production of biobutanol as a sub-
strate. The main advantage of using algal species is summarized in
Table 2.

Batch experiment with microalgae Chlorella sorokiniana CY1
biodiesel residue using C. acetobutylicum were examined to pro-
duce biobutanol. Optimized substrate conditions were reported
additionally added glucose as a co-substrate and butanol produc-
tion was evaluated. The residue was pretreated with methanol and
microwaved. By following various steps, the pretreated slurry was
used as substrate for butanol production. Gas chromatography,
HPLC, and flame ionization detector were used to analyze acetone,
butanol, and ethanol. Finally, the butanol yield of 3.86 g/L was
reported [41]. Thus, butanol production by microalgae was possi-
ble but more research work has to be done in future for high yield
of butanol.

In another study, Hou and his colleagues reported for the first
time the enzymatic hydrolysate of macroalgae Laminaria digitata
as a substrate in producing butanol due to the presence of main
structural components such as alginate and cellulose and main
energy storage compounds are laminarian and mannitol.
L. digitata was collected from coast of Danish North Sea. He
used freeze-dried culture of C. beijerinckii DSM6422 as an

Table 2
Advantages of algal species for butanol production

S. No Characteristics Remarks

1. Growth rate Higher which leads to the production of large amount of biofuel
production in a short duration

2. Land and water
requirement

Very less

Tolerance to gaseous
environment

Highly tolerable in CO2 gas stream, which helps in CO2 mitigation

3. Maintenance cost More effective than conventional farming
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inoculum; anaerobic conditions are favored. This work showed a
high butanol yield and ABE molar ratio [42]. Moreover, the utili-
zation of locally available seaweeds as a substrate needs to be
investigated in detail to increase productivity of butanol.

The biomass concentration is very low in the microbial culture
due to the limit of light penetration, in combination with the small
size of algal cells that makes the harvest of algal biomass very costly.
The large water content of harvested algal biomass also means its
drying would be an energy-consuming process. The higher capital
costs and the rather intensive care required by a microalgal farming
facility comparative a conventional agricultural farm is another
factor that impedes the commercial implementation of biofuel
from microalgal strategy are the disadvantages of using microalgae
as a substrate. These problems are expected to overcome or mini-
mized by technology development [43].

Onay (2020) reported the effect of Indole-3-Acetic acid (IAA)
and Hydrogen Peroxide of microalgae using Chlorella zofingiensis
CCALA 944. The later was used as an oxidizing agent in the
pretreatment step to form free radicals in a flat photobioreactor.
This algae has high kinetic parameters under autotrophic, hetero-
trophic, and mixotrophic conditions that had been reported in
previous works. In this study he used C. acetobutylicum strain. He
cultivated microalgae at various concentration of municipal waste-
water. The usefulness of wastewater for the growth of microalgae
was studied by him; in addition to this the algae was cultivated at
various concentrations of IAA (plant derivative hormone). He ana-
lyzed that cell number, absorbance, and dry weight increased at
higher concentrations of IAA. During pretreatment at 4% conc. of
Hydrogen peroxide he found maximum carbohydrate in algae
which is more suitable in butanol production. Finally, he concluded
that maximum biomass content and butanol yield is higher at 25%
municipal wastewater, IAA 80 μM, and 4% hydrogen peroxide in a
flat photobioreactor [44]. Usage of algae in butanol production can
be still investigated in detail in future.

5.3 Crude Glycerol Crude glycerol is a secondary product obtained in biodiesel indus-
try and can be considered as a cheaper carbon source than others for
biofuel production. It is produced through the trans-esterification
of triglycerides such as rapeseed, soya, and sunflower oil. It has low
economic value due to low glycerol content and presence of various
contaminants. Crude glycerol from biodiesel industry contains 25%
carbon and elements like Na, Ca, K, Mg, P, and S [45].

Kaushal et al. [46] addressed the issue of high cost of substrate,
so he demonstrated the cost-effective strategy by replacing all the
major components with cheaper sources such as glucose with lig-
nocellulosic biomass such as rice straw hydrolysate, sugarcane
bagasse, and nut husk from local farms; glycerol with crude glyc-
erol; and nitrogen with dry yeast. Since, the acetone is not used as a
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fuel, they worked with a non-acetone-forming C. sporogenes
NCIM2918 strain. He followed dual substrate strategy. The bio-
mass was pretreated with alkaline NaOH solution. The biomass
composition is analyzed both quantitatively and qualitatively.
Then the fermentation was carried out with batch with and without
continuous gas stripping. Fed batch coupled with continuous gas
stripping had higher productivity. He reported that this was the first
fermentation carried out with fed batch with cheaper source
[46]. More works related to biobutanol production from crude
glycerol has to be investigated in future.

5.4 Lignocellulosic

Biomass

The most abundant material that can serve as a main source of
biobutanol production is the lignocellulosic material. It represents
the best option as feedstock for biofuel production due to high
yield, output/input energy ratio, and availability and can be easily
affordable. Maize, wheat, rice, and sugarcane are the four major
agricultural crops that yield more lignocellulosic material. This
material mainly contains lignocelluloses and small quantities of
cellulose, lignin, hemicelluloses, and extractives [47]. The potential
substrates such as switch grass, rice straw, poplar, wheat straw, and
barley straw are available at low cost [48]. Chicken feathers and the
wheat straw are the most convenient material used by Branska and
his colleagues which in combination they processed under mild
condition. This is more advantageous due to the utilization of
waste streams that are locally available, minimized inhibitor forma-
tion, and no detoxification that generate wastewater. Their work
also offers a solution for the local waste management.

Saekhow et al. [49] was the first to report the utilization of
cassava stem hydrolysate for ABE fermentationClostridium species.
Cassava stem was pretreated to get highest sugar concentration
with NaOH before enzymatic hydrolase of amylase and cellulose.
They concluded that cassava stem has capability for the cost-
effective fermentation and yield of butanol [49]. Biochar is a
carbon-rich material obtained from the carbonization, pyrolysis,
or gasification of lignocellulosic biomass, animal waste, and solid
wastes [50]. pH buffering capacity, alkalinity, cation exchange
capacity, rich micro and macro elements. The most important
application of Biochar is in anaerobic digestion. Thus, the usage
of biochar could be an economical strategy for ABE
fermentation [50].

Rice straw is one of the cheapest and useless lignocellulosic
material among all agricultural wastes which can be properly uti-
lized for biobutanol production [51]. Globally rice is considered as
major agricultural crop. Cellulose, hemicelluloses, and lignin are
main constituents present in the lignocellulosic material. Cellulose
is the main constituent present in rice straw. The components
present in rice straw are (%w/w): cellulose 32–43%, hemicelluloses
19–25%, lignin 5–12%, ash 18.8%, and extractives 10–12%
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[52]. Due to the increasing demand of biobutanol, the use of rice
straw will be the challenging area of research in future aspects.
Concise of potential substrate utilized by the microorganisms for
the butanol production is depicted in Table 3.

5.5 Co-fermentation Co-fermentation is a term related to usage of two different sub-
strates for specific purpose. Even though cost-effective carbon
sources had been employed for the production of biobutanol
using Clostridia species, involvement of other necessary nutrients
required for metabolic process, like nitrogen source, minerals, and
vitamins, will reflect directly in terms of cost for the production
[53]. Hence replacing the compounds that are required for the cell
growth and metabolic activity by cost-effective renewable residues
could decrease cost involved for the production of butanol.

Mechmech et al. [53] reported that two different substrates
containing rich source of nitrogen and carbohydrate were mixed
together and butanol production was achieved by using Clostrid-
ium acetobutylicum ATCC 842 species. Canadian alfalfa juice
contained notable amount of nitrogen and was used with the
hardwood hydrolysate for the production of biobutanol. But this
study had negative effect in terms of inhibitors present in the
fermentation medium [53]. Similar studies like usage of

Table 3
Different potential substrates used for the production of biobutanol

S. No Substrate
Butanol
(g/L) Microorganism References

1. Sugarcane bagasse 9.1 C. acetobutylicum DSM6228 [40]

2. Lignocellulosic hydrolysate 4.5–5.3 C. saccharobutylicum
DSM13864

[66]

3. Palm oil effluent 0.9 C. saccharoperbutylacetonicum
N1–4

[67]

4. Chicken feather and wheat hydrolysis 4.6 E. coli DSM 6897 [48]

5. Microalgae
Chlorella sorokiniana CY1

3.86 C. acetobutylicum
ATCC 824

[41]

6. Cane sugar factory wastewater (CSFW) 0.3 C. beijerinckii
CG1

[68]

7. Cellulosic ethanol Pilot plant
wastewater (CFPW)

0.6 C. beijerinckii
CG1

[68]

8. Corn waste (scale up) 11.92 C. beijerinckii [69]

9. Rice straw hydrolysate and crude
glycerol

21.5 C. sporogenes NCIM2918 [46]

10. Fermented pineapple juice beverage 13.3 C. acetobutylicum DSM 792 [70]
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co-fermentation of two different substrates which are less expensive
and agro-industrial waste residue should be investigated in future
for the production of biobutanol.

In another study¸ Cao et al. [54] reported that corn steep
liquor was exposed as nitrogen source for the production of bio-
butanol using Clostridium tyrobutyricum Δcat1::adhE2. Notable
amount of biobutanol (16.5 g/L) was produced when
co-fermentation of paper mill sludge and corn steep liquor was
employed. The major disadvantage of this study is pretreatment
required for the paper mill sludge, since employment of enzymatic
pretreatment methods could lead to increase the production cost
[54]. Thus, cost-effective pretreatment methods or without
employment of pretreatment methods should be investigated
while performing co-fermentation strategy.

6 Current Developments in Biobutanol Production with Integrated Product Recovery

Various stages involved in butanol fermentation process are repre-
sented in Fig. 2, where integrated product recovery was discussed
briefly. In situ product recovery has been employed to overcome
the low production of ABE. Liquid-liquid extraction, pervapora-
tion, adsorption, gas stripping, extraction, and reverse osmosis are a
wide variety of techniques which are demonstrated to reduce the
butanol inhibition. These techniques are simple and it does not
cause any damage to culture cells. Moreover, these techniques are
cost effective. Butanol efficiency is relatively increased by these
techniques.

Gas stripping technique essentially separates the butanol. Gas
stripping do not require higher energy. About 500 mL of fermen-
tation broth was taken in a flask. Gas is allowed to sparge into the
spinner flask with the help of the impellers and the flask containing
about 10 g/L of butanol and 1.6 L/min of flow rate is maintained.
The condenser collects the gas and the spinner flask contains the
condensate where the required flask is submerged into the ice-cold
water bath of about low temperature. Gas stripping rate, cell den-
sity, and butanol concentration were considerably found by with-
drawing the liquid samples from the flask [55]. When the liquid
solutions reach the maximum temperature, gas stripping technique
commences. Liquid samples were usually stored at a cooling
temperature.

Fermentation can be prominently carried out in a two-stage
condensate. FBB (Fibrous bed bioreactor) equipment is literally
connected to the two condensers. The condensers, flask was auto-
claved for about 45 min. The nitrogen gas was allowed to sparge
into the complete setup to secure anaerobic surroundings. At a rate
of 1.5 L\min the air was allowed to sparge into the ABE solutions.
At low temperature, the condenser is sustained deliberately and the
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condensate is completely submerged into cold water bath. The
initial stage of butanol is removed and passed on to the second
stage condensate gas stripping tank. To achieve perfect purification,
second stage condensate is relatively integrated with the first stage
condensate. By skipping the gas stripping technique, the total
fermentation period takes around 53 h, while performing a gas
stripping technique the fermentation period is considerably
reduced to about 48 h. Initially during the organic phase absence
of acid is observed and after integrating with the first phase the
concentration of butanol is tremendously high. It is observed that
in order to initiate the gas stripping technique, concentration of
butanol should be 5 g/L. The end product of the butanol is about
400 g/L [56].

Adsorption is a productive separation technique. Adsorption
integrates the substance or a compound to its surface of the solid.
Adsorbent plays a major role in adsorption. Activated carbon,
Molecular Sieve Zeolites, silica gel, activated alumina, and poly-
meric adsorbents are the various types. Adsorption technique is cost
effective and relatively considered to have high affinity [57]. In his
study the activated carbon has been used as an adsorbent.

Fig. 2 Biobutanol fermentation process

Overview of Current Developments in Biobutanol Production Methods and. . . 15



Continuous adsorption process is carried out with the activated
carbon and also studied about acetone, butanol, and acetic acid.
Desorption process is carried out, where ABE solvents are
completely adsorbed and the dissolved solids are removed using
filter paper. Desorption is further enhanced by raising the tempera-
ture. For the recovery of butanol adsorbents were initially heated
and further raised to a high temperature. Batch fermentation was
also performed with clostridium acetobutylicum and activated car-
bon. With the help of the syringe, the liquid solvents were removed
which is used to determine the cell density. Fed batch fermentation
is also performed in this process. ABE solvents are fed into the
bioreactor and the activated carbon. Butanol adsorption and
desorption were performed in the heating oven coupled to the
cold trap. Large amount of butanol gets adsorbed in the cold
trap. With the help of immobilized cells, further fermentation was
carried out. During this process, productivity is considerably high
and total time period for the fermentation process is low. This study
reveals butanol production of about 54.6 g/L at the time period of
about 0.45 g/h. Purification of biodiesel has been enhanced by the
adsorption technique.

Liquid-liquid extraction inhibits the level of butanol toxicity.
The cells are not affected during liquid-liquid extraction technique.
Phase changes take place when the ABE solvents are subjected to
liquid-liquid extraction [58, 59]. Liquid-Liquid extraction can be
executed inside the fermenter. Ionic liquids can be used as a substi-
tute instead of other liquid solvents in the liquid-liquid extraction
[60]. Vapor pressure of ionic liquids is insignificant. At low pres-
sure, residual products get extracted from the ionic liquids. This
study reveals that by varying the charges of the ions, recovery of
butanol is achieved. He carried out his study with numerous
imidazole-related alkyl chains. Ionic liquid properties were mostly
corresponded to the solvent chemical properties. High-
performance liquid chromatography estimates the ionic liquid.
The butanol and ionic liquid mixture are taken to estimate the
distribution coefficient. Gas chromatography plays a vital role in
regulating the butanol concentration. In liquid-liquid extractions
ionic liquid solubility and solvent solubility are significant. Ionic
liquid solubility and water rely on temperature. Polarity plays a
predominant role in butanol recovery. Efficiency, selectivity, and
distribution coefficient linearly get increased. Before performing
the liquid-liquid extraction process, anions must be subjected to
hydrolysis because some of the products cause harm to microor-
ganisms. Around 74% of butanol was extracted [60].

Membrane systems are employed in the pervaporation tech-
nique. Pervaporation technique is extensively used to separate the
liquid mixtures. Generally, pervaporation technique does not
require higher energy. Unwanted materials can be easily extracted
from the ABE solvents. Usually pervaporation membrane is
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nonporous in nature. Pervaporation technique does not cause any
damage to microorganisms. Suitable membrane must be selected
for the operation [61]. There are two other modes of pervapora-
tion which include thermo pervaporation and the sweeping gas
pervaporation. Pervaporation technique thereby tremendously
increases the yield of biobutanol. Pervaporation technique is cost
effective. Solvent phase and the vapor phase can be separated.
Higher selectivity is observed in the pervaporation membrane.
PDMS (Polydimethylsiloxane) silicone-based membrane can be
employed for the butanol recovery. Pervaporation technique has
greater selectivity and flexibility [61].

Sarabia et al. [62] had studied about the ionic liquids within the
membrane. He used polymer inclusion membrane for his study.
Butanol and membrane liquid were used for the construction of
polymeric membrane. Fourier transform infrared spectroscopy
were used to determine the interactions. Scanning electron micro-
scope was used to determine the physical properties. Linear mem-
brane with a pervaporation cell was taken and the solvents were
allowed to pass through the membrane and the vacuum pressure is
maintained and applied on to the opposite side. Permeate tank
stored the liquid. Solvents and the permeate were withdrawn
from tank separately. Pervaporation separation index were used to
estimate the pervaporation effect. Mass transfer resistances had
been evaluated in this study. Additionally, it was observed that
due to the greater affinity of ionic liquids, there is a reduction in
the resistance of the membrane [62]. Permeation flux considerably
raised and the butanol isolation is not so effective in this case.
Butanol is separated from the ABE solvents with the usage of
permeate flux, PSI values.

Wu et al. [63] studied the butanol recovery using the PDMS
membrane which was completely submerged into the TEOS solu-
tion with the addition of the catalyst. The membrane was covered
with the ceramic layer. Determination of permeation flux and sepa-
ration factor was also carried out. Batch fermentation was also
performed in this study. With the minimum amount of butanol
contained in the batch fermentation process, butanol was allowed
to pass through the pervaporation membrane. Separation factor
had relatively reduced in the ABE solvents. Separation factor of
butanol was around 15. It is reported that microorganisms present
in the broth could cause damage to the membrane. Toxicity of
butanol depends on the solvent. About 64.6 g of ABE was
obtained. Around 5 g/L must be present initially to initiate the
process [63]. Low pH was maintained to increase the productivity.
About 46% of solvent was removed using the membrane. Around
0.303 g/L of solvent yield was obtained. Table 4 shows the suc-
cinct of in situ product recovery.
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Semipermeable membrane is used in the process of reverse
osmosis. Reverse osmosis is used in extracting the greater butanol
from the ABE solvents. Greater pressure is applied to remove water
from the solvents. Porous membrane is applicable for the reverse
osmosis technique. By using ultrafiltration process, solids are
extracted from the solvents and nanofiltration technique can also
be demonstrated [64, 65]. It is observed that permeate flux is
considerably lesser and about 90% of butanol was also extracted.

7 Conclusion

This chapter concentrated on the noteworthy efforts to increase
production of biobutanol. Various cost-effective substrates could
be utilized for successful biobutanol production. Important micro-
organisms and their attraction toward process strategy has been
discussed in this chapter. Although sugar-based substrates have
involved attention toward biobutanol production, sugarcane
bagasse, algal biomass, crude glycerol, and lignocellulosic biomass
are more attractive and highly abundance. Significant effort has to
be performed in order to reduce the encumbrance related to prod-
uct inhibition phenomenon.
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Chapter 2

Biomass Pretreatment via Hydrodynamic Cavitation
Process

Ramesh Desikan, Sivakumar Uthandi, and Kiruthika Thangavelu

Abstract

There are three essential steps involved in bioethanol production from lignocellulosic biomass feedstocks.
They are pretreatment, hydrolysis, and fermentation process. Among them, biomass pretreatment is an
expensive and energy-intensive process used to remove the lignin and make the feedstock amenable for
bioethanol production. The hydrodynamic cavitation can also be used for biomass pretreatment process. In
order to improve the effectiveness of biomass pretreatment, a combination of any two methods of physical,
chemical, and biological pretreatment can be used. A combination of the hydrodynamic cavitation pre-
treatment of biomass with the chemical or biochemical catalyst can be performed better than the individual
pretreatment method. In this chapter, a protocol is describes the biomass pretreatment via a combined
hydrodynamic cavitation with biocatalyst process.

Key words Biomass pretreatment, Hydrodynamic cavitation, Combined pretreatment

1 Introduction

The lignocellulosic biomass (LCB) feedstocks comprise 75% of
carbohydrates (40–50% of cellulose, 25–30% of hemicellulose)
and 25% of lignin [1]. To use the LCB feedstocks efficiently for
bioethanol production, polysaccharides in the feedstocks must be
released and also make more cellulose accessibility by breaking the
lignin–carbohydrate complex based barrier [2]. It can be achieved
through only the biomass pretreatment process. Presently, any of
the physical, chemical, biological, and combined methods can be
used to pretreat the LCB feedstocks [3, 4]. Each pretreatment
method has its own merits and demerits in the pretreatment pro-
cess. Overall, the pretreatment process is contributing a significant
share in bioethanol production cost.
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Bioethanol production from LCB is not commercialized due to
uneconomical production cost [4, 5]. The production cost is
higher due to the biomass pretreatment process, and it is ineffective
in lignin removal. Furthermore, several researchers are working to
reduce pretreatment processing costs, which will help LCB based
bioethanol industries run successfully and at a commercial scale [6–
14]. A combinational pretreatment can be performed better than
that of individual biomass pretreatment and several combined
methods tested for their pretreatment effectiveness. Recently, the
hydrodynamic cavitation process is used for biomass pretreatment
[15–17]. The LCB biomass is subjected to the cavitation process,
which made violent collapsing of vapor bubbles at millions of sites
in the working liquid and reactant materials. This leads to a sudden
rise and fall of temperature and pressure within the cavity in a few
microseconds [18].

Based on the particle size and place of LCB materials, the
hydrodynamic cavitation based pretreatment can be achieved in
two ways. One method involves placing LCB feedstocks in the
cavitation zone for the entire reaction period [17]. Other method
deals with biomass slurry supplied continuously through the cavi-
tation zone for the entire reaction period [16]. The first method
prefers big size biomass particles to keep in a wire mesh type
container in the cavitation zone and only working fluid (mostly
water/chemical solution) will be circulated in the reactor. Another
method uses fine-sized biomass particles (<212 μm) to prepare
biomass slurry and it will be circulated to cavitation zone through
holes of the orifice plate. In order to cavitation, we can use a venturi
tube or orifice plate in the reactor. During the pretreatment pro-
cess, decomposition of water molecules causes free radical forma-
tion, such as hydroxyl radicals leading to turbulence action of
working fluid in the cavitation zone, which eventually helps in
rupturing the lignin barrier. The chemical/biocatalyst added in
the process would help the reaction speed [16]. In this chapter,
the protocol briefly describes a combined biocatalyst and hydrody-
namic cavitation pretreatment used to pretreat the biomass slurry.

2 Materials

2.1 Biomass Powder

Preparation

1. The corncob biomass is dried to remove the moisture, and then
the size reduced using different size reduction machinery such
as shredder, pin mill, and grinder.

2. In order to collect the biomass sample, the biomass powder is
passed through ASTM 70 sieve. The particle size of the bio-
mass powder used for this experiment should be <212 μm.
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2.2 Biomass Slurry

Preparation

2.2.1 Biocatalyst

The biomass slurry is prepared by mixing appropriate quantities of
biomass powder and a biocatalyst (laccase enzyme) in an acetate
buffer pH 4.5. For example, 200 g of biomass and 6.5 U g�1 of the
enzyme to be added to 4000 mL of acetate buffer to make biomass
slurry for 5% biomass loading and 6.5 U g�1 of the enzyme [5].

2.2.2 Chemical Catalyst The biomass slurry will be prepared by mixing appropriate quan-
tities of biomass powder and a chemical catalyst in the water to
maintain fixed biomass loading rate and chemical concentration in
the experiment.

3 Methods

3.1 Hydrodynamic

Cavitation Reactor

Configuration

1. The hydrodynamic cavitation (HC) reactor consists of circula-
tion tank, orifice plate with flange arrangement, centrifugal
pump, electric motor, connecting pipes (suction pipe and
main pipeline), and control gate valves (Fig. 1).

2. For pressure drop measurement, one pressure gauge can be
fixed downstream and other at the upstream side of the orifice
plate.

Components of the rector 

A - Circulation tank

B - Suction pipe line for the centrifugal 

pump

C - Centrifugal pump  

D - Pipe line for priming process 

E - Main line 

F - Bypass line with gate valve

G1 & G2 - Pressure gauge at upstream & 

downstream

H - Orifice plate 

Fig. 1 Hydrodynamic cavitation reactor for pretreating the lignocellulosic biomass feedstocks
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3. One end of the suction pipe is connected to the inlet of the
centrifugal pump, and another end is put in the
circulation tank.

4. The main pipeline was divided into three sub-pipelines. The
first sub-pipeline is for doing priming operation. The second
line is acting as a bypass line for regulating the flow rate of
biomass slurry. The third sub-pipeline is used to fit the orifice
plate, which is connected with the centrifugal pump.

5. For more exposure to biomass in the cavitation zone, the
working fluid (biomass slurry) was circulated in a closed-loop
arrangement. This operation will help the working fluid to
several passes through the orifice plate to the tank by circula-
tion. The circulation of the working fluid is achieved by
operating the centrifugal pump.

6. The control gate valve can regulate the flow rate of biomass
slurry in the HC reactor setup.

3.2 The Operating

Procedure Used for

Biomass Pretreatment

in HC Reactor

3.2.1 Before Starting the

HC Reactor

1. Check all components of HC reactor are in good conditions.

2. Run the reactor with water for 10 min to test the leakage in the
pipelines, and this step will also help in the removal of residues
of the previous run.

3.2.2 Operating

Procedure for HC Reactor

1. In the first step, the quantity of the water should be filled up to
80 percent of capacity of circulation tank used in the HC
reactor.

2. For the initial start-up of the reactor, the gate valve in the
pipeline is in an open position.

3. Before starting the centrifugal pump, the priming operation
should be done for the easy water circulation in the HC reactor.

4. The centrifugal pump is turned “ON” to run.

5. The water is continuously supplied circulated in a closed-loop.

6. The gases present in the pipelines and working liquid may lead
to instability conditions in the reactor. Hence, the reactor
should run for 3 min to remove the gases present in the
pipelines.

7. The inlet pressure can be adjusted to the recommended
operating pressure by regulating the gate valve fitted in the
bypass line.

8. After 5 min operation of the reactor, a known quantity of
biomass powder can be added to the water to make biomass
slurry as described in the Materials section. The quantity of
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biomass used in slurry preparation is based on the biomass
loading rate and chemical concentration used in the
experiment.

9. The biomass slurry can be continuously supplied from the
circulation tank to circulate via an orifice plate of the HC
reactor, which subjects the biomass exposed to the cavitation
zone several times in the reaction time. In the cavitation zone,
biomass will undergo chemical and physical transformations
due to the aggressive collapse of micro-bubbles and their hot-
spots formations. Record the time, once the experiment is
started.

10. HC reactor is continuously operated for 60 min. The pre-
treated biomass samples can be drawn at regular intervals for
assessing the effectiveness of the pretreatment performance in
terms of lignin reduction, hemicellulose reduction, and cellu-
lose increase.

11. Switch “OFF” centrifugal pump to stop the pretreatment
process.

12. For compositional analysis of pretreated biomass, the biomass
slurry from the HC reactor can be collected after each run, and
the filter cloth is used to separate the hydrolysate and pre-
treated biomass samples.

13. In order to neutralize (pH 7.0), the pretreated biomass washed
twice with distilled water, and the drying of samples was done
in a hot air oven at 45 �C. National Renewable Energy Labo-
ratory procedure is adopted for biomass compositional analysis
of both raw and pretreated biomass samples [7, 19].

14. Based on the results of biomass compositional analysis, the
percentage of lignin reduction and hemicellulose reduction,
the percentage of cellulose increase of biomass samples after
pretreatment can be calculated with the help of the following
equations.

Percentage of lignin reduction

¼ Lignin inrawbiomass� lignin in pretreated biomass
Lignin in therawbiomass

� 100

Percentage of hemicellulose reduction

¼ Hemicellulose in therawbiomass� hemicellulose in pretreated biomass
Hemicellulose in therawbiomass

� 100

Percentage of cellulose increase

¼ Cellulose in pretreated biomass� cellulose inrawbiomass
Cellulose in pretreated biomass

� 100
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3.2.3 Before Stopping

the HC Reactor

1. The HC reactor is rerun for 10 min with pure water to remove
the biomass particles in the pipelines. This step will help in the
removal of the adhering biomass in the pipeline.

2. Drain the water in the circulation tank. Now, the reactor is
ready for the next experiment.

3. This procedure can be repeated for the next run.

4 Notes

4.1 Drying of

Biomass Materials

The raw biomass materials are spread on the floor to dry at ambient
conditions for 24 h, which will prevent the structural/composi-
tional changes in biomass.

4.2 Priming

Operation

There is no foot valve connected to a suction pipe of a centrifugal
pump of the HC reactor. So, the pump should be started after a
priming operation. The priming means water is filled in the suction
pipeline and impeller section to remove the gases present in the
system, which will help the pump to run smoothly.

4.3 Acetate Buffer

for Biomass Slurry

Preparation with

Biocatalyst

1. Take a quantity of 800 mL distilled water in a suitable
container.

2. Add 7.721 g of sodium acetate to the solution.

3. Add 0.353 g of acetic acid to the solution.

4. Adjust solution to final desired pH (4.5) using HCl or NaOH.

5. Add distilled water until volume is 1 L.

6. The commercial laccase enzyme was stored in acetate buffer of
pH 4.5 at 4 �C.

5 Conclusion

A combination of the hydrodynamic cavitation with the biochemi-
cal catalyst is a viable technology for pretreating the lignocellulosic
biomass feedstocks. The combined effects of catalyst and free radi-
cals can improve the lignin reduction in biomass feedstocks, and the
pretreatment process takes place under ambient conditions. There-
fore, this method requires lesser energy inputs as compared to other
energy-intensive pretreatment methods.
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Chapter 3

Algae: Biomass to Biofuel

Vineet Kumar Soni, R. Krishnapriya, and Rakesh Kumar Sharma

Abstract

Worldwide demand for ethanol alternative fuel has been emerging day by day owing to the rapid population
growth and industrialization. Culturing microalgae as an alternative feedstock is anticipated to be a
potentially significant approach for sustainable bioethanol biofuel production. Microalgae are abundant
in nature, which grow at faster rates with a capability of storing high lipid and starch/cellulose contents
inside their cells. This process offers several environmental advantages, including the effective utilization of
land, good CO2 sequestration without entering into “food against fuel” dispute. This chapter focuses on
the methods and processes used for the production of bioethanol biofuels from algae. Thus, it also covers
significant achievements in the research and developments on algae bioethanol production, mainly includ-
ing pretreatment, hydrolysis, and fermentation of algae biomass. The processes of producing biodiesel,
biogas, and hydrogen have also been discussed.

Key words Microalgae, Biofuel, Bioethanol, Biomass, Biogas, Biohydrogen

1 Introduction

Rising concerns over the ever-growing energy demand and limited
availability of fossil fuels led to the search for alternative sources
[1, 2]. The use of these fossil fuels increases greenhouse gas (GHG)
in the environment and relates to climate change. In this prospect,
algae are foreseen as promising renewable feedstock [3–9]. This
chapter focuses on the methods and processes to produce biofuel
from algae and simultaneously reviews significant achievements in
this field. Over the first (edible starch, sugar, animal fats, and
vegetable oils) and second-generation (cellulose, hemicellulose, or
lignin) biomass feedstocks, third-generation, which mainly based
on micro- and macroalgae, have several advantages. Marine algae,
which make up about 80% of the world’s living organisms, cover
many energy sources, such as sugars and lipids. These are simple
photosynthetic, eukaryotic organisms and have a rapid growth rate.
Unlike microalgae, which are unicellular, the macroalgae are multi-
cellular and possess plant-like features [10, 11]. Some forms of
microalgae have air bladders that help them to float on water
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surfaces. Some types of algae are of long blades, some types are of
branched and others are leafy and forms mats [6]. Algae are eukary-
otic organisms, which grow rapidly in mass by photosynthesis. The
cultivation of algae is very simple as it does not require freshwater
bodies and can tolerate and adapt to adverse environmental condi-
tions [9]. Algae can be efficiently grown in brackish coastal water,
seawater, and wastewater by utilizing the water and fertilizers. The
land areas which are inappropriate for the agricultural crop can be
effectively used to cultivate algae [12, 13]. In comparison with
other terrestrial plants, algae consist of 70–90% of water, quite
high protein content, and variable levels of carbohydrates. Another
remarkable benefit of algal biomass is that it does not compete with
common food resources.

Algae can produce valuable by-products such as lipids (which
can be processed into biodiesel), carbohydrates (which can be
processed into ethanol), proteins (which can be used for consump-
tion), and other useful materials [14–19]. The fuels produced from
algae are carbon neutral or proved to be carbon-capturing than
releasing [20]; therefore, the practice of utilizing lignocellulosic
biomass from higher plants for energy requirements can be ideally
replaced by microalgal biomass [21]. However, the production of
microalgal biomass is comparatively expensive than lignocellulosic
plant biomass, which can possibly be dealt with through genetic
and metabolic engineering. The average value of the maximum
specific growth rate of microalgae is about ten times higher than
higher plants [9]. Furthermore, algae are photosynthetically more
active for the reason being composed of individual cells that absorb
all the required components including nutrients directly from the
surroundings [8]. More interestingly, CO2 can be absorbed by
algae in the form of bicarbonate unlike higher plants, which absorb
it through pores [8]. The ease of harvesting algae biomass due to its
short life cycles beats the plant biomass, which remains grounded
much longer. The steps of producing algae and its processing to
access fuel and other valuable products are shown in Fig. 1.

Macroalgae or seaweeds are commonly used for food, and
extraction of useful substances such as agars, alginates, and carra-
geenans. However, macroalgae offer no real advantage in terms of
productivity, which is comparable to terrestrial plants. For example,
the annual dry biomass productivity of sugarcane is ~10 kg m�2

compared to ~13.1 kg m�2 for the cultivated brown
macroalgae [23].

2 Classification of Algae

All algae contain green chlorophyll, which is concealed by specific
photosynthetic pigments that provide distinct color to them. Based
on the type of chlorophyll present, algae are classified into different
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groups [24]: (i) brown algae (Phaeophyceae), which consist of the
large kelps; (ii) green algae (Chlorophyceae), which include sea
lettuce; (iii) red algae (Rhodophyceae); (iv) blue-green algae (Cya-
nophyta); and (v) golden algae (Chrysophyceae). Among these, green
algae have the evolutionary and biochemical affinity with higher
plants [25]. Brown seaweed is the single largest macroalgae
resource and is one of the most likely candidates for energy proces-
sing. Depending on the size and morphology, algae are classified
into two main categories, namely macroalgae and microalgae. Due
to the lipid content, microscopic algae are capable of floating in
waters and are called phytoplankton. While macroscopic algae can
attach to rocks and are called seaweeds. Scientists have identified
more than 30,000 species of microalgae, and they are broadly
circulated in lakes, sea, and other freshwater bodies. Microalgae
are widely researched as a fuel due to their high photosynthetic
efficiency, and due to its ability to produce lipids. On the other
hand, macroalgae do not generally contain lipids but they are rich in
natural sugars and carbohydrates, and therefore fermented to pro-
duce biogas or alcohol-based fuels.

3 Cultivation of Algae

To develop a suitable cultivation process, an understanding of each
species and their characteristic life history is needed. Macroalgae
(seaweed) and microalgae have different cultivation process. Since
the small microalgae have the size of a few micrometers (μm), they
are usually cultivated in a specifically dedicated area such as on land
or floating on water. However, macroalgae can be grown directly in
the open sea. The cultivation can be done in different ways varying
from small laboratory-scale production using a small fermenter/
illuminated photobioreactor to the box-type water tank

Fig. 1 Major processes in algae production and utilization (modified from ref. [22])
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[26–29]. For a laboratory scale, the fermenter system uses either an
external or external irradiation system by a fluorescent lamp. Con-
tinuous illumination photobioreactor has many advantages like it
can be heat sterilized under pressure and can minimize the contam-
ination. Typically, the seeds grown to plantlet size in greenhouses
are attached to some rope like substrates and transplanted to coastal
farms for growing into harvestable size. Mass cultivation of algae
can be done in either open pond system or closed systems
(photobioreactors-PBRs) [30–32]. Open pond systems include
natural waters, such as lakes, lagoons, and ponds. The artificial
ponds or containers include shallow ponds or containers. Even
though these are very cost-effective and easy to set up and operate,
there are certain significant limitations. This includes the difficulty
in controlling the process, poor diffusion of CO2 to the atmo-
sphere, poor absorption of light, and availability of large land area
and these systems are prone to environmental changes, etc. Con-
tamination of the system by the invasion of heterotrophic algae as
well as other bacteria also experienced significant problems for its
commercial production. To avoid this problem, researchers have
introduced a genetic modification of the algae for industrial appli-
cations [33]. For this, different molecular methods have been
developed to synthesize as well as clone genes and thereby trans-
form or transfer them into living organisms. Most of the microalgae
species have undergone modifications to produce genetically mod-
ified organisms (GMOs) or genetically enhanced organisms
(GEOs). The technique of this genetic modification is known as
recombinant DNA technology, which develops different organisms
with modified or new traits [34, 35]. In a closed system, the typical
growth requirements are internally maintained. It facilitates well
control of the culture environment by allowing ideal growth con-
ditions of CO2, H2O, pH, light, etc. There are two major types of
enclosed PBRs, tubular and plate type, respectively. The most
suitable PBR is the tubular one that has a high surface area, low
shear forces, low cost, high efficiency of CO2 use efficiency, and the
ability to use sunlight effectively [36]. Here, the solar collector
tubes generally consist of plastic/glass, and continuous circulation
of the culture is maintained by a pump as well as an air-lifting
method.

4 Factors Affecting the Algae Growth

Several factors that influence the algae growth are the intensity of
incident light, culture temperature, the density of algal biomass,
homogeneity of culture mixing, presence of nutrients (nitrogen,
phosphorus, sulfur, silica, and iron), etc. [37, 38].
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5 Algae Biomass as a Potential Source of Biofuel

Considering the fact that almost 80% of the energy consumed for
domestic purposes across the world is derived from fossil fuels
(kerosene, diesel, gasoline, etc.) [39], there is an urgent need for
alternative sources to satisfy the growing demand as a part of
expanding civilization. To address this serious issue, there is a
need to discover renewable carbon energy sources from biomass.
Furthermore, the large-scale production of biofuel provides sus-
tainable benefits to the environment, society, and economy, as the
combustion of fossil fuel results in greenhouse gas emissions and
thus the global warming. Bioethanol and biodiesel are the most
commercially available forms of renewable energies from starch and
oil yielding crops, respectively. However, the production of ethanol
from cellulosic material of corn and sugarcane is yet to reach
commercial value. Besides, the first- (fatty acid esters) and second-
generation (deoxygenated hydrocarbons) biodiesel are derived
from naturally occurring vegetable oils or animal fat [40, 41]. In
recent years, there is still an urge to find new sustainable sources
without competing with agriculture. Henceforth, algae seem more
promising as an alternative carbon energy source [42]. In particu-
lar, microalgae are a good source with a promising amount of
biomass as well as high oil content suitable for biodiesel production
[21]. Comparatively, microalgae have high productivity with rapid
growth by 5–20 times higher CO2 fixation than plants and good
potential of utilizing solar energy (around 10% of total absorbed
energy) during photosynthesis [30]. Microalgae have no competi-
tion with other food crops as it can grow in several conditions.
Furthermore, microalgae biomass can be extracted and processed
more conveniently for cleaner production of biofuel than petro-
leum fuel [43]. Also, the residual biomass after the extraction of
cellulose and lipid contents can be used to produce high-value
products such as biogas. Similarly, seaweeds or macroalgae have
higher biomass productivity than planktonic species and terrestrial
plants, and therefore can be considered as an alternative energy
source [23]. In addition, algae secrete some premium metabolites
with mixed bioactivities, derived from essential acids, carbohy-
drates, pigments, fertilizers, and nutraceuticals. The sequestering
of greenhouse gas to yield lipids is very promising besides their
possible use as metal bio-indicators and pest control. Remarkably,
the choice of algae class being cultivated and advances in metabolic
engineering can support the production of one or more high-value
products [7, 44].

The biofuel frommicroalgae can be classified into the following
types based on their chemical composition and applications:
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1. Algae biomass: direct combustion, thermochemical upgrading
to syngas, biohydrogen, bio-oil and char, and biogas through
anaerobic digestion

2. Algal carbohydrates/sugars: for bioethanol production via
fermentation

3. Algal crude oil (lipids): for combustion or chemical processing
to produce biofuels such as diesel, biodiesel, jet fuel, and
gasoline

4. Biogas and biohydrogen

5.1 Direct

Processing of Biomass

In a nutrition-rich medium with no starvation period, the micro-
algae comprise (by dry mass) 30–50% protein, 20–40% carbohy-
drate, and 8–15% lipids [45]. Wherein, the energy-rich lipid
content can be increased by deploying the special conditions, par-
ticularly nitrogen starvation during algae cultivation. The enthalpy
of combustion of dry algal biomass is generally in the range of
16.9–21 MJ kg�1 [46]. Though the algal biomass can be burnt
directly in a boiler or together with coal in power plants, the
process of converting them into more valuable and clean energy
substances is highly desirable [47]. Therefore, thermochemical
processes such as gasification, pyrolysis, and hydrothermal liquefac-
tion are in practice to transform biomass into various products as
potential fuels. However, the practicability of reported processes is
dubious in view of the high water content in algal biomass [8]. As
we know, pyrolysis thermally decomposes the dry biomass to gas-
eous, liquid, and solid products under anaerobic conditions [48–
50]. Wherein, the fast pyrolysis of lignocellulosic biomass, per-
formed at temperatures of 450–600 �C, is suitable to produce
fuels such as bio-oil, syngas, and char. On the other hand, gasifica-
tion is usually performed at 800–1000 �C of dry biomass to pro-
duce syngas (CO, CO2, and H2) by inducing partial oxidation
[51, 52]. Another advanced treatment, hydrothermal liquefaction,
requires relatively low temperature, i.e., 300–400 �C, but in the
presence of a catalyst and hydrogen at 4–20 MPa pressure process
to majorly produce bio-oil along with gas and char [53].

5.2 Biomass to

Crude Oil and Its

Processing

The process of extracting biomass from harvested algae culture is
followed by chemical and/or enzymatic treatments to obtain the
products for cleaner energy. Besides, the seaweeds collected often
have the presence of stones, sand, litter, adhering epifauna, and
other forms of debris that should be removed before further pro-
cessing [54]. The degree of processing always depends on the mode
of culture and its use. The general preprocessing involves mainly
three steps: removal of foreign particles by washing, milling, and
then dewatering. The main steps of producing biofuels are
described in the following sections.
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5.2.1 Extraction Biomass can be separated from the culture medium by filtration,
centrifugation, or flocculation (colloidal separation) [55]. Alum,
ferric chloride, and chitosan are the chemical flocculants that are
generally used in the flocculation step. Due to the use of these
chemicals, the flocculation process is not cost-effective for large
operations. The separation of lipid contents from the biomass
residue is another challenging process. When algae are dried, it
retains the oil content. Crushing of biomass with an oil press can
give the oil. The commercial manufacturers make use of a method
based on combining mechanical pressing and solvent extraction. In
the enzymatic extraction process, the degradation of algal cell walls
occurs by enzymatic action. Other methods are osmotic shock and
ultrasonic extraction technique, in which the sudden reduction in
osmotic pressure ruptures the cell wall and allowed to release of the
lipid contents into a specific solvent. In solvent extraction process,
firstly, the algae were ground with mortar and pestle and subse-
quently dried in the incubator to remove the water content. To
extract the oil content, dried biomass is kept for 24 h in a mixture of
hexane and ether. The solvents that are commonly used for chemi-
cal extraction are hexane and toluene. Hexane is most appropriate
to extract oil from dried microalgal biomass as well as from micro-
algal paste [56]. The use of hexane for solvent extraction has the
disadvantage of additional processing methods such as distillation
to remove the excess and residual solvent. To address this, recently,
a switchable solvent was synthesized from amides and moderately
hydrophilic molecule, which can be easily removed from the
extracted oil with the help of carbonated water [57–59].

5.2.2 Bioethanol

Production

Bioethanol production from algae requires four main steps com-
prising pretreatment, hydrolysis, fermentation, and distillation, as
shown in the block diagram of Fig. 2.

Among these different processes, pretreatment is the most
important step, because it directly influences the efficiency of over-
all bioconversion. The significance of the pretreatment step is to
disturb the structure of cellulose and to make them more accessible
to the enzymes during the fermentation process [60]. It is under-
stood that the effective pretreatment can terminate physical barriers
in the cell wall and greatly improve the enzymatic hydrolysis rates,
fermentation, and other process variables. The process separates the
cellulose, hemicellulose, and lignin by the enzyme-catalyzed hydro-
lysis. Afterward, the sugars are fermented with the use of specific
ethanol-producing microorganisms. As a final point, the produced
ethanol is purified by distillation. Various physical, physicochemi-
cal, chemical, and biological processes are used for the pretreatment
of algal materials, wherein each pretreatment process is subdivided.
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Physical Pretreatment

Comminution: Size

Reduction of Biomass

The mechanical process of pretreatment is used to reduce the
particle size of seaweeds by methods like ball milling, chipping,
and grinding. The resultant small particles exhibit high surface area,
which is desirable for effective processing in next steps such as
fermentation.

Microwave/γ-Ray

Irradiation

These irradiation methods often give a high yield of sugars from
algae biomass. When combined with acid treatment, the irradiation
technique enhances the saccharification process to yield bioethanol.
During the γ irradiation, the cell walls of algae break, and the
resulting concentration of reducing sugar in hydrolysates can be
increased effectively. Another efficient method is the microwave
irradiation. This method appears to be the easiest method, where
the samples are subjected to microwave irradiation, and further any
of the treatment step is not required [61]. Here, the internal heat is
generated inside the biomass and the aqueous medium by the
microwave radiation through the mechanisms of dipolar polariza-
tion and ionic conduction. This action induces vibrations in the
polar bonds of molecules, and the electrons try to align in the
applied electric field. As the applied field oscillates, the dipole or
ion field attempts to realign itself with the alternating electric field,
and the energy is lost in the form of heat through molecular friction
and dielectric loss. Thus, effective homogenous heating of the
sample occurs [62, 63].

Ultrasonication This process utilizes the sound energy of high frequencies to break
particles and agglomerates by cavitation, the expansion, and the
implosion of bubbles. When ultrasonic waves are allowed to pass
through the liquid medium, a large number of microbubbles form.
These microbubbles can grow and finally collapse in a very short
time of a few microseconds. As a result, alternating low-pressure
and high-pressure waves are produced in liquids, which leads to the
formation of small vacuum bubbles, and finally the violent collapse
of these formed bubbles. This enables the breakdown of algae
biomass into tiny particles with a very high surface area, which

Fig. 2 Steps to produce bioethanol from macroalgae
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enhances the enzymatic reaction process [64]. In this situation, the
microalgal cells experience a force that drives them into the planes
of pressure nodes when exposed to ultrasonic standing waves.
When ultrasonication is turned off, the aggregated cells settle rap-
idly due to the gravitational force [30, 65]. The ultrasound method
can be further modified as a solvent-free method to extract lipids
from fresh microalgae cells [66]. This solvent-free extraction tech-
nique is sustainable and cost-effective since there is no requirement
of solvent removal from the medium. Furthermore, this process
eliminates the chance of contamination.

Biological Pretreatment In biological pretreatments, cell degradation of algae was done by
purified enzymes, enzymatic cocktails (either a mixture of purified
enzymes or extracts produced by hydrolytic microorganisms), and
to the use of cultures of microorganisms with hydrolytic activities
[67]. Most of the pretreatment methods need costly instruments
and high energy input for biomass conversion. Whereas, the
biological treatment makes use of various types of rot fungi which
is very safe and environmentally friendly, and has high selectivity
and product recovery. The rot fungi at lower temperatures are often
used and found to be a safe and environmentally friendly method
[68]. Microorganisms such as brown-, white-, and soft-rot fungi
are often used to degrade lignin and hemicellulose biomass materi-
als. Brown rots fungi mostly attack the cellulose content, while
white as well as soft rots attack both cellulose and lignin. Biological
pretreatment in combination with other pretreatment technologies
has also been studied for algae biomass. Although the biological
pretreatment has the advantage of using very low energy and mild
environmental conditions, the rates of hydrolysis of these processes
are comparatively very low with other pretreatment methods.

Physicochemical

Pretreatment

Hydrothermal Pretreatment

This method is commonly used for the pretreatment of lignocellu-
losic biomass materials [69], in which the biomass is treated with
water under high pressure and temperature around 15 MPa and
150 �C. The water molecules can penetrate the biomass, and
thereby hydrate cellulose and remove hemicellulose and part of
lignin. Consequently, the hydrolysis efficiency of the algae
increases. The main advantage of this technique is the cost-
effectiveness, as it does not need any added chemicals.

Steam Explosion Here the small biomass particles are heated rapidly at high-pressure
saturated steam for a certain time. When the pressure is suddenly
reduced, the biomass particle experiences an explosive decompres-
sion. The steam penetrates the cell wall, instigating hemicellulose
breakdown, and lignin transformation due to high temperature,
and thus enhance the process of cellulose hydrolysis [70]. Usually,
the steam explosion starts at a temperature of 160–260 �C and a
pressure at 0.69–4.83 MPa for several seconds to a few minutes
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before the material is exposed to any atmospheric pressure. The
chemicals like H2SO4 or SO2 are added into the steam to effectively
improve the conversion efficiency of polysaccharides to monomeric
sugars. With autohydrolysis and explosive depressurization size
distribution, shapes, and chemical composition of the biomass
feedstock are altered. The most significant factors which affect the
steam explosion are temperature (T) and residence time (t). Also,
the combined effect of both temperature and time affect the con-
version process. On the other hand, the method is not suitable for
algal biomass conversion because of its high cost.

Supercritical Carbon

Dioxide

The process is similar to the steam explosion, but it does not cause
any degradation of sugars, and therefore considered as an environ-
mentally benign technology [71]. The CO2 is nontoxic, nonflam-
mable, inexpensive, and can be readily available as a by-product of
many industrial processes. Supercritical fluids have properties of
both gas and liquid. Above the critical point, the fluid exhibits
gas-like viscosity and liquid-like density. Since the CO2 is gas at
ambient pressure, the separation of the targeted product is very
easy. In addition, the depressurization can be done step by step,
allowing a fractionating of the extracted compounds based on their
solubility variation with density. Thus, it can effectively penetrate
the small pores of algae biomass residue and can hold more fluid.
Approximately 30 diverse algae species have been successfully stud-
ied by supercritical-CO2 pretreatment [72]. It usually adds acidity
to the wet biomass, which again enhances the pretreatment process.

Chemical Pretreatment

Alkaline Pretreatment

The alkaline pretreatment makes use of bases, such as Na, K, Ca,
and NH4OH, in the process. During this process, the lignin con-
tent from the biomass is removed and the reactivity of polysacchar-
ides is enhanced. This can also remove acetyl and other uronic acid
substitutions on hemicellulose [73]. The method has the advantage
of using lower reaction temperatures and pressure, but the damage
of cellulose content is a major concern, which results in low ethanol
yields. When NH4OH is used, the process has the advantages of
lower moisture content, less sugar degradation products due to
moderate operational conditions, almost complete recovery of
solid material, and high cellulose digestibility for enzymatic fer-
mentation. However, the major concern of this process is the
high cost of ammonia and the need for efficient recycling
technologies.

Acid Hydrolysis Acid hydrolysis is the commonly accepted chemical pretreatment
method, wherein the concentrated (H2SO4 and HCl), as well as
dilute, acids are used [72]. The hydrolysis reaction takes place at
temperatures as low as (40 �C) with 30–72% concentrated acids,
and up to 100% of sugar yields can be obtained at such low
temperatures. Conversely, the use of concentrated acid is not
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desirable for large-scale reactions because of the toxicity and corro-
sive nature of acids. The use of such strong acid requires acid-
resistant bath materials to avoid corrosion. Furthermore, the recov-
ery of these acid materials and the related recycling steps make the
process expensive. Mainly, dilute acids were used extensively for the
hydrolysis process. Among different acids used (such as H2SO4,
HCl, H3PO4, and C4H4O4), dilute H2SO4 is widely accepted for
algae biomass treatment [73]. The parameters which directly influ-
ence the acid treatments involve the quantity of biomass feed, the
concentration of acid, temperature, and the treatment time. Nota-
bly, the processing temperature plays a crucial role in bioethanol
production. The formation of certain by-products that are respon-
sible for the inhibition of reaction and pH neutralization of the
medium causes major disadvantages in the acid pretreatments.

Enzymatic Hydrolysis In this process, complex carbohydrates are converted into simple
monomers with the help of enzymes [74]. The process can be done
in mild environmental conditions at a pH of 4.5–5 and tempera-
tures of 40–50 �C and is not associated with any of the corrosion
problems. Cellulosic hydrolysis is catalyzed by a class of enzymes
called cellulase produced by bacteria or fungi. Cellulase degrades
the cellulose and converts into sugars that can be fermented by
yeasts or bacteria to ethanol. The action of cellulolytic enzymes
occurs through three steps of adsorption, biodegradation, and
desorption. Particularly, Trichoderma is the most successfully used
microbial strain. Temperature, pH, biomass concentration, and the
amount of enzyme loading are the main factors that directly influ-
ence the enzymatic hydrolysis.

Fermentation Fermentation is the biological process whereby sugars are con-
verted to bioethanol with the help of fermenting microorganisms.
During this, fermentable sugars, such as glucose, fructose, maltose,
and rhamnose, are used as substrates by microorganisms and con-
vert them to ethanol and CO2 [75]. The selection of this process
mainly depends on the composition of biomass feedstocks. The
fermentation of biomass to ethanol involves mainly two reactions.
The first reaction is the hydrolysis of organic material to simple
sugars. This step involves the use of high temperatures, acids, or
enzymes. The second reaction is the fermentation of sugars to
ethanol. The fermentation step is doing with the help of some
microorganisms, which will utilize all sugars, glucose, xylose, man-
nose, galactose, and arabinose. The best-proved microorganisms
for ethanol production from hexoses are the yeast Saccharomyces
cerevisiae and the bacterium Zymomonas mobilis. Enzymatic hydro-
lysis and fermentation process can be accomplished using different
strategies: Separate enzymatic hydrolysis and fermentation (SHF),
simultaneous saccharification and fermentation (SSF), and simulta-
neous saccharification and co-fermentation (SSCF).
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Fungal enzymes to convert lignocellulose to sugars require
temperatures in the range of 45–60 �C with hydrolysis time
3 days or longer. Separate hydrolysis and fermentation (SHF) can
be run to let each of the processes to take place at the ideal
temperature. Accordingly, this method can be applied to large-
scale applications [76]. This involves the use of low-cost chemicals,
short processing time, and straightforward equipment systems. In
SHF, the pretreated algae biomass is hydrolyzed to glucose and
successively fermented to ethanol as separate units. The only short-
coming of this method is the released sugars during the fermenta-
tion inhibit the activity of enzyme cellulases.

SSF is a single process, which combines both the fermentation
and saccharification. In this process, the enzyme cellulase and the
microorganism are introduced into the same process unit, and the
fermenting microorganism consumes the glucose immediately. The
yield of ethanol using the SSF process is comparatively higher than
the SHF. The advantages of this method are the high bioethanol
yield with the use of the low quantity of enzyme, reduced foreign
contamination, less inhibitory effects, and low cost, but the disad-
vantage is that neither hydrolysis nor fermentation can be per-
formed under optimal conditions [77]. SSCF represents the
hydrolysis and co-fermentation of both hexose and pentose sugars
in one reaction vessel [78].

The fermentation of the hexose sugar can be achieved easily
using a variety of yeast and bacteria, whereas the fermentation of
pentose sugar is complicated. The genetically engineered microor-
ganisms are used for the fermentation process.

Distillation To extract oil from algae, several efficient methods including
mechanical systems, enzymatic, osmotic, supercritical, and ultra-
sonic extraction techniques are used. However, these methods are
not capable enough to offer long-term solutions due to the exces-
sive use of solvents. Extra care must be taken to design the extrac-
tion system to eliminate vapor exposure and direct contact. This
makes the extraction process highly expensive. Most of the plants
use simple distillation or fractional distillation to intensify the
extracted oil [79]. Herein, the biomass is treated with the solvent
n-hexane to extract the remaining oil after the pretreatment, which
can be separated using any of the distillation units, as stated earlier.
Another advanced distillation technique is reactive distillation,
which combines the chemical reactions and product separation in
a single unit [80]. This has the advantage of continuous removal of
the product formed and avoids the conversion limitation of equi-
librium [81]. Since there is no need for separation units, the time
and cost of the production can be lowered considerably. As this
distillation process integrates both reaction and separation in a
single unit, the method can provide high conversion, selectivity,
and flexibility.
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5.2.3 Biodiesel

Production

In comparison, microalgae have lipid content higher than macro-
algae, which could be increased further by nitrogen starvation
during microalgae cultivation. Consequently, the agronomy of
microalgae is centered on producing biodiesel. The solubility of
lipid contents including triglycerides, hydrocarbons, sterols, and
some carotenoids in organic solvents (such as toluene, ether, and
chloroform) is useful in the production of diesel, kerosene, and
gasoline-equivalent biofuel from algal biomass. The solvent-based
extraction process avoids the expensive and time-consuming drying
process for the recovery of crude algae oil [82, 83]. The process of
producing first-generation biodiesel is easier, wherein, the transes-
terification reaction of triglycerides with alcohol (i.e., methanol,
ethanol) is carried out to produce methyl/ethyl esters
[84, 85]. These fatty acid esters can be blended with conventional
diesel for application in existing diesel engines. However, recent
advancements in the process of making biodiesel target the produc-
tion of oxygen-free biodiesel, i.e., diesel-like hydrocarbons. This
process requires deoxygenation catalysts, usually heterogeneous
(supported transition metal) catalysts in the presence of variable
amounts of hydrogen [86]. Indeed, significant developments have
been made in the recent past for the efficient and selective deox-
ygenation of triglycerides utilizing noble and non-noble metal-
based catalysts [87, 88]. Further, the isomerization and hydro-
cracking of resulting molecules in situ or as an additional step
yield gasoline and jet fuel-like hydrocarbons [89]. The process of
producing biodiesel is shown in Fig. 3.

Fig. 3 Production of biodiesel from algae-derived triglycerides (modified from ref. [90])
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Compared with the fatty acid ester-based biodiesel, the second-
generation biodiesel possesses a higher cetane number, lower cloud
point, and higher oxidation stability, and therefore can be fed
directly to the current diesel engines. The exploitation of suitable
targets with low oxygen content such as vegetable oils, nonedible
oils, and microalgae oil is more convenient and affordable. The
hydrodeoxygenation selectivity (HDO) to yield CN hydrocarbons
over decarboxylation/decarbonylation processes is highly desirable
to obtain increased mass yields and high energy value [90–92]. The
reactions under hydrogen modest environments are distinguished;
however, some amount of H2 is required for hydrogenolysis of
triglyceride bonds, which avoids oligomer formation or catalyst
deactivation [93, 94]. The use of organic solvents causes environ-
mental concerns and requires additional separation processes.
Therefore, solvent-free deoxygenation is highly desirable [90]. In
alternative approaches, where hydrothermal deoxygenation (rather
limited to free fatty acids) is realized, the incomplete conversion,
nonselective deoxygenation, and formation of oligomerized pro-
ducts as well as sintering or phase transition of metallic phases in
heterogeneous catalysts are major concerns [95–100].

5.2.4 Biogas The production of biogas from algae biomass is an expensive deal;
therefore, only the oil-extracted spent biomass is utilized for the
anaerobic digestion process [101]. The exact composition of biogas
subjects to the biomass feed, and usually consists of methane
(50–75%) and carbon dioxide (25–50%), wherein the presence of
trace amounts of hydrogen sulfide and ammonia cannot be dis-
carded [102]. The process of anaerobic digestion benefits from
recovering and recycling of N and P containing inorganic nutrients.
Diverse wastes can be anaerobically digested using mixed microbial
cultures. In principle, the concentrated whole microalgal biomass
paste may be anaerobically digested instead of the oil-extracted
spent biomass. Notably, the process of anaerobic digestion of
total lipid-based biomass produces molecules with higher energy
compared to the sequence of biodiesel extraction and microbial
digestion [103]. The process of producing biogas requires different
microorganisms at different stages. Firstly, the acidogenic bacteria
hydrolyze the wet biomass to degrade the proteins, carbohydrates,
and fats to amino acids, sugars, and fatty acids, respectively. Other
byproducts are produced, including sulfide, carbon dioxide, and
ammonia. Next, the acetogenesis bacteria convert volatile fatty
acids and alcohols to hydrogen and carbon dioxide. Finally, the
process of methanogenesis is realized using methanogen bacteria,
which converts hydrogen, carbon dioxide, acetic acid, and water
into methane and carbon dioxide [8]. The anaerobic digestion
process requires mesophilic (operation temperature 30–38 �C) or
thermophilic digesters (at 50–60 �C). Since the mesophilic
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digesters are appropriate for algal biomass, the hydraulic retention
time in a digester is typically 15–30 days at a pH of 6.8–7.2 to make
the most of biogas. On the other hand, the biomass of algae grown
in seawater may contain some inhibitor ions or molecules to inter-
fere in the digestion process [102].

5.2.5 Biohydrogen The production of hydrogen can be realized directly from live
microalgae. Several green algae yield hydrogen under anaerobic
conditions, following photo- and non-photochemical pathways
[104–106]. In this regard, Chlamydomonas reinhardtii is the
most commonly used freshwater algae, which is also adaptable to
seawater medium. The photochemical pathway either gets elec-
trons through oxidation of water or glycolytic breakdown of inter-
nal substrates (such as starch) to convert H+ to hydrogen. Another
non-photochemical pathway involves the fermentation of endoge-
nous substrates. The hydrogen production requires an oxygen-free
environment, as these processes involve hydrogenases that suffer
from a permanent inactivation by oxygen. Currently, the continu-
ous production of hydrogen is not possible. The genetic and meta-
bolic engineering of algae bargain hopes for practical hydrogen
production.

5.3 Major

Limitations in the

Commercialization of

Biofuel Production

The dense dark-green commercial algal cultures are less productive
due to the lack of deep penetration of light required for photosyn-
thesis. Therefore, the biomass concentration of culture is
0.5–5.0 g/L [101]. The practice to provide artificial light is not
cost-effective, and thus delimits the commercial production of
algae biofuel. Further, the excess of produced oxygen in a closed
culture system has a detrimental effect on productivity. Besides, the
cultivation in open ponds provides a better solution to address this
problem; however, the high density of algae culture still prevents
the desorption of oxygen by trapping a considerable amount of
oxygen. In addition, the photooxidation of algae biomass due to
the presence of excess oxygen and sunlight together is highly
undesirable. The ideal temperature for photosynthesis is another
concern, where 25–30 �C temperature is considered suitable for
photosynthesis, whereas a somewhat lower temperature is good for
biomass growth. In open ponds, the evaporation of water has a
cooling effect to some extent; however, the temperature adjust-
ments are required in closed cultures [103]. The high growth of
algae due to efficient photosynthesis requires a high amount of
carbon dioxide in addition to nutrients. Accordingly, the lower
quantity of dissolved CO2 in seawater than freshwater is another
important issue. Similarly, the amounts of dissolved nitrates and
phosphates must be supplied in significant excess, as the bioavail-
ability of these ions depends on the presence of complex-forming
metal ions in the medium [3]. Moreover, the bacterial activity on
converting nitrate into nitrous oxide is also a factor.
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The large-scale production of microalgae in specially designed
large photobioreactors to reduce the cost of algal biomass is an
expensive deal with operational difficulties [27]. The use of electri-
cally driven paddlewheel in open channel ponds is the most widely
used technology for the commercial production of algal biomass
[46, 107, 108].

6 Concluding Remarks

The high productivity and sustainable processing of algae biomass
have recently attracted considerable attention to produce renew-
able biofuels; however, the challenges of large-scale production,
cost-effective and easy processing of biomass remain as major hur-
dles in the commercialization of algae-derived biofuels. To explore
the real potential of algae biomass production, more focused long-
term research is required. In this prospect, the selection of high
lipid producing strains while considering their compatibility in local
conditions to induce large-scale production of algae biomass is
crucial. Simultaneously, the extraction of some bioactive molecules
from algal stain will add to the cost-effective production of micro-
algae. Furthermore, the greater possibilities of genetic and meta-
bolic engineering of microalgae cultures as compared with
terrestrial plants are significant. The cultivation of algae in the
presence of appropriate microorganisms and direct production of
biofuel by microbial action can be a deciding factor in some
ground-breaking developments in this field.
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telli GC, Sepúlveda C, Masojı́dek J (2017)
1—Photobioreactors for the production of
microalgae. In: Gonzalez-Fernandez C,
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Chapter 4

Life Cycle Assessment of Biofuels

L. Reijnders

Abstract

Life cycle assessment (LCA) assesses the environmental burdens or impacts of products from cradle to
grave. It is also possible to assess such burdens or impacts for parts of the life cycle. A brief overview is given
of LCA methodology. A number of choices have to be made in the goal and scope definition, inventory
analysis, and impact assessment stages of life cycle assessments. Such choices can have substantial impacts on
LCA outcomes. There are uncertainties in outcomes linked to inventory data and modeling. In the case that
future biofuels and production processes are studied, assessment outcomes are characterized by relatively
large uncertainties. Choices and uncertainties should be considered in the interpretation stage of life cycle
assessments. Methodologies applied to several important environmentally relevant aspects of biofuel life
cycles are discussed. These aspects are: emissions of substances impacting climate, depletion of virtually
nonrenewable abiotic resources, primary energy demand, and water footprint. LCA can be useful in
identifying life cycle stages and processes that are major contributors to environmental burdens, for
determining the energetic return on energy invested in biofuels, for the identification of environmental
trade-offs, and for comparing the life cycle environmental burdens of products.

Key words Life cycle assessment, Biofuels, Functional unit, System boundaries, Valuation, Inventory,
Characterization, Environmental burdens, Environmental impacts, Sensitivity analysis, Uncertainty

1 Introduction

Life cycle assessment (LCA) is widely used to assess the environ-
mental burdens or impacts of products from cradle to grave. LCA
can be applied to current and future products and production
processes.

Methodological LCA manuals exceed the length of chapters in
this book by an order of magnitude [1]. So, it was decided to briefly
present LCA methodology with illustrative examples relating to
biofuels and with references for more information. Subheading 1
of this chapter gives a methodological overview of life cycle assess-
ment. Subheading 2 deals with the methodologies applied to the
assessment of several important environmentally relevant aspects of
biofuel life cycles. Emissions of substances impacting climate,
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depletion of virtually nonrenewable abiotic resources, primary
energy demand, and the water footprint are considered. In Sub-
heading 3 applications of LCA to biofuels that can be considered
useful will be briefly outlined.

2 Brief Methodological Overview of Life Cycle Assessment

Life cycle assessment has been developed to establish the environ-
mental burdens or impacts of products from cradle to grave.
According to the International Organisation of Standardisation
(ISO) [2] full life cycle assessments are divided in four stages:

– Goal and scope definition

– Inventory analysis

– Impact assessment

– Interpretation

In the goal and scope definition stage, the object, aim, and scope
of life cycle assessment are established. The object is commonly
defined in terms of a functional unit: e.g., the amount of biofuel
able to generate 1 MJ of energy (in short: 1 MJ biofuel). When a
functional unit of 1 MJ biofuel is chosen, the impact thereof on the
environment will be marginal. When the functional unit is large,
because for instance the aim of the LCA is to evaluate a large
expansion of biofuel production, the effect can be non-marginal,
which necessitates a different characterization approach in the
impact assessment stage [3, 4]. In this chapter only functional
units with a marginal impact on the environment will be
considered.

As environmental burdens of energetic inputs, agricultural
product yields, soil characteristics, and environmental impacts
show substantial geographical variation [5–9], the location
(s) relevant to the biofuel life cycle should preferentially be
specified.

Regarding the definition of aim: it might, e.g., be established
that the LCA should be focussed on identifying parts of the life
cycle with relatively large environmental burdens or impacts (“hot-
spots”). This, in turn, may be the basis for efforts aimed at the
reduction of such burdens or impacts, for instance by applying
alternative technologies. Also, it might be established that the
LCA should be comparative, e.g., comparing the life cycle environ-
mental burden of ethanol derived from cane sugar with the life
cycle environmental burden of fossil petrol.

In the goal and scope definition stage system boundaries are
determined. These boundaries establish what should, and what
should not, be included in the assessment. One of the matters to be
decided in this context is the time horizon for impacts. A variety of
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time horizons (20, 50, 100, 1000 years and infinite) are used in LCA
[1, 10]. As to the system boundaries regarding inputs it should be
decided whether the infrastructure needed for production and distri-
bution of inputs should be included or excluded. Also, there is the
matter of including or excluding indirect effects of production. For
instance, it has been noted that the demand for food is inelastic, and
that using food crops for biofuel production can lead to the indirect
effect of additional acreage elsewhere devoted to food production,
and thereby to land use change [11, 12]. If the focus is on forestry
products, it should be decided whether the system boundary regards
the forestry stand, a region, or a country [13]. Differences in system
boundaries can lead to substantial differences in LCA results, and in
actual practice system boundaries used for peer-reviewed biofuel
LCAs vary widely [14–17].

Another important matter to be decided in the goal and scope
definition stage is the valuation of production outputs (product
outputs and non-product outputs), inputs, and avoided processes.

Regarding product outputs, allocation must be practiced for
processes that have more than one output. For instance, in biodie-
sel production glycerol and meal can be co-product outputs
[18]. In ethanol production from corn, corn oil, gluten feed,
gluten meal, and dried distillers’ grains can be co-product outputs
[19]. In the production of biodiesel and corn ethanol there are also
non-product outputs. How should the life cycle environmental
burden be allocated to (or distributed over) these outputs? Alloca-
tion in practice usually regards product outputs, under the tacit
assumption that allocation to non-product outputs should be zero.
Allocation to product outputs can be done on a financial basis (e.g.,
product prices or production costs), on a physical basis (e.g., mass,
energy content, exergy content), or on the basis of substitution
(also called: system expansion). In the latter case the environmental
burden of a similar output is used. For example, fossil fuel-based
glycerol (derived from epichlorohydrin) has been substituted for
the co-product glycerol in LCAs regarding biodiesel production
[17]. There is no agreement about the best way to allocate envi-
ronmental burdens to product outputs.

As to choices in the valuation of non-product outputs one
might, e.g., consider the emission of the greenhouse gas CO2

originating in the combustion of biofuels. In biofuel LCAs this
emission is often valued at a zero environmental burden [17]. An
argument used in favor of this valuation is that this emission will be
sequestered by the generation of new biomass. However, in the real
world the generation of new biomass in part serves the sequestra-
tion of CO2 emitted by the combustion of fossil fuels and there is
no guarantee that sequestration of CO2 emitted by the combustion
of biofuels will be indefinite [20]. Thus, there is also a case to
consider CO2 originating in the combustion of biofuels as having
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an above-zero environmental burden. There is no agreement about
the best way to valuate CO2 originating in the combustion of
biofuels.

Regarding the valuation of inputs, there is the possibility that
they originate in multi-output processes. For instance, fossil fuels
used in biofuel logistics often originate in multi-output oil refi-
neries. Here again, allocation applies that can be done on a financial
basis, on a physical basis, or on the basis of substitution. When
inputs in biofuel production are non-product outputs, there also
choices regarding valuation. In this context one may, for example,
consider the example of fossil fuel-derived CO2 that is used as an
input in microalgal biodiesel production. The environmental bur-
den of production allocated to such CO2 is often zero because it is
considered to be a waste. One may feel, however, that in this case
CO2 should not be considered as a waste, but rather as a co-product
as it usefully enhances the growth of microalgae. Also, one may
argue that input CO2 is actually sequestered in microalgal growth
and should thus be treated in terms of an emission credit (a negative
emission of CO2). There is no agreement as to the best valuation of
fossil fuel-derived CO2 that is used as an input in microalgal bio-
diesel production.

Choices regarding the valuation of avoided processes may be
illustrated by the example of wastewater input in the production of
microalgae for biodiesel production. It has been argued that by
doing so, conventional wastewater treatment becomes an avoided
process [20]. This would imply a credit for the input of energy in
conventional wastewater treatment. However, it is not clear
whether wastewater treatment by microalgae performs as well as
conventional state-of-the-art wastewater treatment [20]. Further-
more, the quality of the co-product algal meal may be negatively
impacted by using wastewater in biodiesel production [21].

Different ways to valuate inputs, outputs, and avoided pro-
cesses can lead to substantially different outcomes of life cycle
assessment [15, 16]. Peer-reviewed biofuel LCAs vary widely in
the choices made as to these valuations [17].

In the inventory analysis stage, the necessary data for all
environmentally relevant processes, avoided processes, inputs, and
outputs (including non-product outputs) are compiled and a set of
quantified environmentally relevant interventions (see Box 1) per
functional unit is generated. Data used in inventory analysis may
have different origins. Data may be taken from databases covering
many countries, single countries, or regions [1, 5, 8, 22–24]. Qual-
ity assurance for such databases has been reviewed by Ciroth et al.
[23]. Data may also be taken from scientific literature or may be
estimates, for instance based on extrapolations of laboratory data.
Data used in the inventory analysis stage of life cycle assessment are
uncertain [25, 26].When future technologies and biofuels that are
as yet not commercially produced are studied, the uncertainty of
data used in inventory analysis is relatively large [27].
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In the impact assessment stage data gathered at the inventory
stage can be converted into environmental burdens or impacts. A
range of interventions may be considered in the impact assessment
stage (see Box 1).

Box 1: Interventions That May Be Considered in Life Cycle
Assessment of Biofuels [17, 35, 49, 59–62]

Interventions that may be considered in life cycle assessment of biofuels

Consumption of abiotic resources (e.g., fossil fuels, ores) leading to
resource depletion

Cumulative primary energy demand

Cumulative exergy demand

Water footprint (freshwater consumption)

Land use and land use change affecting ecosystems and carbon stocks

Greenhouse gas emissions that affect climate

Other interventions that may affect climate (e.g., due to change in albedo or
evaporation of water)

Emissions of acidifying substances affecting soils (terrestrial acidification)
and/or fresh water (aquatic acidification)

Nutrient emissions affecting water and/or soils (eutrophication)

Emissions that may lead to ozone layer depletion

Emissions that may give rise to photo-oxidant formation

Emissions of human toxics (substances that are hazardous to human health)

Emissions of substances that may lead to ecotoxicity

Emissions that may lead to nuisance (e.g., of noise, odor)

Emissions of waste heat that may affect ecosystems

Though the range of interventions that may be studied in LCA
is wide, in actual practice biofuel LCAs often consider only a few of
the interventions indicated in Box 1 [17].

LCA as defined by the International Organisation of Standar-
disation [2] is not time- or place-dependent. However, actual
impacts may have time and/or place-dependency. The importance
of place-dependency has been relatively well analyzed [1, 6, 24, 28,
29]. For instance, Kounina et al. [6], modeling human intake
fractions of hazardous substances emitted to fresh water, did show
that geographical variations led to variations in intake fractions by
humans of up to 15 orders of magnitude. Similarly, the impact on
ecosystems and humans of freshwater consumption depends on the
absence or presence of pre-existing local water scarcity or -stress
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and, when there is water scarcity, the severity thereof [1, 22,
30]. Crespo-Mendes et al. [31] analyzing terrestrial acidification
did show that the assumption that acidifying deposition can only
decrease biodiversity [1] is incorrect for large parts of Brazil, where
soils are alkaline and where acidifying deposition can increase
biodiversity.

By now impact assessment can be adapted to include location-
specificity. A variety of LCAmethods have been published that have
this adaptation [1, 28, 29, 32].

Temporal aspects can also be important. For instance, after
harvesting in forestry, regenerating the carbon stock of the stand
may take many years [13]. This leads to substantially different
global warming potentials of forestry products, such as biofuels,
depending on the temporal system boundary [13]. The balance
(emission minus sequestration) of the greenhouse gases CO2, CH4,
N2O for oil palm plantations, a major source of biodiesel, varies by
plantation age [33]. Releases of C, N, and P from agricultural land
to the environment show substantial temporal variations linked to
variable climatic factors, such as precipitation, and variable agricul-
tural practices, such as fertilizer applications and crop rotations.
Multi-year modeling has been developed to deal with temporal
changes [7, 9, 13].

The first stage of impact assessment is characterization. In char-
acterization, interventions with similar impacts are aggregated on
the basis of a common unit of the impact category. For instance,
regarding the impact on climate of greenhouse gases that become
well mixed in the atmosphere, all emissions of such “well-mixed
greenhouse gases” (CO2, CH4, N2O, and a number of halogenated
organic compounds) should be included in characterization [1, 34,
35]. The common unit is in this case: kg CO2 equivalent (CO2eq).
Also, land use and land use change affecting ecosystem carbon
stocks, which in turn impact carbonaceous greenhouse gas concen-
trations in the atmosphere, should be included [34–37]. Including
land use change requires a choice regarding amortization of the
change in the ecosystem carbon stock, that is the period over which
the change in carbon stock should be linearly distributed [36]. A
choice common in LCAs regarding biofuels is a period of 20 years
[36], but one may also argue in favor of other periods (e.g., the
time that the new land use is expected to continue). Regarding
characterization of well-mixed greenhouse gases time frames for
the impact on climate may be 20, 50, 100, or 1000 years
[1, 10]. Two types of results of applying characterization to emis-
sions of well-mixed greenhouse gases may be considered: the global
warming potential (abbreviated: GWP) or the global temperature
change potential (abbreviated: GTP). The GWP integrates the
radiative forcing within a time frame. The GTP is the change in
global mean surface temperature at a chosen point in time after the
intervention (commonly 20 or 100 years). Relative GWPs and
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GTPs of CO2, CH4, and N2O in CO2 equivalents for a variety of
time frames are in Table 1. Calculating such relative GWPs and
GTPs requires modeling, and differences in the models used may
lead to different results: hence the ranges shown in Table 1. In
biofuel LCAs global warming potentials are often used [17].

For other impacts than climate change due to emissions of well-
mixed greenhouse gases there are also common units of the impact
category. Table 2 presents a number of these common units for
such impacts. For example, the major terrestrial acidifiers in biofuel
LCAs are: SO2, NOx, and NH3 [38]. As shown in Table 2, for
terrestrial acidification kg SO2 equivalents are used as
common unit.

Many LCAs for biofuels end with quantifications on the basis of
common units for the impact category: environmental burdens.
Others continue by converting these burdens into impacts.

Table 1
Relative global warming potentials (GWPs) and global temperature change potentials (GTPs) for kg of
the well-mixed greenhouse gases CO2, CH4, and N2O [1, 40, 57, 58]

Greenhouse
gas

GWP for
20 years

GWP for
100 years

GWP for
1000 years

GTP for
20 years

GTP for
100 years

CO2 1 1 1 1 1

CH4 83–85 28–36 4.8 66–69 4–7

N2O 264 265–298 78.8 277 234

Table 2
Examples of common characterization units and outcomes of characterization for impact categories
[1, 60]

Impact category Common characterization unit
Common characterization units are
used for the calculation of:

Human toxicity kg 1,4-dichlorobenzene equivalent Human toxicity potential

Photochemical
oxidant
formation

kg NOx equivalent
kg non-methane volatile organic
compounds

Photochemical oxidant formation
potential

Fine particulate
matter formation

kg PM 10 (particulate matter with
diameter <10 μm) equivalent

kg PM 2.5 (particulate matter with
diameter <2.5 μm) equivalent

Particulate matter formation potential

Terrestrial
acidification

kg SO2 equivalent Terrestrial acidification potential

Freshwater
eutrophication

kg P equivalent Freshwater eutrophication potential

Water footprint m3 fresh water Water consumption potential
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Examples of regionalized models that may be used for this purpose
are LC-IMPACT [32], ReCiPe 2016 [1], and IMPACT World
+ [28].

In the case of climate change due to the emission of well-mixed
greenhouse gases, the global warming potential is the basis for
calculating radiative forcing, which in turn can be used to calculate
increases in global temperature. The increase in global mean tem-
perature may be calculated but, because increases in temperature
vary geographically, regionalized models also take the geographical
distribution of temperature change into account. This distribution
is important for the next step in impact assessment: for instance,
finding the consequences of temperature change for human health
and/or ecosystems. LC-IMPACT [32], ReCiPe 2016 [1], and
IMPACT World + [28] contain modeling for this step.

In the case of terrestrial acidification, three consecutive regio-
nalized models can be used for impact assessment after the quanti-
fication of emissions in kg SO2 equivalents: the first to establish the
geographical distribution of acidifying deposition, the second to
determine the location-specific pH change of soils due to acidifying
deposition, and the third to establish the impact of soil pH changes
on terrestrial plants and thereby on terrestrial ecosystems [1].

It is possible to further aggregate impacts for a range of impact
categories presented in Box 1 into categories such as: damage to
human health, damage to ecosystems (or ecosystem quality), dam-
age to resources (also: resource depletion, resource scarcity), and
damage to resources and ecosystem services [1, 28, 29]. In
IMPACT World + [28], for instance, damage to human health
(measured in terms of DALYs: disability-adjusted loss of life
years) combines the impacts of the categories, climate change,
water availability, fine particulate matter formation, emission of
substances hazardous to human health (toxics), emission of sub-
stances that leads to ozone layer depletion, and emissions leading to
photo-oxidant formation.

The uncertainty of impacts obtained by using models such as
LC-IMPACT [32], ReCiPe 2016 [1], and IMPACT World + [28]
tends to be relatively large if compared with the uncertainty in
quantifications of the environmental burdens on the basis of com-
mon units for the impact category [1].

In the interpretation stage the validity of results is evaluated.
Uncertainty analysis considering uncertainties in inventories and
modeling belongs to this stage. For analysis of uncertainties in
inventoriesMonteCarlo simulations are often chosen [26, 39]. Sen-
sitivity analysis may be used to analyze the impacts of choices made
in the previous stages. Often, published life cycle assessments of
biofuels lack adequate uncertainty and sensitivity analyses
[17]. Also, in the interpretation stage conclusions are drawn from
the study. Such conclusions may for instance regard priorities for
reduction of the environmental burden.
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3 Methodologies Applied to Environmental Aspects of Biofuel Life Cycles

In this section the methods applied to the following important
environmentally relevant aspects of biofuel life cycles will be dis-
cussed: emissions of substances impacting climate, primary energy
demand, water footprint, and depletion of virtually nonrenewable
abiotic resources.

3.1 The Emission of

Substances Impacting

Climate

The emission of well-mixed greenhouse gases CO2, CH4, N2O is
often included in biofuel LCAs [17]. The time horizon chosen for
the impact of these gases in biofuel LCAs tends to be 100 years
[17]. There are also substances that are emitted during biofuel life
cycles that are not well mixed in the atmosphere, but which can
significantly impact climate [34, 40]. These include aerosols and
their precursors and substances that affect atmospheric ozone
[17, 34, 40]. The inclusion thereof in LCAs regarding biofuels is
reported to be very rare [17].

In the case of specific biofuel life cycles (e.g., regarding ethanol
from corn grown in the US Midwest) there tend to be substantial
differences in the published global warming potentials of well-
mixed greenhouse gas emissions. Choices made, such as the inclu-
sion or exclusion of changes in ecosystem carbon stocks and of
indirect effects linked to cropping for biofuel production, are
important determinants of such differences in results. As to biofuels
derived from starch, sugars or oils present in food crops, including
indirect effects and changes in ecosystem carbon stocks may lead to
a life cycle emission of CO2 equivalents that exceeds the
corresponding emission linked to fossil fuel life cycles [41]. Also,
the inclusion or exclusion of indirect N2O emissions of cropping
for biofuels, due to the conversion of volatilized NH3 and leached
nitrate, may substantially affect published global warming poten-
tials of biofuel life cycles [42].

In the case that there is as yet no commercial biofuel produc-
tion the differences between published LCA results for the emis-
sion of well-mixed greenhouse gases linked to specific biofuels can
be very large. An example thereof regards autotrophic microalgal
biodiesel. Peer-reviewed studies of well-mixed greenhouse gas
emissions for full microalgal biodiesel life cycles, and for cradle-
to-pump and cradle-to-factory-gate parts of such life cycles, range
from �95.7 g to +534 g CO2eq CO MJ�1 biodiesel, whereas the
full cradle-to-grave emission for conventional fossil diesel is esti-
mated to be (+)72–96 g CO2eq MJ�1 [16, 27]. The negative
emissions for microalgal biodiesel originate in the use of credits,
e.g., for avoided wastewater treatment or the sequestration of fossil
fuel-derived CO2 in growing microalgae.
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3.2 Primary Energy

Demand

Primary energy demand is important, because in the case of (bio)-
fuel production the output of energy should preferentially much
exceed the primary energy input. In this context the energetic
return on energy invested (EROI) can be determined. This is the
quotient of the energy generated by combustion of a fuel and the
cradle-to-factory-gate input of primary energy. Inputs in produc-
tion (e.g., fertilizers for crop-derived biofuels) are valued in terms
of the primary energy needed for their cradle-to-factory-gate pro-
duction and transport (embodied energy). Determining the EROI
of biofuels can be a useful application of life cycle assessment.
EROIs in the range 5–8 have been proposed to guide the energeti-
cally responsible substitution of fossil fuels by biofuels
[35, 43]. EROIs for specific biofuels published in peer reviewed
scientific literature vary widely. A very wide range of EROIs—
0.01–3.35—was found by Ketzer et al. [44] reviewing the literature
on autotrophic microalgal biodiesel. Reijnders [20] reviewed peer-
reviewed studies on EROIs for liquid and solid terrestrial biofuels.
It was found that for refined liquid biofuels such as ethanol and
biodiesel the EROIs were often<5. An exception is ethanol derived
from Brazilian cane sugar, which has an EROI >5 [20]. Solid
biofuels may have EROIs up to 20 [20].

3.3 Water Footprint As two-thirds of mankind is expected to live in areas with freshwater
scarcity or -stress by 2025 [20], freshwater consumption in biofuel
life cycles is an important matter. Hoekstra [45] defined the water
footprint as a freshwater consumption volume. According to Hoek-
stra [45] there are three components of this freshwater consump-
tion: green, blue, and gray water. Green water regards consumption
of precipitation such as rainwater. Blue water concerns the con-
sumption of ground- and surface water. Gray water is the volume of
water required to dilute the load of pollutants to meet existing
water quality standards. As water quality standards are political
constructs that lack consistency and because the standards used in
practice only refer to N- and P- compounds, there is a case to
consider only the consumption blue and green water [20]. Available
studies calculating the combined green and blue water volumes for
the life cycles of 1MJ biofuel and for the corresponding amounts of
energy for the life cycles of fossil fuels have been reviewed [20]. It
was found that the combined green and blue water footprints of the
biofuels biodiesel and bioethanol are at least a factor 103 larger than
the corresponding footprints for fossil fuels.

The International Standards Organisation (ISO) [46] defined
the water footprint as covering a set of impact categories regarding
both seawater and fresh water. A comprehensive footprint as
defined by the International Standards Organisation [46] includes,
besides freshwater scarcity or freshwater availability, impacts on
marine and freshwater systems such as acidification, eutrophication,
ecotoxicity, thermal, and radioactive water pollution [28]. In the
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context of life cycle assessments such comprehensiveness runs the
risk of double-counting as emissions of heat and acidifying, eutro-
phying and radioactive substances are also interventions that can be
separately considered in impact assessment [47]. The ISO standard
[46] also allows for studying one aspect of the water footprint, e.g.,
freshwater scarcity. Freshwater scarcity was defined by ISO [46] as:
water consumption that approaches or exceeds the natural regener-
ation capacity of a water body.

The freshwater consumption volume linked to a functional unit
is, as pointed out in Subheading 1, not the only determinant of the
environmental impact on humans and ecosystems. This impact
should rather be defined in terms of water scarcity or -stress, and
the consequences thereof for human health and ecosystems. Several
studies have been made of the impacts of freshwater consumption
on regional water basins when water scarcity might develop or
might already occur [22, 30, 48]. Impacts of increased freshwater
scarcity on human health due to increased malnutrition among the
poor, impacts on terrestrial ecosystems in terms of potential reduc-
tion of vegetation and plant diversity, and impacts of rivers in terms
of disappearing fish have been modeled for application in LCA [1].

3.4 Depletion of

Virtually

Nonrenewable Abiotic

Resources

Fossil fuels used in biofuel life cycles are derived from abiotic
natural resources such as mineral oil-, natural gas- and coal deposits
that originate in slow geological processes. These are often called
nonrenewable resources. As geological processes continue, the des-
ignation nonrenewable is, strictly taken, not correct. For this rea-
son, and as the current consumption rate is very much larger than
the rate of resource formation, the designation virtually nonrenew-
able has been coined. In LCAs depletion of fossil fuel resources may
be an impact category, with kg mineral oil equivalent as common
characterization unit [49]. The designation virtually nonrenewable
is also used for ores that have been formed in slow geological
processes.

In biofuel life cycles ores and fossil fuels are often important.
This raises the matter of depleting such resources due to biofuel
production. Examples of virtually nonrenewable resources in bio-
fuel LCAs are phosphate ores (the source of synthetic phosphate
fertilizers widely used in agriculture), fossil fuels (that can be used
for powering irrigation, agricultural machinery, biofuel production
plants and biofuel logistics), and ore-derived copper (e.g., used in
biofuel production plants and in vehicles for biofuel transport).
Sonderegger et al. [50] and Berger et al. [51] have addressed
methodologies to assess virtually nonrenewable abiotic resources
in life cycle assessment. Twenty-seven available methods were iden-
tified [50, 51]. Available methods can be allocated to four main
categories, respectively focussing on: resource depletion, thermo-
dynamic accounting, future efforts (to compensate for depletion),
and near-term supply risk [50]. In part, these methods regard
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physical aspects of resource depletion, such as cumulative exergy
extraction, reduction of resource grades, or the ratio of resource
extraction to estimated ultimately recoverable resources
[50]. Methods used can also show economic effects of resource
depletion, such as surplus cost, future welfare loss, or part of the
economic value of extracted abiotic resources needed to maintain in
the future the benefit obtained from these resources [1, 50]. The
method focussing on the ratio of abiotic resource extraction to
estimated ultimate resources may seem attractive. It has a common
characterization unit (antimony (Sb) equivalent), which allows for
combining of the depletion of such resources as, e.g., phosphate
ore, copper ore, and fossil fuels into one abiotic resources depletion
potential [52]. A main problem of this method is, however, that
ultimately recoverable resources can be very uncertain [51]. For
instance, in the case of copper ore estimates of ultimately recover-
able resources vary by more than a factor 27 [53, 54]. Economic
methods can use common monetary units (e.g., $) for depleting a
variety of resources, but suffer from the problem that future eco-
nomic considerations and the financial performance of future
extraction technologies are uncertain [50]. Thermodynamic meth-
ods do not convincingly link the consumption of virtually nonre-
newable resources to changes in their availability [50]. There is as
yet no agreement about the best way to assess depletion of mineral
resources in LCA [51].

4 For Which Purposes Are Biofuel LCAs Useful?

It appears from the previous sections that life cycle assessment
covering the full environmental impacts of biofuels is a work in
progress. There is no consensus over the best ways to assess envi-
ronmental impacts and the impacts that are results of current
assessments often show a high degree of uncertainty.

There are, however, applications of biofuel LCAs that can be
considered useful. Establishing the energetic return on energy
investment can be, as pointed out in Subheading 2, a useful appli-
cation. There are also other applications that can be useful. These
include:

– The identification of stages (e.g., cultivation of crops, harvesting of
microalgae) and processes (e.g., centrifugation) that are major
contributors to selected life cycle environmental burdens (within
the chosen system boundaries). This can be done by identifying
contributions of stages and processes to selected environmental
burdens such as life cycle green and blue water consumption or
terrestrial acidification potential (cf. Box 1 and Table 2). This in
turn may be conducive to the prioritization of efforts to reduce
specified environmental burdens of product life cycles.

64 L. Reijnders



– Identifying environmental trade-offs. It has been pointed out in
Subheading 2 that forestry-derived solid biofuels may do rela-
tively well regarding the energetic return on energy invested
(EROI). However, studies dealing with the use of forestry-
derived solid fuels as alternative for natural gas suggest that
solid biofuels originating in forestry do less well than natural
gas as to life cycle eutrophication potential, acidification poten-
tial, ecotoxicity potential and blue and green freshwater con-
sumption [20, 55, 56]. Studies of environmental trade-offs are,
for instance, also available for food crops used in biofuel pro-
duction and for liquid biofuels derived from such crops [7, 30].

– Comparing the life cycle environmental burdens of products. LCAs
can serve comparisons between the life cycle environmental
burdens of products providing energy services. This may help
in making choices between such products. In doing so, the
choices made, the implications thereof as assessed by sensitivity
analysis, and the certainty with which conclusions can be drawn
from such comparisons should be clearly stated (also [26]).
Meeting this requirement has been reported to be rare in com-
parative biofuel LCAs [17].
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Chapter 5

Quantification of Branched-Chain Alcohol-Based Biofuels
and Other Fermentation Metabolites via High-Performance
Liquid Chromatography

Weerawat Runguphan and Kanokarn Kocharin

Abstract

As the consequences of climate change become apparent, metabolic engineers and synthetic biologists are
exploring sustainable sources for transportation fuels. The design and engineering of microorganisms to
produce bio-gasoline and other biofuels from renewable feedstocks can significantly reduce dependence on
fossil fuels as well as lower the emissions of greenhouse gases. A significant amount of research over the past
two decades has led to the development of microbial strains for the production of advanced fuel com-
pounds. Crucial to these efforts are robust methods to quantify the amount of the biofuel compound being
produced as well as the other metabolites that might be present during fermentation. Here, we provide a
protocol for the quantification of branched-chain alcohols, specifically isobutanol and isopropanol, using
high-performance liquid chromatography (HPLC).

Key words High-performance liquid chromatography (HPLC), Biofuels, Isobutanol, Biofuel
quantification

1 Introduction

Microbial production of high-energy fuels via environmentally sus-
tainable and economically efficient bioprocesses has emerged as an
attractive alternative to the traditional production of transportation
fuels [1–4]. While the first-generation biofuel ethanol has played an
important role for the transition to bio-based fuels, ethanol is not an
ideal gasoline replacement due to its poor physicochemical properties
(low energy density, high hygroscopicity and high vapor pressure)
[5]. In contrast, branched-chain alcohols, such as isopropanol,
isobutanol, and isoamyl alcohol (3-methyl-1-butanol), have superior
energy density and aremore compatible with the existing distribution
and storage infrastructures. In short, branched-chain alcohols are
ideal gasoline substitutes for high-performance petrol engines.
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A robust and accurate method for separation, identification,
and quantification of isobutanol and other branched-chain alcohols
in fermentation media is critical to the development of high-
performing microbial strains. Two predominant methods exist for
quantifying microbial production of these branched-chain and
higher alcohols: gas chromatography (GC) and high-performance
liquid chromatography (HPLC) [6, 7]. We routinely use the latter
as it also allows quantification of other metabolites that are gener-
ated during fermentation as well as the starting carbon substrate
glucose, giving us a more complete fermentation profile of the
strain that can aid in further strain improvements [8]. Here, we
outline a protocol for quantifying isobutanol and other branched-
chain alcohols such as isopropanol and isopentanol by using high-
performance liquid chromatography (HPLC). Our protocol also
enables simultaneous quantification of several other cellular meta-
bolites such as ethanol, glycerol, pyruvate, and the substrate
glucose.

2 Materials

2.1 Yeast Growth 1. 1.7 mL snap-cap microcentrifuge tubes, polypropylene (Corn-
ing Costar, cat. no. CLS3620).

2. Bottle-top vacuum filters (0.22 μm pore size, polyethersulfone
membrane filter, 70 mm neck diameter, funnel capacity
500 mL, Corning, cat. no. CLS431117).

3. Pyrex round bottles with GL45 screw cap (sterile, 1000 mL,
Corning, cat. no. 1395-1L).

4. Haraeus Pico 17 microcentrifuge (with 24� 1.5/2.0 mL rotor
with ClickSeal biocontainment lid, Thermo Fisher Scientific,
cat. no. 75002410).

5. Falcon 50 mL conical centrifuge tubes (Corning, polypropyl-
ene, with CentriStar cap, cat. no. CLS430828).

6. Non-baffled Pyrex Erlenmeyer flasks (sterile, 250 mL, Corn-
ing, cat. no. 4980-250) with cotton wool plugs.

7. SmartSpec Plus spectrophotometer for UV/visible absorbance
measurements from 200 to 800 nm (Bio-rad, cat.
no. 170-2525).

8. Semi-microvolume disposable cuvettes (Bio-rad, polystyrene,
cat. no. 2239955).

9. �20 �C freezer for sample storage.

2.2 Detection of

Isobutanol and Other

Fermentation

Metabolites

1. Clear glass wide opening screw thread vials (2 mL, Clear Glass,
12 mm diameter, screw thread, Thermo Fisher Scientific cat.
no. C4010-1).
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2. 1.7 mL snap-cap microcentrifuge tubes, polypropylene (Corn-
ing Costar, cat. no. CLS3620).

3. Assembled Target Caps with PTFE/silicone septa for screw-
cap vials (Thermo Fisher Scientific cat. no. C4010-60AY).

4. Haraeus Pico 17 microcentrifuge (with 24� 1.5/2.0 mL rotor
with ClickSeal biocontainment lid, Thermo Fisher Scientific,
cat. no. 75002410).

5. Puradisk nylon membrane syringe filter (0.2 μm pore size,
13 mm neck diameter, Whatman, cat. no. WHA67901304).

6. Disposable syringes (1 mL, sterile, without needle, Nipro,
reference code SY3-1SC-EC).

7. Bottle-top vacuum filters (0.22 μm pore size, polyethersulfone
membrane filter, 70 mm neck diameter, funnel capacity
500 mL, Corning, cat. no. CLS431117).

8. Glass or Pyrex round medium storage bottles with GL45 screw
cap, sterile, 1000 mL (Corning, cat. no. 1395-500).

9. UltiMate 3000 HPLC instrument (Thermo Fisher Scientific,
UltiMate 3000 HPLC Series with UltiMate 3000 series DAD
detector and Shodex RI-101 RID detector) (Fig. 1).

10. Aminex HPX-87H ion-exchange column (Biorad,
300 � 7.8 mm, 9 μm particle size, cat. no. 1250140).

Fig. 1 UltiMate 3000 HPLC instrument (Thermo Fisher Scientific, UltiMate 3000 HPLC Series with UltiMate
3000 series DAD detector and Shodex RI-101 RID detector)
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11. Cation H refill cartridge guard column (Biorad, 30 � 4.6 mm,
cat. no. 1250129).

12. Guard column holder (Biorad, for 30 � 4.6 mm cartridge, cat.
no. 1250131).

13. Chromeleon chromatography data system software package for
data acquisition and data processing (Thermo Fisher Scientific,
cat. no. CHROMELEON7).

2.3 Reagent Setup Sterile YNB without amino acid solution (5�)

Dissolve 34 g of yeast nitrogen base without amino acid
powder in 400 mL of milli-Q water in a 500 mL medium
bottle. Mix with a stir bar on a stir plate until the YNB is fully
dissolved. Add milli-Q water to a final volume of 500 mL.
Sterilize the solution by filtration into a sterile 500 mL glass
medium bottle using a bottle-top 0.22-μm filter. Store the
solution at 4 �C.

Sterile 20% (vol/vol) glycerol solution

Add 100 mL of glycerol to a 500 mL medium storage
bottle, and then add 400 mL of milli-Q water to the bottle.
Autoclave the solution and store at 4 �C.

Sterile 40% (wt/vol) glucose solution

Dissolve 200 g of glucose in 300 mL milli-Q water in a
500 mL medium storage bottle. Add milli-Q water to a final
volume of 400 mL. Autoclave the solution and store at 4 �C.

Sterile 1M K2HPO4

Dissolve 69.68 g of K2HPO4 in 300mL of milli-Q water in
a 500 mL medium storage bottle. Add milli-Q water to a final
volume of 400 mL. Autoclave the solution and store at 25 �C.

Sterile 1 M KH2PO4

Dissolve 54.44 g of KH2PO4 in 300mL of milli-Q water in
a 500 mL medium storage bottle. Add milli-Q water to a final
volume of 400 mL. Autoclave the solution and store at 25 �C.

Sterile D-biotin solution (500�; 0.2 g/L)

Dissolve 10 mg of D-biotin in 40 mL milli-Q water in a
50 mL Falcon tube. Add a small amount of 1 N NaOH until
the D-biotin completely dissolves. Add milli-Q water to a final
volume of 50mL. Sterilize the solution using a 0.22-μMNylon
filter and store at 4 �C.

Sterile L-histidine solution (200�; 4 g/L)

Dissolve 200 mg of L-histidine in 40 mL milli-Q water in a
50 mL Falcon tube. Add milli-Q water to a final volume of
50 mL. Sterilize the solution using a 0.22-μM Nylon filter and
store at 4 �C.
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Sterile thiamine-hydrochloride solution (20 g/L)

Dissolve 1 g of thiamine-hydrochloride in 40 mL milli-Q
water in a 50 mL Falcon tube. Add milli-Q water to a final
volume of 50mL. Sterilize the solution using a 0.22-μMNylon
filter and store at 4 �C.

Pre-production medium (MGYH with 2% glycerol, pH 6)

To make 1000 mL of the pre-production medium, add
100 mL of 20% (vol/vol) sterile glycerol solution, 200 mL of
sterile YNB without amino acid solution (5�), 13.2 mL of
sterile 1 M K2HPO4, 86.8 mL of sterile 1 M KH2PO4, 5 mL
of sterile L-Histidine solution, 2 mL of sterile D-Biotin solu-
tion, and 6.5 mL of sterile thiamine-hydrochloride solution in
a sterile 1000-mL glass medium bottle. Add sterile milli-Q
water to a final volume of 1000 mL. This can be stored at
4 �C for at least 1 month.

Production medium (MGYH with 10% glucose)

This medium contains 10% glucose (wt/vol) to enable
strong expression of the isobutanol pathway genes under the
control of the constitutive PGAP promoter. To make 1000 mL
of production medium, add 250 mL of 40% (wt/vol) sterile
glucose solution, 200 mL of sterile YNB without amino acid
solution (5�), 13.2 mL of sterile 1 M K2HPO4, 86.8 mL of
sterile 1MKH2PO4, 5 mL of sterile L-Histidine solution, 2 mL
of sterile D-Biotin solution, and 6.5 mL of sterile thiamine-
hydrochloride solution in a sterile 1000 mL glass medium
bottle. Add sterile milli-Q water to a final volume of
1000 mL. This can be stored at 4 �C for at least 1 month.

HPLC mobile phase (5 mM H2SO4)

Slowly add 2.805 mL of the 95% w/w H2SO4 to 250 mL
milli-Q water. Adjust the final volume of solution to 1000 mL
with milli-Q water. Filter using the bottle-top vacuum filter
into a 1000 mL glass medium bottle.

Needle wash solvent (10% methanol (vol/vol))

Prepare 10% methanol by mixing 10 mL of methanol with
90 mL of milli-Q water. Filter using the bottle-top vacuum
filter into a 100 mL glass medium bottle.

1� Standard stock solutions
Prepare a 1� standard stock solution that contains 7.5 g/L

isobutanol, 7.5 g/L isopropanol, 15 g/L ethanol, 1 g/L glyc-
erol, 2 g/L acetate, and 0.5 g/L pyruvate. For glucose, which
has a similar retention time to that of pyruvate, prepare a
separate 1� stock solution at 100 g/L.
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3 Methods

3.1 Preparation of

Pre-production and

Production Cultures

(See Note 1)

1. Pipette 5 mL of sterile pre-production medium to a sterile
50 mL Corning tube.

2. Inoculate the medium with a single P. pastoris colony from a
selective plate. Three to five individual colonies from each
strain to be tested should be selected. Additionally, we recom-
mend including a control strain (e.g., strain lacking the isobu-
tanol pathway genes integrated into the genome or a
laboratory strain).

3. Incubate the culture tubes at 30 �C with shaking at
250 r.p.m. for 16 h.

4. Measure the OD600 of the overnight cultures before proceed-
ing to the next step. This can be done by removing 50 μL of the
overnight culture and diluting it 20 folds with water in a plastic
cuvette. Measure the OD600 by using a spectrophotometer.
The OD600 of the cultures should be about 3–6.

5. Pipette 50 mL of production medium to a sterile 250 mL
Erlenmeyer flask closed with a cotton wool plug.

6. Inoculate the flask with the pre-production culture so that the
starting OD600 is 0.05.

7. Incubate the culture tubes at 30 �C with shaking at
250 r.p.m. for 72 h. We recommend sampling the culture at
least every 24 h for measurement of isobutanol, glucose, etha-
nol, glycerol, pyruvate, acetate, and biomass (OD600).

3.2 Procedure for

Sampling for

Isobutanol Analysis

1. Transfer 1 mL of the culture to a sterile 1.7 mL microcentri-
fuge tube. Make sure the culture is well suspended by swirling
the flask a few times prior to sampling.

2. Determine the OD600 of the culture by removing 50 μL and
diluting it 20 times with water in a plastic cuvette. Cultures at
later time points may need to be diluted even further (40 times)
depending on the linear range of the spectrophotometer used.

3. Centrifuge the collected samples in a benchtop microcentri-
fuge at 1000 � g for 5 min at 4 �C.

4. Use a 1-mL sterile syringe to withdraw as much of the super-
natant as possible (about 800 μL) without perturbing the cell
pellet. Note: The cell pellet can be used for total RNA extrac-
tion if a gene expression analysis is required.

5. Filter the withdrawn sample through a sterile 0.45 μm Nylon
filter directly into an HPLC glass vial. The samples can be
stored at �20 �C prior to HPLC analysis.
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3.3 Quantification

and Data Analysis

1. Serially dilute the 1� standard solution in HPLC vials. Add
500 μL of the 1� stock to 500 μL of milli-Q water to give a
0.5� standard. Serially dilute 200 μL of this 0.5� standard in
800 μL of milli-Q water 3 times to obtain a set of standards at
0.1�, 0.02�, and 0.004�.

2. Prepare a blank sample by adding 1000 μL milli-Q water into
an HPLC vial.

3. Set up the HPLC with the following settings. For the isocratic
LC program, use 5 mM H2SO4 as the solvent at a flow rate of
0.68 mL/min for 30 min (see Notes 2 and 3). Set the column
oven temperature at 60 �C. The injection volume is 10 μL (see
Note 4).

4. Start up and equilibrate the HPLC column by purging the
HPLC system as well as the RI detector with the mobile
phase. Turn on the UV lamp (λ ¼ 210 nm) before sample
analysis for a minimum of 30 min to ensure a stable baseline
for quantitation (see Note 5). If the HPLC column is
connected to the HPLC system, open the purge valve to pre-
vent the deterioration and overload of the equipment due to
high pressure. After the purge, equilibrate HPLC column by
flushing the system with the mobile phase at the flow rate of
0.68 mL/min (the same condition used for sample analysis).
Prime the needle wash and purge 10% methanol into the auto-
sampler if available. A needle wash step is required before and
after each sample injection.

5. When the HPLC system is equilibrated, reset (or “zero”) the
baseline for RI detector and UV detector prior to each sample
injection. Initiate the HPLC analysis by injecting in order:
(i) the blank sample, (ii) the standard samples, and (iii) the
experiment samples (see Note 6).

6. Determine the chromatographic peak areas for isobutanol,
ethanol, isopropanol, glycerol, glucose, pyruvate, and acetate
using the Chromeleon software (Fig. 2). Use the Refractive
Index (RI) spectra for isobutanol, ethanol, isopropanol, glyc-
erol, and glucose peaks. Use the UV spectra for acetate and
pyruvate peaks. Make sure that the same integration parameters
are used for the entire set of samples. Retention times for the
compounds are as follows: pyruvate, 7.89 min; glucose,
8.08 min; glycerol, 11.80 min; acetate, 13.22 min; ethanol,
18.92 min; isopropanol, 20.73 min; isobutanol, 27.85 min.

7. To generate a calibration curve for each compound, plot the
peak area for that compound against its corresponding con-
centrations. Obtain the linear equation by linear regression
analysis. The r2 value should be greater than 0.97.
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8. To quantify the concentrations of each compound, integrate
the peak at the expected retention time for that compound and
apply the linear equation obtained from the calibration curve.

4 Notes

1. Yeast inoculation and sampling should be performed in a sterile
environment (e.g., in a laminar flow hood) to minimize risks of
contamination.

Fig. 2 Representative HPLC chromatograms. (a) Refractive index (RI) spectra of 0.1� standard solution. (b) UV
spectra of 0.1� standard solution. (c). RI spectra of 0.1� glucose standard solution
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2. The HPLC program described in this protocol is optimized for
the production of isobutanol. However, if the detection of
isoamyl alcohol (3-methyl-1-butanol) is also required, we rec-
ommend extending the HPLC run time to 45 min.

3. To protect the Aminex HPLC column, we recommend using
the Cation H refill guard column, which prevents particulate
matter and aggressive reagents from getting into the HPLC
column.

4. Measurement of glucose concentrations at earlier time-points
may require diluting the samples by 10 folds to obtain concen-
trations that are within the linear range of the calibration curve
(0.4–50 g/L).

5. Simultaneous determination of sugar, isobutanol, ethanol,
glycerol, pyruvate, and acetate in a single sample injection
could be carried out by connecting UV and RI detectors in
series.

6. When sample analysis is finished, remove the column and clean
the HPLC system as well as detectors by flushing the unit out
with the mobile phase, then milli-Q water and store the system
in 100% methanol to mitigate bacterial growth when the
HPLC system is running idle.
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Chapter 6

Jatropha curcas, a Novel Crop for Developing the Marginal
Lands

Waleed Fouad Abobatta

Abstract

Jatropha curcas L. has more attention from researchers and policymakers as an inexpensive source for
produce biofuel to reduce environmental pollution by fossil fuel in the next decades without competing for
lands and freshwater currently used for food production. Jatropha is a perennial deciduous, succulent
oilseed shrub, belonging to family Euphorbiaceae. It is native to Central and South America. It is a
multipurpose shrub, each part of the plant can be used for various purposes, Jatropha produces flowers
throughout the year and enables multiple harvests, while, in arid and semi-arid regions it is harvesting twice
time per year.
Jatropha is a drought-tolerant plant that could be growing under malnutrition conditions, and in

different climatic conditions; therefore, it is proper plant for developing marginal lands and rural areas.
Due to the growing demand for biofuel, jatropha cultivation has received more attention to providing

seeds. While, there are various aspects of using jatropha include use as a traditional medicine for treating
skin ailments, as a hedge for protecting other crops, to reduce soil degradation, combating desertification,
and deforestation, also, jatropha cultivation protects the environment through using wastewater in irriga-
tion and reduce sequester carbon dioxide.
Conventional propagation of Jatropha propagated by seeds or stem cutting which is a more satisfactory

technique to produce high-yielding seedlings, while, tissue culture method used in propagation but on
small scale.
Jatropha curcas L. contains mixtures of numerous active substances in all parts of the plant, which are

used as biopesticides, larvicides, fungicide, and nematicide; also extracts are used as pesticides for whiteflies
and termites.
Jatropha crude oil is used for industrial purposes like manufacturing candles, soaps, varnishes, and as a

lubricant; also press seedcake is used to produce biogas and organic fertilizers. Jatropha propagated by seeds
or stem cutting which is more applicable techniques to produce high-yielding seedlings, also, tissue culture
method used in propagation but on small scale for scientific work.

Key words Jatropha curcas, Biofuel, Biopesticides, Environment, Marginal lands, Wastewater

1 Introduction

As the world looking to sustainable development and the provision
of adequate food to the growing world population, which will reach
to 9 billion in 2050 and 12 billion in 2100 [1], the main challenge
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faces the world is the limitations of freshwater and arable land
resources, however, there is a wide area of marginal land in different
regions of the world, for example in Egypt, more than 90% of the
total land area is marginal desert land [2], also, there is a huge
quantity of wastewater considered a valuable source for planting
energy crop and forestry. Currently, there is a competition between
energy crops and main crops on land and water use [3]. An over-
view of Jatropha curcas L. planting is the possibility and conse-
quences of using marginal land in different regions to produce
economic products like biofuel.

Jatropha curcas L. is a deciduous oilseed shrub, belonging to
family Euphorbiaceae; jatropha is native to Central and South Amer-
ica [4]. Jatropha curcas is known with different names in different
world regions like “the physic nut,” “goat nuts,” “(pinhão-
manso)” in Brazil, “Barbados nut,” “purging nut,” “nettle
spurge,” “Purgiemuss,” “Pignon d’lnde,” “Jarak pagar,” “sabuu
dam,” “xiao tong zi,” “nanyo aburagiri,” “ افورتج ” or just
Jatropha [5].

Jatropha curcas L. is a multipurpose shrub, each organ of plant
parts can be used for various purposes, Jatropha subjected to vari-
ous studies in numerous countries over the world, to explore more
benefits of jatropha, currently, produce biofuel considered the main
use of jatropha to avoid use edible crops to produce [6], jatropha
planting to reduce soil degradation, combat desertification, and
deforestation [7], planting as hedges for protecting other crops
from roaming animal, traditional medicine for people and as veteri-
nary medicine from ancient time, Jatropha soap is valued as a
medicinal soap for treating skin ailments [8], woody stem and
branches used in rural housing, leaves extracts used as pesticides,
and produce compost from press seedcake, crude seed oil used for
lighting, as a cooking fuel instead of kerosene or other fossil fuel
[9], also, seed oil used in for industrial purposes includes
manufacturing candles, soaps, varnishes, crude oil used as lubrica-
tion, and seeds press cake use to produce biogas [10].

J. curcas one of the main biofuel crops worldwide, from the last
decades there more attention to the cultivation of J. curcas in
different tropical and temperate regions as a source for renewable
energy and other various benefits [11]. Jatropha has great yield
potential and can be grown well under stress conditions, and repre-
sent a new key to development of marginal lands; it is claimed to be
drought tolerant and can be grown under salinity conditions
[12]. Jatropha plant needs proper agricultural practice including
irrigation, fertilizing, and pest control, but less than other crops
[13]. The crop yield of seeds is affected by planting destination,
malnutrition, and insects; therefore, planting jatropha by seedlings
instead of sowing seed directly in the soil, with proper planting
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spaces, adding proper nutrients is the key to achieving high seed
yield from Jatropha, particularly after harvesting the first yield
in May.

Jatropha gets more attention from the last decades as a nonedi-
ble and cheap source for biodiesel to reduce environmental pollu-
tion by fossil fuel [14]. Jatropha curcas L. represents a novel
opportunity to develop marginal desert land and reduce the
hazards of wastewater [15].

2 Why We Need Jatropha?

From the beginning of this century, there is more attention to
looking alternative sources for energy, particularly renewable
energy; J. curcas has more interest from decision-makers and busi-
nessmen worldwide since 2004/2005 approximately and there is
more attention to jatropha as an economic source for biofuel
production [14]. Jatropha has good potential to produce diesel
engines as well as for medicinal and insecticidal purposes [16].
There is a valuable oil in seeds reach up 30–40% from their size,
this valuable oil considered the most proper vegetable oil to pro-
duce biodiesel in the next decades [17], therefore, establishing new
jatropha plantation in marginal lands will develop these areas and
provides a cheap source for renewable energy [18].

3 Jatropha Around the World

Jatropha curcas L. considered the most proper crop to produce
biofuel in the next decades, the main advantage of jatropha that it
is not competing with food crops, due to its ability to grow well in
marginal lands, degraded lands and irrigated with wastewater, also,
Jatropha protect soil from degradation and reduce pollution
hazards of wastewater [19], in addition, Jatropha adapted to aridity
conditions and produce economic crop seeds in arid and semi-arid
environments [20], also, Jatropha is planted in tropical regions as a
hedge to protect other crops from the roaming animal like cattle,
sheep and goats [21].

Under current climatic conditions and expectations changes in
climate globally, Jatropha cultivation should be the main fuel crop
in different areas including tropical and hot temperate and temper-
ate areas like Africa (e.g., Zambia, Tanzania, Mozambique) [21],
Senegal [22], MENA region (e.g., Egypt) [17], South America
(e.g., Argentina, Paraguay, Nicaragua) [23], South and East Asia
like in Philippine [24], and (Northern India, Nepal, and China)
[25] which expected to be main areas for Jatropha cultivation in the
next decades.
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4 Importance of Jatropha

In the current era, Jatropha is considered a keener solution for
various problems like increasing emission of CO2, reducing fossil
fuel, soil degradation, and increasing wastewater quantities; there-
fore, Jatropha is considered a promising crop for developing rural
communities, particularly in marginal lands, due to its peculiar
properties like drought tolerance, higher oil content than other
energy crops, fast growth, two times harvesting in the year, and
easy propagation [26]. There are different uses for Jatropha curcas
L.; nowadays, the major purpose for planting jatropha to produce
biodiesel is because the seeds of jatropha has higher oil content than
other energy oil crops, and could produce biogas and organic
fertilizers from the waste of oil extraction [10].

Jatropha is a proper crop for developing marginal lands and
rehabilitating degraded lands, It’s growing under harsh conditions
such as drought, low nutrient supply, and salinity, whereas, other
plants can’t grow [27], also, there is a positive effect for the culti-
vation of jatropha on marginal lands for the local community and
protect soil from erosion and degradation [18].

5 Advantage of Jatropha

There are many advantages for jatropha cultivation: it is prober for
reclamation marginal lands, grows well under environmental stress,
improves income for local communities, reaches quick to matura-
tion, and also used to improve the climate in arid areas and reduce
CO2 ratio.

1. Reduce sequester carbon dioxide [28].

2. Competing desertification and protecting the environment
from the hazards of wastewater [19].

3. Rapid growth and quick maturation [economic yield after
2–3 years] [29].

4. Long productivity period [35–50 years] [5].

5. Easy propagation [30].

6. Produce biogas and organic fertilizers from press
seedcake [10].

7. Combating rural poverty [9].

For all the above advantages and applications, J. curcas should
be a favorite plant for producing biodiesel and preferably growing
in marginal lands; therefore, jatropha as an economic crop could be
a novel key to the sustainable development of poor countries under
growing global demand for biofuel in the near [31].
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6 Main Aspects of Using Jatropha

1. Produce biofuels from seed oil [15].

2. Rehabilitate degraded lands that are not proper for food
production [32].

3. Jatropha is considered a source for improved livelihoods in
poor areas [33].

4. Used as hedges to protect other crops, like in Malaysia the
jatropha shrubs are used as a belt around oil palm areas from
grazing animals [34].

5. Prevent soil erosion [19].

6. Improving marginal soil characters that are not proper for
producing other crops [18].

7. Creating livelihood opportunities and improving socioeco-
nomic for poor people in marginal lands [35].

8. Crude oil used for lighting and cooking in rural areas [26].

9. Seed coat powder used for purification of wastewater from
heavy metals.

Therefore, jatropha as economic crops is considered a novel key
to the sustainable development of poor regions under growing
global demand for biofuel in the near future [31].

For all these aspects (Fig. 1) jatropha is considered the most
appropriate crop to produce biodiesel, protect the environment,
and improve socioeconomic status in rural regions.

7 Botanical

Jatropha (Jatropha curcas L.) belongs to family Euphorbiaceous
and its genus include about 175 different species [7]; most species
are spread mostly in America and Africa, while some species are

Produce Biofuel Hedges to protect
other crops

Reclaimed marginal
lands

Extracts used as
biopesticieds

from wastewaterCrude oil used for
lighting and cooking 

Powdered seed coat
used for adsorb

heavy metal from
waste water

press seed cake to
produce organic

fertlizers

Fig. 1 Some aspects of using jatropha
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found in Arabian region and a dozen species in India [36, 37]. Jatro-
pha name is derived from the Greek words “jatros” meaning “phy-
sician,” and “trophe” meaning “nutrition”; Jatropha curcas is a
vigorous, perennial deciduous, succulent shrub, it is a C3 shrub,
jatropha large shrub or small tree attains to 3–5 m (Fig. 2). It grows
up to 8–10 m under appropriate conditions, jatropha produces oil-
rich seeds (about 30–40%) size/size) [38].

[Image showing jatropha trees in Egyptian desert 2018].
Botanical classification of Jatropha curcas:

Division: Spermatophyta

Class: Dicotyledonae

Family: Euphorbiaceae

Genus: Jatropha

Specie: Curcas

Botanical name: Jatropha curcas L.

Jatropha has its native distributional range in Mexico, Central
America, and part of South America near from the equator, but
nowadays jatropha planting is in different conditions like temperate
climate and in arid and semi-arid areas; also jatropha is considered
as pest-tolerant plant and is grown under malnutrition conditions.

There are various names for Jatropha in different regions
worldwide like “purging nut” or “physic nut” in English;
“(Tubang-bakod)”; “goat nuts”; “(pinhão-manso)” in Portu-
guese; “Barbados nut”; “nettle spurge”; “nettle spurge”; “bagb-
herenda” in Hindi; “Purgiemuss” in Germany; “Pignon d’lnde” in
French; “Jarak pagar”; “sabuu dam” in Thai; “xiao tong zi” in
Chinese; “nanyo aburagiri” in Japanase; “ افورتج “in Arabic; or just
Jatropha.

Fig. 2 Jatropha trees in Egyptian desert 2018
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7.1 Leaves Leaves of jatropha are about 6 cm in length and 15 cm in width
approximately; it is a green or pale-green and consist of 3–7 lobes.

7.2 Root System Jatropha root system is influenced by propagation techniques;
plants from directly sowing by seeds in soil has a thick primary tap
root and little lateral roots, while plants from vegetative propaga-
tion have secondary roots only [39].

Jatropha roots could stretch in the soil about 100 cm during
the first 2 years of cultivation and up to 150 cm after 5 years
approximately to extract adequate water quantity [40].

Rooting patterns are significantly influenced by the propaga-
tion method. Plants originating from seeds and directly sown into
the soil normally develop a rooting system with a thick primary tap
root and four lateral roots, and with abundant and straight second-
ary roots [41], whereas plants propagated by cuttings only develop
secondary roots [42].

7.3 Flowering Jatropha is monoecious and flowers are unisexual; the plant pro-
duces individual male and female flowers in a compound dichasium
cyme pattern. The inflorescence is complex and forms in the leaf
axial at the terminal of branches; it can either be simple with six
individual cymes or be more complicated with up to ten individual
cymes [43].

Climate conditions effect on flower formation and time of
flowering, dry weather promote flower bud formation, while exces-
sive irrigation increase vegetative buds formation; therefore, flower-
ing occurred after dry and dormancy period [44].

Jatropha flowering depends on proper temperature between
22 and 25 �C [45, 46]; there is no effect of day length on flowering,
so under arid and semi-arid conditions flowering occurs in different
time of the year [41], while its flowering one time yearly in tropical
regions [45].

Flowers formed individually and terminally, with pale green
color and unisexual [37], the majority is male flowers, while female
flower lower than male one, Normally the ratio of male to female
flowers widely varies from 27:1 to 108 (male flowers): 1 (female
flowers) and female flowers are larger than the male flowers; how-
ever, hot summer induce to produces more female flowers; also,
appropriate irrigation improve flowering pattern, number of flow-
ers, and fruit sets; the male flowers open earlier and for a long
duration (8–11 days), while female flowers only open for 3–4 days
which promotes cross-pollination [47].

7.4 Pollination Jatropha depends on insects to complete cross-pollination; differ-
ent insects like ants, bees, and flies are attracted to the huge number
of flowers arranged in groups within inflorescences [48].
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7.5 Fruits Jatropha flowering several times during the growing season which
enables produce multiple crops annually, generally it is two times
per year; each inflorescence produces a few numbers of fruits,
mostly about three seeds [44] due to low fertility of female flowers
set [49], and differential ripening time of fruits on the same inflo-
rescence [47]; therefore, there are mature fruits found at the upper
terminal of each inflorescence, and green fruits found in the middle
of inflorescence in the same time (Fig. 3).

The flower and fruit development need about 3 months till the
maturity stage; therefore, jatropha could have many cyclical fruiting
peaks from two to four cycles depending on environment condi-
tions and cultivation practices.

Image field showing jatropha fruits at different maturity
stages [50].

7.6 Seed Yield Currently, Jatropha is grown their valuable oil, which represents
40% of seed weight approximately under proper agricultural prac-
tice, however, seed content of oil could be reduced to 18.4% under
malnutrition [41].

There are different planting space used for jatropha cultivation
depending on climate conditions; in tropical and semitropical
regions planting space could be 2 � 2 m, while under irrigation
conditions planting could be 2.5 � 2.5, 3 � 3, and 4 � 2 m
depending on soil fertility [51].

Jatropha starts flowering after the first year of plantation and
remains productive life over 30 years and could reach 50 years
depending on the environment and good nutrition [52].

There is great variation in seed yield productivity from area to
another due to environmental conditions and agriculture practice
[26, 53] reported that annual seed yield per mature tree ranged

Fig. 3 Jatropha fruits at different maturity stages [50]
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from 0.2 to 2.0 kg; jatropha seeds are moderate size, its weight is
about 0.72 g, the averagely of kg contain about 1375 seeds [14].

There are different elements that affect the yield of jatropha
include environmental factors like the cool temperature during
flowering and fruit and set period [44], genetics, and, agricultural
practices that include proper available water quantity both of rain-
fall, or supplemental irrigation, soil fertility, adequate nutrition
particularly nitrogen and phosphorus,. . .etc [54].

7.6.1 Main Factors Affect

Seed Yield of Jatropha

1. Soil type and fertility [55].

2. Adequate irrigation [26].

3. Source of plant materials [56].

4. Planting space [51, 57].

5. Tree age [58].

6. Nutritional status [13].

7. Pests and disease [8].

As mentioned above, there are various factors that affect jatro-
pha seed yield, in addition to proper management factors like
(correct pruning, adequate fertilization, and efficient Pest control),
which considered the key for achieving great seed yield from Jatro-
pha., in general, the average of seed yield ranged from 0.4 to
12 tons per hectare depending on management practices [59].

On another side, environmental conditions affect jatropha
yield, seed size, weight, and oil content more than genetic factors
[60], in the arid area the average yield of jatropha in marginal lands
reach about 2–3 ton/ha [41, 61], however, adequate irrigation and
proper management practice could increase seed yield to 5 tons/ha
with [23], while, Jongschaap et al. [44] reported that Jatropha seed
yield could reach up to 8 tons/ha yearly under proper cultivation
practice.

Seeds would retain their vitality for up to 12 months for
planting purpose, or oil extraction when stored in a dry and well-
ventilated atmosphere.

7.7 Harvesting In humidity climate jatropha has fruits, flowers throughout the
year, while in arid and semi-arid regions jatropha harvesting is
two times yearly.

Jatropha seeds reach maturity when fruit color changes to
yellow and brown; usually these occurs after 90 days of flowering,
but the fruit reaches maturity in different times; therefore, it needs
continuous picking; however, under shortage in harvest labor some
farmers pick fruits in weekly cycles from the trees and on the
ground around the tree during maturity season [52]. Henning
[62] estimated labor work average for harvesting as 24 kg each
workday, while the average of the workday rises to 50 kg per labor
in India (NOVOC).
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Due to the multiple flowering of the jatropha during the grow-
ing season, there is a difference in the dates of ripening of the fruits,
which requires weekly harvesting and labor-intensive.

8 Agricultural Practices

Jatropha like any crops requires most favorable agricultural prac-
tices to produce luxury seed. Jatropha grow rapidly after cultivation
and could reach up to 1 m in the first season; therefore, it is very
important to use the proper agricultural practice to improve jatro-
pha growth, enhancing the quality of seed yield, and avoid compe-
tition with weeds.

8.1 Pruning Generally, economic flowering and yielding from the second years
of planting [63]; therefore, top-cutting is a very important factor
affecting seed yield production, the main roles of pruning are to
make balancing between vegetative and reproductive growth,
through controls the excessive vegetative growth and induce lat-
erals growth to increase seed yield, in general, preferable pruning
during the dormant period to form a robust canopy with low height
and wide-spreading which increase flowering, seed yield, and facili-
tate harvesting [8].

There is no accurate information on the ideal pruning system of
jatropha in various climate conditions and at different ages [64].

There is the relation between the number of inflorescence per
plant and the number of braches on the plant. Samsam [24]
reported that 10–12 branches per tree gave the highest seed yield
than other numbers of branches of J. curcas.

There are various benefits for the pruning in the dormancy
period:

(i) Increase branching and the number of tip-borne inflorescences.

(ii) Form a wide low-canopy that is easier to harvest.

The pruning height and number of branches per plant affect
vegetative growth and seed yield [24, 65]; also it is suggested that
rejuvenation of old trees after 10 years by cutting down stumps to
45 cm increase seed yield; the regrowth will be faster and the tree
starts bearing fruits after 1 year [63].

8.2 Fertilization Generally, jatropha needs average quantities of nutrients compared
to other crops, while proper nitrogen and phosphorous fertilization
increase the yield and the oil content in the seeds, also, Jatropha
growing in marginal lands under low nutritional content [23]
before growing season and after first harvesting, also, use foliar
application of micronutrients improves growth and total seed
yield. Suriharn et al. [64] reported that using 312.5 kg per hectare
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of NPK fertilizers is considered an ideal dose for obtaining opti-
mum seed yield of Jatropha curcas, while the overdose of fertilizers
reduced yield; also, fertilizer rate depends on soil type and soil
fertility.

There are various factors affecting jatropha nutrient require-
ment including soil types, soil fertility, moisture, tree ages, pruning
techniques, and pest and weed control. In general, the previous
literature emphasized that adequate fertilizing is essential to
increase seed yield.

Jatropha needs average quantities of nutrients compared to
other crops, while proper nitrogen and phosphorous fertilization
increase the yield and the oil content in the seeds, particularly in
marginal lands under low nutritional content mainly during flower-
ing and fruit set to produce economic seed yield [26, 44].

Jatropha requires annual fertilizing with little quantity of phos-
phorus, potassium, calcium, magnesium, and sulfur to achieve
significant growth and satisfy seed yield [27].

From the other side, Garg, et al. [14] found that in Indian
wastelands optimum levels of fertilizers increase total yield
[8]. However, the overdose of fertilizers reduced seed yield, while
until now there is insufficient data on jatropha response to proper
fertilizer in different growing areas [12].

The optimum levels of chemical fertilizers vary according to
different factors like:

1. Soil fertility.

2. Age of the tree.

3. The vigor of the tree.

4. Fruit growth stage.

Also, inoculation jatropha farms with Mycorrhizal fungi
increase the absorption of phosphorus and micronutrients [44],
enhancing germination ratio, and increase nutrients uptake.

More research requires determining optimal nutrition for jatro-
pha in different planting area, particularly in marginal sandy soils
which are expected to be the main areas to planting jatropha in the
near future.

8.3 Irrigation and

Water Requirements

According to the Food and Agriculture Organization of the United
Nations [FAO], the average of water requirement for arable land in
arid and semi-arid areas should be 12,000 m3/h/year at least for
keeping this land away from degradation and loss, because of the
hot climate that increases water evaporation rate from the soil
surface [1]. However, cultivation jatropha in wastelands could be
the proper solution for protecting lands from more
degradation [66].

Till now the literature surveys have not determined the actual
water requirement of jatropha; however, there is little known on
water use and water use efficiency of J. curcas as an economic crop
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in different areas around the world [29]. In general, jatropha water
requirements depend on climatic conditions, soil type, tree age, and
fruit growth stage.

Jatropha can be grown in a wide range of rainfall or supplemen-
tal irrigation from 300 to 3000 mm; in some area jatropha need
about 500–600 mm yearly, while water requirements could reach
up to 1500 mm/year respectively [8, 25, 67]. Jatropha is highly
adaptable with warm temperatures and aridity conditions; also,
jatropha is considered a drought-tolerant plant; therefore, it is
growing well in arid and semi-arid areas with supplemental irriga-
tion to produce economic seed yield.

Dagar et al. [68] reported that under irrigation with saline
water Jatropha growing vegetative only.

Cultivation of jatropha considered a key solution to protect the
environment from the hazards of wastewater and use it as a pro-
ductive component through the production of biodiesel in mar-
ginal lands which strengthens the local rural community and
improves the local economy and reduces the environment pollution
by utilizes wastewater [19].

In arid and semi-arid regions jatropha could use more water
quantity to have vigor growth and produce higher seed yield
[40]. However, excessive water particularly in tropical areas increase
vegetative growth and may reduce final seed yield due to negative
effects on flowering and fruit set.

8.4 Weeds Control There is a competition between weeds and jatropha plants for water
and nutrients, also, pests used weeds as a host during pest control,
so, weed control during dormancy and regularly during the grow-
ing season is very important, also, in arid and semi-arid regions
weeds could use weeds after cutting as a mulch to reduce water
evaporation from the soil [63].

8.5 Pests and

Diseases

However, it’s not resistant to infection of pest and pathogens [69],
and despite whole plant toxicity, it is expected that increase pests
and diseases infestation which affects significantly on jatropha seed
productivity, therefore, expected to widely spread pest and disease
in different cultivation areas, particularly with climate change
conditions [70].

Previous reports clear that there are notably damage from pests,
diseases, and viruses affect jatropha production in different
countries as follow:

8.5.1 Diseases Jatropha is exposed to attack by various pests and pathogens,
particularly under water-logging conditions, like wilt diseases
[71] black rot, collar rot, root rot [72], mosaic virus [73, 74],
and vascular disease which could kill the whole plant, therefore,
application of fungicides before new growth cycle suppressed
fungal disease and protect root system [22].
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8.5.2 Pests There are different pests that infest jatropha and affect growth and
seed production, including bugs [75], Pachycoris torridus in Nicar-
agua [76], leaf miner (Stomphastis thraustica) [77], the leaf and
stemminer Pempelia morosalis, and the shield-backed bug (Calidea
panaethiopica) which reduce seed yield; also, the larvae of the moth
Pempelia morosalis is considered serious pests which demolish the
flowers and young fruits [70].

8.6 Biological

Control

Previous research indicated that biological control could be effec-
tive for control pests in jatropha farm, for instance Pseudoteleno-
mus pachycoris is effective as egg parasitoids of Pachycoris klugii
[76], furthermore, using the dipteran parasitoid to control larva of
both Pempelia morosalis and Oncocera faecella, has promising
results [70, 78].

9 Propagation Methods

Jatropha may be propagated by different methods, including vege-
tatively (stem cuttings and tissue culture) or by seeds [37]. Selection
of planting materials is very important for establishing a successive
farm. In general, it is preferable to use cutting stem from healthy
trees that have high seed yield for many years growing under the
same conditions (soil, watering, and climate).

9.1 Vegetative

Propagation

Vegetative propagation produces healthy seedlings that produce
seed yield earlier than seedy plants also, increases farmers profits
[42]. Stem cutting considered the commercial vegetative propaga-
tion technique use for jatropha multiplication. Furthermore,
micro-propagation can be the most effective technique to produce
high-yielding seedlings with high seed yield and proper oil ratio.
On the other hand, tissue culture techniques used for produce
limited quantity of seedlings due to leakage in varieties with proper
characters, so it’s use for determined purpose such as scientific
work.

9.1.1 Stem Cutting It is considered a traditional and promising method for multiplica-
tion; it is becoming an effective method for propagating of Jatropha
[30, 39].

Advantage of cutting stem propagation:

1. Propagation by cutting is more efficient and applicable.

2. Preserving unique trees with high seed yield and proper oil
ratio.

3. Produce true-to-type clones.

4. It enables the production of high-yielding seedlings.

Jatropha curcas, a Novel Crop for Developing the Marginal Lands 91



Gaikwad [30] reported that, using high yield trees as a source
for plant materials produce healthy seedlings for the new planta-
tion, also, it is preferable to use cutting with proper diameter more
than 30 mm to produce new plant could reach earlier to higher
yield than seedy plants [41], therefore, use of stem cuttings taken
from carefully selected trees with higher yield potential provide the
continued production of high-yielding trees. On the other hand,
the difficulty of obtaining sufficient cuttings is a consideration due
to a shortage of breeding programs to produce high yield trees.

9.1.2 Tissue Culture Producing plantlets from tissue culture is being available, and pro-
ducing protocols have been developed, but because jatropha is a
latex-producing plant, it represents the major problem to produce
seedlings on a large scale; till now there are no reports about
seedlings production on commercial scale by tissue culture techni-
ques; it is just used for research purposes.

9.2 Seed

Propagation Method

It is the easier and cheapest method; seeds could sow directly in the
field of pre-cultivation in the nursery.

9.3 Directly Sowing

in the Field

Seeds could be sown directly in the soil; it is an easier method for
planting jatropha, but the defect of this method is low germination
rate (less than 50%) which needs replanting and increase establish-
ment costs [41].

9.3.1 Sowing in the

Nursery

Seeds planting in raised beds or containers to provide proper
conditions to improve germination and survival rates through
control various conditions like moisture, shade, nutrition, and
control weeds, pests, and diseases, also, using planting container
with proper characters particularly aeration and enough deep to
avoid unduly restricting taproot growth.

The negative point of seedy propagation is the short viability
period of seeds and higher genetic heterozygosity which produces a
non-harmony seedling variant in growth and seed yield
productivity.

9.3.2 Seed Viability Germination of jatropha seeds as other oil seeds is affected with
different storage conditions, storage period, and seeds moisture
content; the seed viability depends on both storage conditions
and quality of packaging [79]; also, fruit maturity affects seed
viability, seeds from yellow fruits have higher germination ratio
than seeds from brown fruits [80]; in general, jatropha seeds lose
their viability after 5months if stored in an ambient room condition
[81], or also seeds could storage under cool conditions for a longer
period [82].
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10 Climate Conditions

Also, due to the continuous population increase, which will reach 9
billion in 2050 and about 12 billion in 2100, there is more interest
in cultivating marginal lands with economic crops such as jatropha
to produce biofuel from non- edible crops.

10.1 Climate Due to adverse effects of climate change on growth and productiv-
ity of various crops, under this conditions, jatropha cultivation
could be a part of an effective strategy to guarantee adequate crop
production, produce biofuel, and reduce adverse effects of climate
change particularly in fragile soil, through enhance marginal lands
characters and using wastewater for irrigation [19, 28, 40].

Jatropha grown in various climatic regions ranging from up to
30� North and 35� South latitude, also, it is growing in a wide
range of temperatures, whereas, proper temperature from 22 �C to
25 �C for enhancing flowering and increase seed yield, Jatropha is
highly adaptable with warm temperatures and aridity conditions;
therefore it is grown better in arid and semiarid regions [46].

10.2 Soil Due to the shortage of arable lands due to increasing demands of
lands for different purposes like urban and industries, etc., there is
more attention for marginal lands to planting some appropriate
plants to provide agricultural products and improve local commu-
nity income.

Jatropha could grow in different soils conditions, it is native in
tropical conditions, so it could grow in clay soil (with good drain-
age system) and sandy soils in arid and semiarid areas; however,
heavy soil affects growth and spreading of root system [27]; also,
jatropha grows in arable lands and marginal lands.

Jatropha requires well-drained alkaline soils; therefore, the aer-
ated sand and loamy soil within pH 6.0–8.0 is considered the best
soil for jatropha cultivation, particularly in the first 50 cm depth
[63], while heavy clay soils are not much proper for jatropha
growth and should be avoided, particularly where drainage is
impaired; also jatropha cannot grow under waterlogged conditions.

Cultivation of jatropha as a perennial plant in dry climates is
improving soil health and reducing soil disturbance through
increase organic matter in the soil yearly; also, jatropha has the
ability to survive under malnutrition conditions in dry soils where
no other economic crops can grow; also, roots of jatropha could
grow and extend inside rock crevices; on the other hand, survival
ability does not mean that high seed yield can be obtained under
these harsh environments, but in this case, jatropha planting pro-
tect soil from more degradation.
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Therefore, marginal lands could be the proper soil for jatropha
cultivation to avoid competing with main crops for food produc-
tion and other crops in arable lands.

Jatropha is a proper plant to develop marginal soils, produce
valuable oil use to produce biodiesel, and protect these soils from
further degradation [66].

11 Phytochemicals Properties of Jatropha

Jatropha as a member of the Euphorbiaceae family contains highly
toxic compounds, so the whole plant is toxic and seeds nonedible.
J. curcas is used as medicinal plants in traditional medicines from
ancient time [83]. Jatropha plant contains mixtures of numerous
active substance compounds in all parts of the whole plant; it could
be toxic for various species, from microorganisms to big animals;
also, all organ extracts have antimicrobial activities for different
pests and pathogens, particularly bark and seed extracts which has
high efficiency in killing larva of Diptera flies (Bactrocera cucurbitae
and Bactrocera zonata); also, jatropha extractions are used as bio-
pesticides, insecticidal, and rodenticidal [84, 85].

11.1 Jatropha as

Biopesticides

Jatropha has numerous bioactive compounds particularly in leaves
and seeds, it could use to produce biopesticides, particularly leaves
and seeds which considered a reach source of bioactive ingredients,
seed oil is highly toxic for various insects and microorganisms,
Aravinda et al. [86] reported that seed extraction use as pest control
for Helicoverpa armigera and adult white fly (Bemicia tabaci) also,
leaves extraction used as a nematicide, while pressed seedcake con-
sidered a cheap source for produce pesticides.

11.2 Antifungal

Properties

The extract of jatropha press seedcake contained phorbol esters
which have antifungal effects for numerous pathogens and could
be used as fungicides for numerous agricultural pathogens, includ-
ing Fusarium oxysporum, Pythium aphanidermatum, Lasiodiplodia
theobromae, Curvularia lunata, Fusarium semitectum, Colletotri-
chum capsici, and Colletotrichum gloeosporiodes [87, 88].

11.3 Pesticidal,

Insecticidal, and

Larvicidal Activity

The insecticidal properties of Jatropha curcas and their extractions
are well documented [41]; it affects the insects of various families,
and inhibits the growth of several species likeHelicoverpa armigera
(Lepidoptera) and Sitophilus zeamais (Coleoptera) [89, 90]; Culex
quinquefasciatus (Diptera) [91]; Aedes aegypti and Culex quinque-
fasciatus (Diptera: Cluicidae) [92]; also, jatropha extract is used for
the control of vector mosquitoes [93], and against the termite
(Coptotermes vastator) [94].
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12 Medicinal Uses

All parts of Jatropha curcas plant are of medicinal value, bark, latex,
leaves, and seeds; jatropha is used from ancient time as an effective
medicine for human and animals in different parts of the world;
currently, jatropha has a potential candidate for new
pharmaceuticals.

Extracts of different parts of jatropha play an essential role in
treating bacterial and fungal diseases. It is molluscicidal and is used
in insecticidal properties. There are various reports showing the
role of jatropha extracts as antitumor and antimicrobial activities
[84]. Afzal et al. [88] clear showed that the latex of J. curcas has
possessed antibacterial activity against Staphylococcus aureus
(S. aureus). Extracts of leaves, stem, and roots particularly showed
systemic and efficiency anti-inflammatory effects in curing acute
carrageenan-induced rat paw edema [95].

Acharya and Rai [96] cleared that seeds are effective against
cholera and dysentery diseases. It is used in treating skin diseases
and rheumatism; also, seed oil is useful for medical purposes partic-
ularly against bacterial and fungal diseases [85].

13 Jatropha and Marginal Lands

Marginal lands could be due to natural reasons or due to inappro-
priate soil and water management; there are huge areas of marginal
lands in arid and semiarid areas all over the world; in Egypt, more
than 90% of the Egyptian lands are marginal soil which could be
used for producing biofuel from jatropha seeds through utilizing
wastewater [2]; also, there is about 50 million hectares (ha), or 16%
of the Indian land area classified as wasteland [14].

Developing marginal lands is necessary to provide socioeco-
nomic benefits for small farmers or landless peoples [97].

Using marginal lands for producing biofuel from nonedible
plants like jatropha is a good solution to avoid debate about the
food versus fuel; also, the establishment of jatropha plantations on
marginal lands affect ecosystems and enhance soil properties, and
improve local communities’ livelihoods.

13.1 The Advantage

of Utilizing Jatropha in

Marginal Lands

Includes

1. Produce biofuel without competing with food crops [11].

2. Improving energy security [98].

3. Provide new job opportunities.

4. Improving the economy for local communities [99].
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13.2 Jatropha and

Rural Region

Development

Currently, jatropha has more attention as a key tool to developing
marginal lands in the rural area, due to their advantage and aspects
that include fighting poverty ratio (harvesting laborers) [100],
protecting other crops (planting as hedges) from roaming animals,
also, Jatropha oil used for soap production, seed oil used for
lighting and cooking, and as a fuel in special diesel engines which
provide a local energy source for the local communities in rural
areas [55].

14 Conclusion

There is a global trend to planting jatropha for biofuel production
and compete desertification particularly in developing countries.
Jatropha cultivation in rural areas can improve agricultural output
without competing for currently available soil and water resources.
Jatropha represents an important crop for developing countries
that looking for new energy sources like India, Brazil, Egypt, and
Tanzania, jatropha represent novel resources of biofuel production
particularly there are wide areas of marginal lands in these
countries.

Jatropha as a multipurpose shrub used for various purposes
include biofuel production, protecting other crops, reducing soil
degradation, and deforestation; also, jatropha protects the environ-
ment through using wastewater in irrigation and reducing seques-
ter carbon dioxide; besides that jatropha extract is used as
biopesticides for fungus and whiteflies, and also as nematicide,
while pressed seedcake is used to produce biogas and organic
fertilizers.
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N (2007) Root system characteristics of Jatro-
pha curcas plants propagated through five
methods. Expert seminar on Jatropha curcas
L. agronomy and genetics. 26–28 March
2007, Wageningen, the Netherlands, Pub-
lished by FACT

40. Kesava Rao AVR, Wani SP, Singh P,
Srinivas K, Srinivasa Rao C (2012) Water
requirement and use by Jatropha curcas in a
semi-arid tropical location. Biomass Bioe-
nergy 39:175–181

41. Heller J. (1996) Physic nut. Jatropha curcas L
in: international plant genetic resources insti-
tute (IPGRI), promoting the conservation
and use of under utilised and neglected crops
(prom underused crops). 1996;1:1–66

42. Gopale KD, Zunjarrao RS (2011) Effect of
auxin, length of stem cutting, substrate, and
seasonal variations on Jatropha curcas L.: a
biodiesel plant. Bioscience Discovery 02
(1):76–81

43. Dasumiati M, Triadiati T, Hartana A (2017)
Sex types in flowering of Jatropha curcas. Bio-
diversitas 18(1):442–446. https://doi.org/
10.13057/biodiv/d180158

44. Jongschaap REE, Corre WJ, Bindraban PS,
Brandenburg WA (2007) Claims and facts
on Jatropha curcas L. Plant Research Interna-
tional B.V, Wageningen

45. Raju AJS, Ezradanam V (2002) Pollination
ecology and fruiting behavior in a monoe-
cious species, Jatropha curcas
L. (Euphorbiaceae). Curr Sci 83:1395–1398

46. Jamaluddin SHB (2008) Breeding Horticul-
tural Crops@ Mardi, 1st edn. Malaysian Agri-
cultural Research and Development Institute,
Malaysia, ISBN-10: 9679365263, p 549

47. Noor Alam N-C, Abdullah TL, Abdullah
N-A, P. (2011) Flowering and fruit set under
Malaysian climate of Jatropha curcas L. Am J
Agric Biol Sci 6(1):142–147

48. Pradhan R, Naik SN, Bhatnagar N, Vijay VK
(2009) Moisture-dependent physical proper-
ties of jatropha fruit. Ind Crop Prod 29
(2–3):341–347. https://doi.org/10.1016/j.
indcrop.2008.07.002

49. Bhattacharya A, Datta K, Kumar SD (2005)
Floral biology, floral resource constraints and
pollination limitation in Jatropha curcas L.
Pakistan J Biol Sci 8:456–460. https://doi.
org/10.3923/pjbs.2005.456.460

50. Firdaus IM, Psyquay NA, Ghizan SA, Maznah
I (2010) Anthesis and flower visitors in cur-
culigo latifolia dryand. J Biol Life Sci 1:13–15

51. Jones N, Miller JH (1992) Jatropha curcas: a
multipurpose species for problematic sites.
World Bank, Washington DC, USA, ASTAG
Technical Papers—Land Resources. 1: 12

52. Cardoso PMR, Dias L-A d-S, de Resende
MDV, de Freitas RG, Corrêa TR, Muniz
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Chapter 7

Protocol for Biodiesel Production by Base-Catalyzed
Transesterification Method

David A. Animasaun, Mubarak O. Ameen, and Moshood A. Belewu

Abstract

The importance of biodiesel and its production cannot be overemphasized; biodiesel has assumed a very
prominent position in the energy development of both the developed and developing nations. This is due
probably to climate change and the fear of the depletion of the fossil fuel. Biodiesel being not only clean fuel
but also obtained from renewable sources is believed to be a better alternative to the traditional petrodiesel.
Thus, development geared toward the production and utilization of biodiesel will go a long way in
conserving the ecosystem as well as serve as a source of income. This chapter therefore itemizes the protocol
for production of biodiesel from plant material using base-catalyst transesterification reaction method.

Key words Alternative fuel, Biofuel, Petrodiesel, Sodium methoxide

1 Introduction

Energy is one of the most fundamental requirements for human
existence and activities. The need for energy is increasing continu-
ously due to increased industrialization and population growth.
Petroleum has been serving the world to meet its need of energy
consumption for many decades, but human dependence on fossil
fuels as the major source of energy could cause a major deficit in
future. Global fluctuation in fossil fuel price, its effects on global
climate (global warming), environmental pollution and degrada-
tion, and continuous increase in global energy demand are major
reasons for seeking alternative, cheap, and clean energy sources.
Beside the desire to address the menace of global warming and
pollution, there is need to develop fuel substitutes that are renew-
able and sustainable [1–4]. It is therefore imperative to shift atten-
tion toward alternative fuel that could guarantee energy security,
safe environment, and improved socioeconomic indices. Further-
more, increase in oil prices, depletion of oil reserves, and the
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attendant problems associated with fossil energy sources such as
petroleum, coal, and natural gas has made biofuel and biodiesel a
viable and popular alternative fuels and renewable sources of energy
[3–5].

Over the last few years biofuel and biodiesel have gained impor-
tance as an alternative fuel for engines. Biofuels and biodiesel
production rose to 105 billion liters in 2010, which signified 17%
more than production in 2009. Biofuels accounted for 2.7% of the
world fuel for road transportation in the same year with over 90%
produced in the United State of America and Brazil, while
European Union accounted for over half of the biodiesel produced
in the year [6]. In the following years, there was increment in the
production rate with more nations joining the league of countries
for production of clean, cheap, and environmentally friendly ener-
gies. According to the International Energy Agency, biofuels may
be used for a quarter transportation fuel need by the year 2050.

1.1 Biodiesel Biodiesel is the name for a variety of ester-based oxygenated fuels
from renewable biological sources. Chemically, biodiesel is defined
as the monoalkyl esters of long-chain fatty acids derived from
renewable biolipids (see Fig. 1). Typically, it is produced through
the reaction of a vegetable oil or animal fat with methanol or
ethanol in the presence of a catalyst to yield methyl or ethyl esters
(biodiesel) and glycerin (see Fig. 2). Biodiesel is similar to petro-
leum diesel in many aspects of its chemical and physical properties
[7–10].

Fig. 1 Chemical structure of a fatty acid methyl ester (biodiesel)

Fig. 2 Transesterification reaction
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2 Materials

Vegetable oil from plant sources is the best starting material for
production of biodiesel because the conversion of pure triglyceride
to fatty acid methyl ester is high and the reaction time is relatively
short [11–13]. However, due to high demand of vegetable oils for
food, biodiesel production from spent oil is fast gaining acceptance
[14–17]. The use of spent oil has comparative advantage of reduc-
ing pollution and it is cheap.

2.1 Biological Raw

Materials

1. Crop seeds rich in oil, these include soybean, oil palm, sun-
flower, peanut, flax, safflower, castor seed, tung, cotton, jojoba,
Jatropha, avocado, etc.

2. Other sources of biodiesel raw material include microalgae.

2.2 Chemicals and

Reagents

1. Alkali hydroxide (Sodium hydroxide (NaOH) or potassium
hydroxide (KOH)).

2. Alcohol (methanol or ethanol).

3. Distilled water.

4. n-Haxane.

2.3 Equipment and

Apparatus

Basic equipment and apparatus required are:
Pipette, thermometer, conical flask, beaker, separating funnel,

retort stand, measuring cylinder, oven, hydrometer, burette, mag-
netic stirrer, water bath, digital weighing balance, stop watch, and
electric hot plate.

2.4 Transesteri-

fication of Oils

The current technology for biodiesel production is the transester-
ification of oils with alcohol to give biodiesel as main product and
glycerin as by-product. Our routine technique for production of
biodiesel is catalytic transesterification method which involve heat-
ing oil with an alcohol and using a catalyst (see Fig. 3a, b).

3 Methods

Transesterification is widely used for the transformation of triglyc-
eride into fatty acid methyl ester. The manufacturing process is
based on the transesterification of triglycerides by alcohols to fatty
acid methyl esters, with glycerol as a by-product. The base catalyzed
production of biodiesel generally has the following processes.
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3.1 Treatment of the

Seeds and Oil

Extraction

3.1.1 Feedstock

Preparation

The prerequisite for oil extraction is seed preparation

1. Grade the seeds and remove all unwanted materials.

2. Remove the fruit layers to expose the kernels or seeds (see
Note 1).

3. Dry the seeds to reduce moisture content. Drying could be
done in the oven at 60–80 �C till constant weight is obtained.

3.1.2 Mechanical Oil

Extraction Method

1. For high oil yield, mechanical press oil extraction is employed.

2. Either an engine driven screw press or manual ram press can be
used (see Note 2).

Acid &a

Vegetable oil

Alcohol(CH3OH)

Catalyst(NaOH)
+

Heating on Magnetic Stirrer (65-75°C)

Heating

(110°C)

Transesterification

Settling down

Biodiesel Washing

Glycerin

Purification

Pure Biodiesel

Soap/Pears/Candle

b

catalyst
Transesterification process Vegetable oil

Separation

Glycerol &

Glycerol Refine Biodiesel

Excess alcohol and

catalyst recovery

purification

Biodiesel &

purification

Fig. 3 Transesterification process (a) Schematic diagram of the process of biodiesel production from vegetable
oils. (b) The steps and stages of transesterification of vegetable oil for biodiesel production
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3. Place the seeds in the expeller machine.

4. Squeeze under high pressure in a single step.

3.1.3 Solvent Extraction

Method

Solvent extraction can either be cold or hot extraction. Hot extrac-
tion employ the use of Soxhlet extractor (see Note 3).

In the case of cold extraction, the following steps can be
followed

1. Place a known amount of the seed in a jar.

2. Add enough solvent (n-hexane, petroleum ether, diethyl ether,
etc.) to percolate the seed.

3. Depending on availability, shake the mixture or leave to perco-
late for 24 h.

4. Collect the extract and repeat the percolating process until
maximum oil extraction, i.e., the solvent remain colorless.

5. Combine the extract and concentrate it to recover the solvent
by simple distillation.

Hot solvent extraction by Soxhlet extractor.

6. Place a known amount of the seeds in a muslin cloth.

7. Put the muslin cloth with the weighed seed in the thimble of
the Soxhlet extractor.

8. Set up the extractor as shown in Fig. 4.

9. Run the extraction for at least 4–6 h.

10. Concentrate the extract and recover the solvent (n-hexane,
petroleum ether, diethyl ether, etc.) by simple distillation.

3.2 Determination of

Percentage Oil Yield

1. Determine the percentage oil yield as:
% Oil yield ¼ volume of oil yield

volume of raw material � 100

3.3 Determinations

of the

Physicochemical

Properties of the

Starting Oil

3.3.1 Moisture Content

1. Weigh and record the mass of oil as w1.

2. Dry the weighted oil in the oven at 120 �C for 20 min and take
the weight as w2.

3. Determine the percentage moisture content in the biodiesel as:

%Moisture content ¼ w1 � w2

w1
� 100

3.3.2 Specific Gravity Use density bottle to determine the specific gravity of the oil as
follows:

1. Weigh a clean dry density bottle (usually a 25 mL capacity
bottle) and record the value (w0).

2. Fill the bottle with oil, cork seal with a stopper and then retake
the weight of the bottle and the oil (w1).

3. Remove the oil from the bottle, wash and dry the bottle, then
fill with water and cork to seal.
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4. Weigh the bottle and the water in it and record as (w2).

5. Determine the specific gravity as:

Specific gravity ¼ w1 � w0

w2 � w0

3.3.3 Boiling Point 1. Pour some quantity of biodiesel into a beaker.

2. Place the beaker on a hot plate with a thermometer inserted
into it. Heat the oil to boiling.

3. Take the temperature at boiling.

3.3.4 Viscosity 1. Filter the biodiesel using 0.1 mm sieve or muslin cloth to
remove solid impurities and dust.

2. Charge a capillary viscometer with the biodiesel by inverting
the tube’s thinner arm into the liquid sample and suction force
was drawn up to the upper timing mark of the viscometer.

Fig. 4 Soxhlet extraction setup
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3. Return the viscometer to vertical position.

4. Place the instrument (viscometer) on a holder and insert to a
pre-warm water bath at 30 �C for about 20 min.

5. Apply suction slightly to the thinner arm to draw in some
sample. Let the sample drawn be a little above the upper
timing mark.

6. Record the kinematic viscosity by timing the flow of the bio-
diesel from the upper timing to lower timing mark.

3.3.5 Free Fatty Acid 1. Dissolve 2 g of the biodiesel oil in 50 mL of the neutral solvent
in 250 mL beaker.

2. Add 2–3 drops of phenolphthalein indicator.

3. Titrate against 0.1M sodium hydroxide. Agitate the mixture to
ensure proper mixing.

4. Stop the titration at end point, i.e., when a pink coloration
which is stable for about 10 min appears. Record the titter
value as the free fatty acid value.

3.3.6 Iodine Value 1. Weigh 0.5 g of the oil into a 250 mL conical flask with
cork seal.

2. Add 15 mL chloroform, stir the mixture. Then add 25 mL of
iodine solution to the mixture.

3. Place the bottle in the dark for about 30 min, then add 20 mL
of 15% potassium iodide (KI) solution.

4. Titrate the solution against 0.1 M sodium thiosulfate solution
till the yellow color of the iodine become quite faint and almost
disappear. Add 2 mL 1% starch indicator and continue the
titration.

5. At total disappearance of color, plug the bottle with a stopper
and shake thoroughly so that the organic solvent layer mix with
water layer.

6. After titration, record the titer value as the iodine value (see
Note 4).

3.3.7 Saponification

Value

1. Filter the oil to remove impurities (see Note 5).

2. Weigh 5 g of the oil sample into a flask and add 5 mL of
alcoholic KOH.

3. Fix a reflux condenser to the flask and allow to boil slowly for
an hour, then allow to cool.

4. With distilled water, rinse down the condenser inside and
remove the condenser.

5. With two drops of indicator, titrate the solution against 0.5 M
HCl until the pink coloration disappears and colorless precipi-
tate is obtained. The titer value is recorded as the saponification
value.
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3.3.8 pH 1. Pour little oil into a clean beaker.

2. Insert the pH meter electrode into the oil to take the reading
(see Note 6).

3. Record the pH value.

3.3.9 Peroxide Value 1. Weigh 1 g of the oil into dry boiling tube.

2. Add 1 g of potassium iodide (powder) and 2 mL of solvent to
the oil in the boiling tube. Place the boiling tube on high heat
for about 30 s.

3. Remove the boiling tube from heat, transfer the content into a
flask, then add 20 mL of 5% potassium iodide (see Note 7).

4. Titrate 0.002 M of Na2S2O3 with the solution until the yellow
precipitate almost disappears, then add 0.5 mL starch solution,
mix properly, and continue the titration until precipitate
disappeared.

3.4 Steps Involved in

Biodiesel Production

1. Reduction of the fatty acid in vegetable oil.

2. Transesterification process.

3.4.1 Reduction of the

Fatty Acid in the

Vegetable Oil

1. Pour the extracted oil into a beaker and heat to 60–75 �C on an
electric hot plate.

2. Heat a mixture of concentrated H2SO4 (1%w/w) and metha-
nol/ethanol (30% v/v) separately to 50 �C.

3. Add the heated mixture of the acid and ethanol to the heating
oil in the beaker.

4. Stir the mixture using magnetic stirrer for 1 h and then allow to
cool for 2 h.

3.4.2 Transesterification Stepwise procedure of production:

1. Pour about 20 mL of the plant oil into a 500 mL capacity
conical flask and heat the oil to 50 �C.

2. In a flask connected to Soxhlet apparatus, pour some ethanol/
methanol and place on heat to purify the alcohol.

3. Weigh 0.5 g of sodium hydroxide pellets. Then prepare a
solution of sodium methoxide in a 500 mL beaker using
0.5 g to get 0.5% catalyst concentration of sodium hydroxide.

4. Alternatively, prepare a solution of potassium methoxide using
0.50 g of potassium pellets in 128 mL of methanol (molar ratio
of 1:6).

5. Stir the solution thoroughly to completely dissolve the hydrox-
ide pellet.

6. Keep the solution at 60 �C in the oven for 5 min.
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7. Pour the solution into the pre-warmed vegetable oil (close the
reaction system firmly to prevent the loss of alcohol to the
atmosphere by evaporation) connect to condenser and place
on a hot plate, warm and stir vigorously using magnetic stirrer
for about 1 h.

8. Keep the reaction mixture near the boiling point of the alcohol
(64.7 �C for methanol and 78.4 �C for ethanol) to speed up the
reaction. Excess alcohol is normally used to ensure total con-
version of the oil to its esters as there is no problem of
recovering of the alcohol for later use after recycling.

9. Pour the mixture into a separating funnel fixed on a beaker and
allow to cool overnight for proper settling of the fractions. The
biodiesel will form the upper layer, while the lower layer will
comprise glycerol and soap.

3.5 Separating the

Reaction Products

After the reaction is completed, there will be glycerol and biodiesel
formation. Both have a significant amount of the excess alcohol
used in the reaction which needs to be recovered.

1. The reacted mixture may require neutralization at this step if
the basic media that is caused by alkali hydroxide occurred.

2. The glycerol phase is much denser than biodiesel phase,
making biodiesel to float.

3. The two products can be separated by gravity using settling
vessel or separating funnel.

4. The glycerol is drawn off at the bottom of the settling vessel or
separating funnel.

5. And biodiesel is drawn off at the top.
In some cases, a centrifuge is used to separate the two

materials faster by screening both phases.

3.6 Purification of

the Biodiesel

3.6.1 Alcohol Removal

from the Biodiesel

After the glycerol and biodiesel phases have been separated, excess
alcohol in each phase is removed by:

(a) Flash evaporation process by placing the biodiesel or the
glycerol on low heat to evaporate excess alcohol or/and

(b) By extractive distillation.
On the other hand, the alcohol is removed and the mix-

ture neutralized before the glycerol and esters have been sepa-
rated to prevent the effect of basic media inside the reactor.
The recovered alcohol can be reused as raw material.

3.6.2 Biodiesel Washing 1. Excess alkali can be neutralized by adding acetic acid.

2. Washing the biodiesel (see Note 8) with water maintained at
40–50 �C.
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3. Wash by spraying warm water (40–50 �C) over the biodiesel;
precautions should be taken to avoid soap formation (repeat
this step until the clear water is seen beneath the biodiesel in
the separating funnel).

4. After washing process the biodiesel may contain some traces of
water, heat the biodiesel to 110 �C to remove any water mole-
cule in it.

5. The quantity of the biodiesel produced should be measured
and recorded.

4 Notes

1. Separate the seeds from the fruits by removing the outer layers
of the fruits. Dehisce fruits can be open along the splitting
plane to release the seeds while non-dehisce fruits can be
cracked either manually or by mechanical mean to release the
seeds. The separated kernel and seeds may be sieved, cleaned,
and stored at room temperature. Prepare the seeds or kernels in
such a way to obtain optimum oil yield. Usually, moisture
content of 15% is considered.

2. Engine driven screw press is more effective and can extract
between 68% and 80% of the seed oil; the ram presses oil
yield is usually lower (60–65%).

3. Although chemical extraction method may be costlier than
mechanical method, it is more efficient and higher oil yield
can be achieved. Factors such as nature of solvent, particle
size, agitation speed of the mixture, and temperature affect
the oil yield by solvent extraction method. Other solvents
that could be used include petroleum ether, ethanol, carbon
tetrachloride, and isopropyl alcohol. Select extraction solvent
base on the properties of the solvent.

4. Carry out blank titration with 5 mL of chloroform and equal
proportion of iodine. Allow the precipitate to dissolve for equal
period of time as the analyzed sample.

5. Filter the oil using filter paper or muslin cloth to remove
impurities such as dust and crumps of seed coat.

6. Prior to taking the pH reading, test the probe reading in
standard buffers (pH 4.2, 7, and 8.5) to ensure correct calibra-
tion of the probe. Take the oil pH reading in replicates and use
the mean values for reliability.

7. Wash the tube twice with 25 mL distilled water and collect the
water in the flask after each wash.

8. Wash about 4–6 times. After transesterification the upper ester
layer may contain traces of NaOH, methanol, and glycerol.
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Since the remaining unreacted methanol in the biodiesel has
safety risks and can corrode engine components, the residual
catalyst (NaOH or KOH) can damage engine components, and
glycerol in the biodiesel can reduce fuel lubricity and cause
injector coking and other deposits and should therefore be
removed by washing. In some cases washing may not be neces-
sary, depending on the quality of biodiesel produced.
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Chapter 8

Organosolv Pretreatment of Sorghum Stalks Using Glycerol

Shereena P. Joy and Chandraraj Krishnan

Abstract

Glycerol is a promising low-cost solvent for biomass pretreatment since a large amount of glycerol is
generated as a by-product in the biodiesel industry. Pretreatment is a method of disintegration of the
recalcitrant structure of biomass to enhance the accessibility of cellulose and hemicelluloses to enzymes for
complete saccharification. During pretreatment, glycerol breaks the lignin carbohydrate complex and
selectively solubilizes lignin. Thus, the glycerol pretreatment improves the accessibility of cellulose to
cellulases leading to higher sugar yields. The glycerol pretreatment is carried out at high temperature
(>190 �C) to disintegrate the structure of biomass. The glycerol pretreatment in the presence of acid or
base catalyst such as H2SO4 or NaOH results in lower pretreatment temperature and higher glucan
hydrolysis. This chapter describes the methodology to carry out glycerol pretreatment of sorghum biomass
with or without acid/alkali as catalyst and the basic calculations to determine the efficiency of the
pretreatment.

Key words Organosolv pretreatment, Glycerol pretreatment, Sorghum biomass, Lignocellulose,
Acidic glycerol, Alkaline glycerol

1 Introduction

The continuous rise in population and urbanization has led to
increased energy demand, which are mainly met by fossil based
resources. Burning of the fossil fuels emits large amounts of GHG
to the atmosphere, which causes global warming and climate
change [1]. To mitigate the emission of GHG, alternative clean
energy produced from renewable resources has attracted great
importance. The combustion of liquid fossil fuels like gasoline
and diesel for road transportation is the major source of atmo-
spheric GHG [2]. Bioethanol produced from renewable plant
materials like sugars, grains, and stalks is considered as a clean,
renewable, and sustainable biofuel to partly replace gasoline. Cur-
rently ethanol is used as ethanol-petrol-blend (EPB), where the
proportional ethanol concentration varies from 5% to as high as
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85% [3]. Hence ethanol significantly reduces CO2 emission from
fossil fuels and provides energy security to countries importing
crude oil [4, 5]. First-generation bioethanol produced from cane
sugar and starchy grains is currently blended with gasoline world-
wide. However, these sugar sources have conflict with the produc-
tion and supply of food. The “food vs. fuel” conflict can be avoided
by using nonedible sources such as lignocelluloses.

Lignocelluloses are composed of >70% polysaccharides com-
prising cellulose and hemicelluloses, which can be utilized for the
production of ethanol through microbial fermentation. The ligno-
cellulose also contains lignin, a phenolic polymer, associated
strongly with the cellulosic polysaccharides. The complex
carbohydrate-lignin structure makes the feedstock highly recalci-
trant to degradation by biocatalysts [6]. Hence, the biocatalytic
route of converting lignocellulose into ethanol requires an appro-
priate pretreatment step to facilitate the degradation of cellulose
and hemicelluloses to fermentable sugars. The pretreatment of
biomass disintegrates the rigid structure of biomass to expose the
cellulosic fibers for enzymatic hydrolysis to fermentable sugars
[7]. There are several pretreatment methods using different
reagents such as acid, alkali, steam, solvents, and ionic liquids.
Each method of pretreatment has merits and limitations based on
various factors like versatility, efficiency, inhibitors formation,
equipment corrosion, environmental impact, etc. [8]. Hence,
there are opportunities to further improve pretreatment methods
to improve the enzymatic conversion of cellulose and hemicellulose
to fermentable sugars without generating inhibitors and
effluent [9].

Organosolv pretreatment is a process of removal of lignin from
lignocellulosic biomass using organic solvents. It has been devel-
oped as an environmental friendly process alternative to the con-
ventional Kraft and sulfite pulping process [10]. Organosolv
pretreatment using organic solvent is an attractive method, since
the solvent can be recycled leading to low levels of both effluent and
inhibitors. The organic solvents break down the complex structure
of biomass by removing lignin without much degradation of cellu-
lose. Besides, high-quality lignin is obtained, which can be con-
verted into high-value chemicals [10]. Most of the organosolv
pretreatments employ low boiling point solvents like ethanol, buta-
nol, acetone, etc. These solvents are highly flammable and volatile,
which require high-pressure reactors making commercial process
capital intensive [11]. Whereas the high boiling point solvent like
glycerol can be used at atmospheric pressure using simple reactors.
Besides, glycerol is nontoxic and is generated as a low-cost by-pro-
duct in the biodiesel industry [12].

A flowchart of pretreatment of biomass using glycerol resulting
in fractionation of lignin and cellulose is shown in Fig. 1. The
glycerol is recovered from the effluent by distillation and recycled.
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Glycerol pretreatment selectively removes lignin with a small frac-
tion of xylan, which results in the formation of larger pores. As
glycerol is highly polar, it effectively penetrates into the biomass
during pretreatment. At higher temperature, autoionization of
water forms hydronium ions which break the ether bond in lignin,
and then glycerol solubilizes the lignin fragments [13]. Glycerol
also reduces the particle size of the biomass helping in easier acces-
sibility and digestibility of cellulose by cellulases [14]. Glycerol
pretreatment can reduce the surface tension and thus assists the
easier penetration of chemical into the biomass and diffusion of the
degradation products into the liquor. This results in uniform distri-
bution of reaction within the biomass [15]. Glycerol can also be
used with acid or base catalysts such as H2SO4 or NaOH to reduce
the pretreatment temperature and enhance the pretreatment effi-
ciency [16]. Hence, glycerol is a promising organic solvent for
pretreatment of biomass for higher cellulose digestibility. This
chapter describes the glycerol pretreatment of sorghum stalks and
evaluation of its efficiency based on digestibility and structural
changes of sorghum stalks.

Fig. 1 Flowchart of organosolv pretreatment of biomass using glycerol. The
pretreatment solubilizes lignin in the biomass and results in cellulose-rich solid
fraction with high enzymatic digestibility, which is converted into simple sugars
by enzymes. The liquid stream containing glycerol and lignin is distilled to
recover glycerol for repeated use in the pretreatment. The residual lignin is
used for its conversion into other useful products
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2 Materials

2.1 Sorghum Stalks

and Preprocessing

1. Sorghum stalks (harvested after 125 days) were obtained from
The International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), India.

2. Biomass milling unit was used to reduce the particle size of
sorghum stalks. For lab scale experiments, a blender can be
used to reduce the particle size.

3. Stainless steel sieves (Based on Tyler standard and USA stan-
dard ASTM E11) of appropriate mesh size were used to obtain
biomass particles of different sizes.

2.2 Solvents and

Chemicals for

Pretreatment

1. Pure glycerol (99%), industrial grade glycerol (95%), and crude
glycerol (70–85%) from the biodiesel industry (see Note 1).

2. Acids (sulfuric acid (98%) or hydrochloric acid (35%)).

3. Alkali (KOH or NaOH).

2.3 Pretreatment

Reactor

Stainless steel reactor equipped with temperature sensor, pressure
sensor, and stirrer (Fig. 2) (see Note 5). A heating mantle to fit the
reactor size.

2.4 Analysis of

Pretreated Biomass

The efficiency of pretreatment conditions is determined by analyz-
ing the pretreated biomass by change in composition and enzy-
matic hydrolysis. The chemicals, enzymes, and equipment required
for analysis are given below.

1. Sodium citrate buffer (0.05 M, pH 4.8): Prepare 0.1 M stock
solution of trisodium citrate (weigh 2.58 g trisodium citrate
and dissolve in 100 mL of dissolved water). Prepare 0.1 M
stock solution of citric acid (weigh 1.92 g of citric acid and
dissolve in 100 mL of distilled water). Mix 27 mL of 0.1 M
trisodium citrate solution and 23 mL of 0.1 M citric acid
solution in a beaker and adjust the pH to 4.8 using NaOH
(see Note 2). Make up the solution to 100 mL with distilled
water (see Note 3).

Fig. 2 A simplified representative diagram of a stainless steel reactor for glycerol
pretreatment
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2. Prepare stock solution of antibiotics, cyclohexamide (10 mg/
mL) and chloramphenicol (10 mg/mL) in distilled water.

3. Any commercial cellulase with known Filter Paper Cellulase
(FPase) is used. The following cellulases can be purchased
from Sigma Aldrich, Novozyme, Genencore and Megazyme.
Cellic CTec 2, Accellarase, Celluclast. The cellulases can be
mixed with β-glucosidase like Novozyme 188 and xylanases
like Cellic HTec2 and other commercial xylanases. Store all
enzymes at 4 �C (see Note 4).

4. Sulfuric acid (72% (w/w)).

5. Pressure tubes (Sigma).

6. Hot air oven: Temperature range of ambient to 200 �C.

7. Muffle furnace: Temperature range of ambient to 1000 �C.

8. Sulfuric acid (5 mM): Take 500 mL of MilliQ water in a glass
cylinder. Add 272 μL of concentrated sulfuric acid (98%) and
make up the volume to 1 L.

9. Sample filtration unit. Filtering module with 13 mm 0.2 μ filter
paper.

3 Methods

A schematic flowchart of glycerol-pretreatment of sorghum stalks
with the pre-processing and post-pretreatment analysis is given
below (see Fig. 3). The methods of each step are described below.

Fig. 3 Schematic flow diagram of glycerol pretreatment of sorghum stalks with preprocessing and post-
pretreatment analysis
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3.1 Preparation of

Biomass

1. Wash the sorghum biomass with tap water to remove dirt and
other water-soluble compounds like free sugars.

2. After washing, air-dry or oven-dry the biomass at 60 �C till the
moisture content is about 10%. Measure the moisture content
using a moisture analyzer or method of drying in oven until
constant weight.

3. Mill the biomass and pass through a sieve of 1 mm mesh size
(see Note 6). Refer the conversion chart for mesh size to
particle size to choose appropriate sieves.

4. Store the sieved biomass in air-tight bags at room temperature
until pretreatment.

3.2 Pretreatment of

Biomass

3.2.1 Glycerol

Pretreatment

1. Mix the preprocessed biomass at a solids loading of 5% (w/w)
by adding 10 g of biomass in 200 g of glycerol (70–80%) (see
Note 7).

2. Transfer the biomass-glycerol slurry to the stainless steel reac-
tor and close the reactor tightly with the lid.

3. Place the reactor on the heating mantle and rise the reactor
temperature to 190 �C. The temperature could be varied
between 190 �C and 230 �C. Maintain the reactor temperature
for 60 min residence time. The residence period could vary
from 1 to 4 h (see Note 8).

4. Switch off the reactor and let the reactor temperature come
down to <50 �C.

5. Transfer the pretreated materials to the filtration unit. Filter the
pretreated slurry by vacuum filtration to separate the black
liquor from the pretreated solids.

6. Wash the pretreated solids as per Subheading 3.2.3.

3.2.2 Acidic/Alkaline

Glycerol Pretreatment

Glycerol pretreatment is normally carried out at higher temperature
of >190 �C for longer periods which makes the process energy
intensive. The addition of acid/alkali to glycerol can reduce the
pretreatment temperature and improve the efficiency.

1. Weigh 5 g of preprocessed biomass and mix the biomass in
200 g of glycerol blended with either acid (HCl (0.1–1.2%
w/w) or H2SO4 (0.9–1.1%w/w)) or alkali NaOH (2–5.6%
w/v) or KOH (2–7% w/w).

2. Transfer the biomass-glycerol reaction mixture into the stain-
less steel reactor and tightly close with the lid.

3. Heat the reactor using heating mantle to 120 �C and hold the
reactor temperature for 60 min residence time (see Note 8).

4. After the reaction is complete, let the reactor temperature
come down to <50 �C.

120 Shereena P. Joy and Chandraraj Krishnan



5. Filter the pretreated slurry using vacuum filtration to separate
the black liquor from the pretreated solids.

6. Wash the pretreated solids as per Subheading 4.3.

3.2.3 Washing of

Pretreated Biomass

1. Wash the filtered pretreated solids with 200 mL of aqueous
glycerol (1:1 ratio of glycerol to water) or 1% w/v of sodium
hydroxide solution to remove lignin deposits from the pre-
treated biomass.

2. The first wash is followed by water washing till the biomass
reaches pH 7.

3. Air-dry the washed pretreated biomass and store in ziplock
bags for further use (see Note 11).

3.3 Enzymatic

Digestibility of

Pretreated Biomass

Saccharification of the glycerol-pretreated biomass provides
insights into the effectiveness of the pretreatment process. Enzy-
matic hydrolysis efficiency could be considered as the major param-
eter to select the pretreatment conditions. Figure 4 shows the
representative improvement in the efficiency of enzymatic hydroly-
sis of sorghum stalks after glycerol pretreatment. The overall effi-
ciency of the pretreatment is not only based on the enzymatic
saccharification, but the recovery of glucan should also be high.
The glucan recovery is determined by compositional analysis as
described in the following section.

1. Take 0.2 g dry weight (dwt) of pretreated solids and add
9.6 mL of 0.05 M sodium citrate buffer (pH 4.8) to obtain
2% solids loading in a 15 mL glass vial (see Note 9 and 10 for
actual buffer volume).

Fig. 4 Effect of glycerol pretreatment on enzymatic digestibility of sorghum
stalks. Sorghum stalks were ground and sieved using 1 mm mesh size screen
and pretreated with 60% glycerol at 190 �C for 60 min at 5% solids loading in a
stainless steel reactor. The pretreated biomass at 2% (dwt basis) solids loading
was hydrolyzed using Cellic CTec2 cellulase at an enzyme loading of 10 FPU/g
dwt solids for 72 h. The yields of glucose and xylose formed from cellulose and
xylan, respectively, by enzymatic hydrolysis indicating the efficiency of
pretreatment were determined
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2. Add each of antibiotics cyclohexamide and chloramphenicol to
a final concentration of 50 μg/mL to prevent microbial con-
tamination during hydrolysis.

3. Add 100 μL of cellulase from the working stock to obtain a final
cellulase activity of 10 FPU/g dwt of pretreated solids in
the vial.

4. Incubate the hydrolysis mixture at 50 �C in an orbital shaker
and set the agitation at 150 rpm.

5. After 72 h of hydrolysis, filter the hydrolyzed slurry and mea-
sure the concentration of glucose, xylose, and arabinose in the
clear hydrolyzate using HPLC fitted with Aminex HPX-87H
column and 5 mM sulfuric acid as the eluent at 0.6 mL/min
flow rate and at 60 �C column temperature.

3.4 Composition of

Pretreated Biomass

The analysis of change in the composition of pretreated biomass is
necessary to optimize the conditions for maximum recovery of
glucan. It is important that after each pretreatment the composi-
tion analysis is carried out. The glucan recovery and the enzymatic
digestibility should be high (>90%) for choosing efficient pretreat-
ment conditions.

1. Acid hydrolyze the sorghum biomass as per NREL standard
protocol (see ref. [17]).

2. Dilute the liquid fraction containing sugars with milliQ water
and filter through 0.2 μ membrane using filtration unit into
1.5 mL glass vials.

3. Analyze the sample using HPLC fitted with Aminex HPX-87H
column and 5 mM sulfuric acid as the eluent at 0.6 mL/min
flow rate and at 60 �C column temperature.

4. Measure the acid-soluble lignin in the liquid fraction and acid-
insoluble lignin in the solids fraction.

3.5 Structural

Analysis of Pretreated

Biomass

The changes in surface morphology and crystallinity index of the
biomass after the glycerol pretreatment are direct evidence for
effective pretreatment. Scanning electron microscopy (SEM) and
X-ray diffraction (XRD) are used to determine the surface mor-
phology and the crystallinity index of the biomass. The representa-
tive SEM pictures and XRD patterns of untreated and glycerol-
pretreated sorghum stalks are shown in Figs. 5 and 6. The crystal-
linity of the biomass is determined using crystallinity index (CrI).
The crystallinity index is calculated using Eq. (1).

CrI %ð Þ ¼ I 002 � I amð Þ � 100
I 002

ð1Þ

where I002 is intensity of the diffraction from the 002 plane at
2θ ¼ 22.4� and Iam is intensity of amorphous region at 2θ ¼ 18.4�.
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Fig. 5 SEM image of untreated and glycerol pretreated sorghum stalks. Sorghum stalks were ground and
sieved through 1 mm mesh size screen and pretreated with 60% glycerol at 190 �C for 60 min at 5% solids
loading in a stainless steel reactor. The SEM images of untreated and glycerol pretreated sorghum stalks were
obtained using Quanta 400 (a) untreated sorghum stalks (500�); (b) glycerol pretreated sorghum stalks
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Fig. 6 XRD patterns of untreated and glycerol pretreated sorghum stalks.
Sorghum stalks were ground and sieved through 1 mm mesh size screen and
pretreated with 60% glycerol at 190 �C for 60 min at 5% solids loading in a
stainless steel reactor. X-Ray diffraction patterns of untreated and glycerol
pretreated sorghum biomass were obtained using D8 ADVANCE diffractometer.
(a) Untreated sorghum stalks; (b) glycerol pretreated sorghum stalks
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4 Conclusion

Organosolv pretreatment using glycerol has several benefits over
other solvents. Due to its high boiling point, the reaction can be
carried out at atmospheric conditions without any need for high-
pressure reactors. As glycerol is a major by-product of biodiesel
industry, it is a cheaper solvent for the pretreatment. Glycerol
selectively removes significant amount of lignin with complete
recovery of cellulose. Glycerol pretreatment can be carried out
with acid or alkali as catalyst to lower the pretreatment severity
and improve the hydrolysis of the biomass. The methodology to
carry out glycerol pretreatment with or without catalyst followed
by enzymatic hydrolysis is described in this chapter.

5 Notes

1. Crude glycerol from biodiesel industry could be used for the
glycerol pretreatment process, which would reduce the process
cost and also help the biodiesel industry by utilizing its major
by-product. When the crude glycerol is used in the pretreat-
ment, it tends to result in lower delignification of biomass as
compared to pure glycerol. This is due to the pitch deposits on
the biomass formed by the lipophilic substances from crude
glycerol which interferes with the reaction rate, thus acting as
barrier for the lignin removal. These pitch deposits are difficult
to remove during washing and survives the pretreatment pro-
cess. Thus, it is suggested that lipophilic components from
crude glycerol be removed before using it for pretreatment in
case it is interfering in lignin removal and the enzymatic
hydrolysis.

2. 5 N NaOH is used to adjust the pH in order to avoid change in
the concentration of sodium citrate buffer.

3. Prepare sodium citrate buffer fresh for every hydrolysis reaction
in order to avoid contamination issues.

4. In some cases, xylanases are added along with cellulase enzymes
as the xylanase activity in cellulase enzyme cocktail will not be
sufficient to hydrolyze xylan effectively.

5. The stainless steel reactor material of construction (MOC)
would depend on the nature of chemicals being used. When
acid is used, SS 316L material should be used; otherwise lower
grade steel, SS304 is used as the MOC.

6. The lower particle size of the biomass helps in ease of opera-
tion. The particle size of the ground biomass is generally pre-
ferred to be <1 mm for providing more surface area for
chemicals to penetrate into the biomass, after pretreatment
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the size would further reduce and it is observed that lower size
improves the enzymatic hydrolysis reaction (see ref. [18]).

7. The biomass loading during pretreatment would depend on
the density and the particle size of the feedstock. The bulk
density of biomass varies with different feedstock, wheat straw
is having a low density of 18 kg/m3 whereas corn cob has a
bulk density of 250 kg/m3 (see ref. [19]). In case of lower
density, the volume occupied in the reactor would be more
leaving little headspace and also it would limit the heat and
mass transfer. Hence, for biomass with lower density,
low-solids loading is preferred.

8. Pretreatment temperature and time vary with biomass and
hence these are optimized for higher sugar yield with maxi-
mum recovery. The retention time and pretreatment tempera-
ture has an inverse relationship, higher temperature requires
lower retention time whereas lower temperature requires lon-
ger retention time.

9. The pretreated solids are used either as wet or dry substrate for
enzymatic hydrolysis. The drying of the pretreated solids
should be done at ambient or lower temperature, as higher
temperature may collapse the pores making it difficult for the
cellulase enzyme to reach the substrate (see ref. [22]). Most of
the literature reported use of dry solids for hydrolysis reaction
but in some cases wet solids have shown higher hydrolysis yield
than dried biomass (see ref. [11]).

10. Measure the wet weight of solids obtained after washing the
pretreated biomass and estimate the moisture content. Add
appropriate amount of buffer to the hydrolysis mixture to a
final volume of 10 mL considering the water already present in
biomass as moisture.

11. Low-solids loading for enzymatic hydrolysis is carried for
screening the pretreatment conditions required for maximum
sugar release (see ref. [20]). Once the pretreatment process is
optimized, solids loading is increased and the effect of high
solids is studied. High-solids loading is preferable for obtaining
higher ethanol titer in fermentation, for reducing the distilla-
tion cost. But the operation of high-solids loading in batch
mode is difficult due to the high viscous nature of slurry.
Hence, fed batch strategy is employed, where solids are
added in subsequent time intervals (see ref. [21]). For example,
to carry out 20% solids loading enzymatic hydrolysis, initially
the reaction is started with 10% solids in which mixing is not an
issue, followed by the addition of 5% solids in next two time
periods. The time of addition of solids depend on the liquefac-
tion of pretreated biomass by cellulases. The total cellulase is
added at start of the hydrolysis.
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6 Calculations

The recovery of total solids, cellulose, xylan, and lignin after glyc-
erol pretreatment is calculated using the Eqs. (2)–(5). The yields of
glucose and xylose after the enzymatic hydrolysis of the pretreated
solids are calculated using the Eqs. (7) and (8).

Solids recovery %ð Þ ¼ Weight of solids obtained after pretreatment gdwtð Þ � 100

Weight of biomass loaded to reactor gdwtð Þ ð2Þ

Cellulose recovery %ð Þ ¼ Cellulose content in the pretreated solids mg=gdwtð Þ � 100

Cellulose content in the untreated biomass mg=gdwtð Þ
ð3Þ

Xylan recovery %ð Þ ¼ Xylan content in the pretreated solids mg=gdwtð Þ � 100

Xylan content in the untreated biomass mg=gdwtð Þ ð4Þ

Lignin recovery %ð Þ ¼ Lignin content in the pretreated solids mg=gdwtð Þ � 100

Lignin content in the untreated biomass mg=gdwtð Þ ð5Þ

Delignification %ð Þ ¼ 100� Lignin recovery %ð Þ ð6Þ
Glucose yield %ð Þ ¼ Amount of glucose in the hydrolyzate mgð Þ � 100

Cellulose content in pretreated solids mg
g dwt

� �
�Weight of pretreted solids loaded mgdwtð Þ � 1:11

ð7Þ
Xylose yield %ð Þ ¼ Amount of xylose in the hydrolyzate mgð Þ � 100

Xylan content in pretreated solids mg
g dwt

� �
�Weight of pretreted solids loaded mgdwtð Þ � 1:136

ð8Þ
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Chapter 9

Seed Viability Test: A Semi-Throughput Method to Screen
Oilseeds for Biodiesel Production

T. Eevera, D. Ramesh, M. Djanaguiraman, and R. Umarani

Abstract

Biofuels offer a solution to combat climate change and secure energy surplus. Among the various sources
for biodiesel production, the seed of oilseed crops is primary rawmaterial. The biodiesel industry demands a
supply of good quality oil so that it can reduce processing costs and price of biodiesel. In general, the oils
with low free fatty acid contents are considered as good quality oil and for which the quality of the oil should
be analyzed in seed lot for biodiesel production. Currently, oil quality testing is done to the oil extracted
from seed lot using sophisticated instruments. However, the analysis of oil seed lot is not tested, which
forms the basic materials for oil extraction. Therefore, analysis of the quality of raw materials (seed lot in this
case) is mandatory for assessing oil quality.
Till now, there is no standard method available for screening the quality of the oilseed before biodiesel

production. The free fatty acid (FFA) content of the oil is the critical factor for biodiesel production. In
seeds, the FFA content of oil is directly associated with seed viability. In this chapter, an easy-to-perform
protocol is presented for determining the seed viability potential, which is having a significant positive
association with FFA content of the seed.

Key words Oilseeds, Transesterification, Biodiesel production, Screening, Seed viability

1 Introduction

Biodiesel can be produced from vegetable oils or animal fats. Gen-
erally, the transesterification method is employed to produce bio-
diesel, which involves a reaction between catalyst, alcohol, and
oil/fat at a particular temperature and time. The seeds of different
oilseed crops are used as potential biodiesel feedstocks. Oilseed
crops production is season oriented, and seed oil yield may vary
with species, and agroclimatic conditions.

The oilseed crop will be harvested at field maturity, and the
seeds will be dried under sun or in a mechanical drier to attain
optimum moisture content of 8–10% [1]. Drying of seeds to opti-
mum moisture content is a crucial step since it can influence the oil
recovery percentage as well as the shelf life of the oil. The oil which
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is going to be used for biodiesel production should be free from
plant debris, lower moisture content, and low FFA content to
ensure economic biodiesel yield [2]. The FFA content of the oil is
considered as an important parameter for determining the appro-
priate method of biodiesel extraction from the oil seeds [3]. The
commercial biodiesel industries are currently employing alkaline
catalyst-based transesterification method for biodiesel extraction.
The conversion of higher FFA content of oil via alkaline catalyst-
based transesterification process can result in lower yield of biodie-
sel and increased processing cost [4].

The quality of oil extracted may be affected due to injured/
immature/poorly stored oilseed crop seeds, since they are mainly
responsible for the increase in the FFA content of oil present in the
oilseed during storage. An opportunity to test the quality of oil-
seeds based on FFA-linked biological characteristics has immense
scope to screen the source material before oil extraction. Existing
oil quality analysis is done by using the oil samples extracted from
oilseeds. Presently, no method is employed for screening of oilseeds
for biodiesel production. In this chapter, a simple and rapid screen-
ing protocol to assess the oilseed quality is presented. The quality of
the oilseed crop seed is directly associated with biodiesel
production.

2 Materials

1. Oilseeds.

2. Watch glasses.

3. Petri dishes.

4. Beakers (100–250 mL capacity).

5. Single-edge razor blade.

6. Needles.

7. Forceps.

8. Magnifying devices.

9. Medicine dropper.

10. Dispensing bottle.

11. Oven or incubator.

Chemicals

1. 2,3,5-Triphenyl Tetrazolium Chloride.

2. KH2PO4.

3. NaH2PO4.
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2.1 Preparation of

Seed Sample and

Solution

2.1.1 Conditioning and

Preparing of Oilseeds:

Exposure of Tissues for

Staining

The seed of oilseed crops is taken, and using a needle and forceps
the pericarp (seed coat) is carefully removed to facilitate the quick
permeation of 2,3,5-triphenyl tetrazolium chloride (TCC) solution
into the seed tissues to ensure quick staining of viable tissues.

2.1.2 Preparation of

Solution

2,3,5-Triphenyl tetrazolium chloride solution with a pH of 6.0–7.5
was prepared with distilled water. The concentration of 2,3,5-
triphenyl tetrazolium chloride will vary between 0.1 and 1.0%
depending on crop species. If the pH of the solution is more than
7.5, the intensity of staining will be very high. However, if the pH is
less than 6.0, it will lead to poor staining, irrespective of the viability
status of the seed. Therefore, the 2,3,5-triphenyl tetrazolium chlo-
ride solution is prepared by using the buffer solution to maintain
the pH.

1. Solution A is prepared by dissolving 9.078 g KH2PO4 in
1000 mL of distilled water.

2. Solution B is prepared by dissolving 11.876 g NaH2PO4 in
1000 mL of distilled water.

3. Solution A and B are mixed in the ratio of 2:3.

4. 0.2 g of 2,3,5-triphenyl tetrazolium chloride is mixed in
100 mL of buffer solution to prepare 0.2% solution.

3 Methods

Seed sampling
The first step is to draw a sample that is “representative” of the

entire seed lot. The quantity of seeds tested for its quality attributes
is very less compared to the size of the seed lot which is intended to
represent. Hence, the seed sampling procedure has to be imple-
mented with the utmost care.

3.1 Seed Sampling

Procedure

Details of procedure that need to be followed for taking the seed
sample are given below [5].

1. Several individual samples (oilseeds) have to be drawn from
various containers, or different parts of the bulk are called
primary samples.

2. All the primary samples are pooled or combined in a suitable
container to arrive at composite sample.
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3. The size of the composite sample should be suitably or appro-
priately reduced; the reduced sample size should be submitted
to the seed testing laboratory for viability assessment.

4. Under laboratory conditions, the submitted sample will be
reduced with the help of mixing and dividing instruments,
and finally the working sample will be arrived. The working
sample of oilseed crop seeds shall contain at least 2500 seeds or
prescribed weight as per the ISTA [5] standards.

5. As per the physical purity analysis guidelines of the ISTA [5],
working sample should be segregated into pure seed, other
crop seed, and inert matter.

6. Among the three fractions, 400 numbers of seeds will be
randomly taken from pure seed fraction to assess the suitability
of oilseed lot for biodiesel production based on seed viability
analysis.

3.2 Screening Test Testing seeds for germination by conventional method takes a
longer time, but often the viability of seeds is known within a day
or two by using the tetrazolium test [6].

3.2.1 Principle All living cells in seed “respire” depending on their vigor level.
During respiration, the hydrogen transfer or energy transfer system
is controlled by a group of enzymes called “dehydrogenases” pres-
ent in the cells of seeds. The activity of this enzyme is higher in
vigorous tissues compared to the less vigorous tissues. A colorless
indicator dye or staining solution (2,3,5-Triphenyl Tetrazolium
Chloride) in which seeds are allowed to imbibe, interact with the
reduction processes during respiration, and accept one “H” from
the living cells by hydrogenation. As a result of hydrogenation
processes, the 2-3-5, triphenyl tetrazolium chloride is reduced
into a stable, nondiffusible substance called 2-3-5, triphenyl tetra-
zolium formazan. Based on the intensity and pattern of staining,
the seeds can be classified into viable or nonviable.

3.2.2 Methodology The sequential steps involved in this test are (Fig. 1):

1. Conditioning and preparing the seed for staining.

2. Exposure of tissues for staining.

3. Preparation of solutions.

4. Staining of the seeds.

5. Assessment or evaluation of stained seeds.

3.2.3 Procedure for

Staining and Assessment

of Seed Viability

1. A quantity of 400 seeds is taken from the working sample.

2. The collected seeds are preconditioned by soaking in water for
1 h.

3. The seed coat is removed from the seed after preconditioning.
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4. The naked seeds are placed in a Petri dish, and an adequate
quantity of 0.2% tetrazolium chloride solution is added to
immerse them.

5. The seed sample is incubated in darkness for 4 h.

6. Decant the 2-3-5, triphenyl tetrazolium chloride solution after
incubation (4 h), and naked seeds are washed thoroughly in
distilled water.

7. The staining pattern of cotyledons is observed, and seeds are
segregated into viable and nonviable seeds.

Seed lot

Composite sample 

Submitted sample

Working sample 

Pure seed

400 seeds

Primary sample 1
Primary sample 2

Primary sample 3

Oil with higher FFA content Lower seed viability 

Higher seed viability Oil with lower FFA content

Preparation and conditioning of seeds 

Mixing of seeds with Tz solution

Exposure of seeds tissues for staining

Staining of seeds 

Evaluation of staining pattern of seed for viability

Other crop seedsInert matter

Fig. 1 Assessment of biodiesel feedstock based on oilseed viability
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8. Calculate the viability percentage of seeds based on viable and
nonviable seeds

sSeed viability, % ¼ Number of viable seeds
Total number of seeds taken for screening�100

9. Higher viability percentage of the seeds indicates that higher
oil quality with low free fatty acid content is present in the seeds
and vice versa. In other words, based on the intensity and
staining pattern on oilseeds, the oilseeds can be divided into
suitable or not suitable for alkali-based transesterification for
biodiesel production.

10. The following rating scale can be used for identifying seed lot
suitable for biodiesel production.

Intensity and staining pattern
on oilseeds Results

More to the moderate staining
pattern

Well suitable for the alkali
transesterification process

Less or no staining at all Not suitable for the alkali
transesterification process

11. In conclusion, the higher viability of oilseeds is well suited for
the single-step alkali transesterification process.

4 Oilseed Sampling

4.1 Sampling

Intensity

The following sampling procedure [5] can be adopted for oilseeds
stored in the standard size of bags or other containers

<5 containers Sample each container, but with at least five primary
samples

6–30 containers Sample 5 containers or 1 in every 3 containers

31–400 containers Sample 10 containers or 1 in every 5 containers

400 or more
containers

Sample 80 containers or 1 in every 7 containers

The following procedures can be followed when seeds are
stored in bulk in bins or heaps or processing streams:

<500 kg At least five individual samples

501–3000 kg One sample for each 300 kg, but not less than five
primary samples

3001–20,000 kg One sample for each 500 kg, but not less than ten
primary samples
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When the seeds are in small containers such as tins, cartons, or
packets, a 100 kg weight of seeds is taken as one basic unit, and the
small containers are combined to form a sampling unit. This sam-
pling unit should be less than 100 kg (e.g., 20 containers of 5 kg;
33 containers of 3 kg; 100 containers of 1 kg). For sampling, each
unit is considered as “one container,” and the sampling intensity
prescribed as in the case of containers is applied.

4.1.1 Mixing and Dividing

of Seed Samples

Mixing and dividing of seed samples are done in order to obtain the
uniformly blended quantity of representative sample as well as to
obtain the required quantity of submitted and working samples.
Methods used for mixing and dividing the seed samples in the
laboratory are mechanical dividers, e.g., conical or soil or modified
halving method and hand halving method.

4.1.2 Mechanical Mixing

and Dividing

This method is suitable for seeds that are free-flowing and
non-chaffy. The apparatus divides the sample into two halves,
which are again pooled, and the process is repeated until satisfied
that the mixing and dividing are done properly. Depending upon
the seed, the process is repeated until obtaining the required quan-
tity of seed samples is obtained.

4.1.3 Conical or Boerner

Divider

It is the most commonly used divider, which is working on the
principle of gravity. The divider consists of a seed hopper, a valve,
and a conical structure. Inside the conical structure, there is a series
of baffles with alternate channels and space which directs the seeds
into two spouts. The width of the space and channels are the same.
The series of baffles are arranged in a spiral manner in such a way
that they direct the seeds inward and downward toward the spout.
The channels are leading to one spout while the space leading to an
opposite spout to divide the seed samples. This divider is not
suitable for chaffy seeds, and checking for cleanliness is difficult.

4.1.4 Soil Divider It has channels or ducts arranged in a straight manner, a hopper,
two receiving pans, and a pouring pan. Channels are about 13 mm
wide, and the total number of channels is 18. The alternate chan-
nels are leading to one spout in one direction and the other to the
spout in the opposite direction. This divider is suitable for large size
seeds.

4.1.5 Modified Halving

Method

This consists of a tray with a number of cubical cups fitted inside.
The cups will be open at the top, and every alternate one will not
have the bottom. After preliminary mixing, the seeds are evenly
poured as that of the random cup method. When the grid, along
with the cup, is lifted, approximately half the quantity will be
retained in the cups leaving the remaining half in the tray. This
process is done until the required quantity of the working sample is
obtained.
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4.1.6 Hand Halving

Method

In the absence of any of the methods mentioned above, this
method can be followed. In this method, the sample is divided
into four quarters, and the two of the opposite quarters are
rejected, and the other half is again pooled, and the processes are
repeated till the desired quantity of the working sample is obtained.

4.1.7 Physical Purity

Analysis

Physical purity is one of the basic quality characters, and it denotes
the cleanliness of the seed, and this is the first step in seed quality
evaluation. In purity analysis, the working samples of the seed lot
have to be cleaned into various components as detailed below.

4.2 Components of

Purity Analysis

Based on the recommendation of the purity working group of ISTA
after 1985, the components which are verified in the purity analysis
are the pure seed, other crop seeds, and inert matter.

4.2.1 Pure Seed It shall refer to the species of kind/species stated by the sample
sender or found to predominate in the working sample. In addition
to mature and undamaged seed, it includes immature seeds, shri-
veled seeds, pre-germinated seeds, and even diseased seeds
provided they can be identified as that of the species under
consideration.

4.2.2 Half Seed Rule A broken seed, which is more than half of the original size, is
counted as the pure seed. Seeds with the seed coat entirely removed
are regarded as inert matter.

4.2.3 Other Crop Seeds Seeds and seed units of any plant other than that of oilseeds are
regarded as other crop seeds. Weed seeds are also included as other
seeds. The half seed rule is applicable for other crop seeds also.

4.2.4 Inert Matter It includes seed-like structures, other plant parts, nematode galls,
sclerotic bodies, sand, stone, and other related substances, glumes,
lemma, and palea. A seed that is less than half of the original size of
the seeds and/or other crop seeds are regarded as inert matter.
Seeds without seed coat are also grouped as inert matter.

5 For Staining Conditions

Temperature influences the staining reaction. For every 5–6 �C
increase in temperature will reduce the duration for about one
half of the original time required for complete staining. The recom-
mended temperature for effective staining is 30 �C. However, the
temperature must be between 20 and 45 �C.

5.1 Correlation

Between Seed Viability

and FFA of Oil

The oil quality and oil recovery depend on the conditions of the
oilseeds. In other words, oilseeds with higher seed viability will
yield an excellent quality of oil (in terms of FFA content) that is
required for biodiesel production. However, the viability of seed
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depends on moisture content, seed coat hardness, and percent
damage. Kinman and Ibert [7] and Vinoth Kumar et al. [8]
reported that the FFA content of the oil extracted from low viability
or dead seeds were found higher and vice versa. The seed viability
could be measured using the 2-3-5, triphenyl tetrazolium chloride
protocol (mentioned earlier). Based on the intensity and staining
pattern on oilseeds, the samples can be classified into viable or
nonviable seeds.

To confirm and cross-validation of the above scientific finding a
correlation between seed viability and FFA of the oil should be
performed. For the estimation of the FFA content of oil, the
procedure given in the AOCS Protocols Ca 5a-40 can be used
[9]. The seed viability is the primary determinant of the biochemi-
cal property of oil available in the oilseeds [8]. The relationship
between the percentage of seed viability and the FFA content of
oilseed could be useful for assessment of the suitability of oilseeds
for biodiesel production using results of either seed viability or FFA
content. The correlation equation can be employed to predict the
FFA content of oil using the viability of oilseeds and also for
verification purposes.

6 Conclusion

The critical quality parameter of the oil prescribed for testing the oil
quality before biodiesel production is free fatty acid content. The
content of free fatty acid is in turn directly proportional to the seed
viability potential. In this chapter, an easy-to-perform protocol is
presented for determining the seed viability potential, which is
having a significant positive association with free fatty acid content
of seed. High quality of raw material is quintessential for ensuring
high biodiesel production. In order to quickly estimate the quality
of the seed lot, screening of seed viability through tetrazolium test
and correlation with FFA content of the seed is very useful. Obtain-
ing “representative” seed sample forms the basis for achieving
reproducible test results. Hence, it is recommended that prescribed
procedure should be followed for drawing “representative” seed
sample and the seeds should be subjected to tetrazolium test or
“quick viability test.” The higher seed viability percentage forms
the quality criteria for selecting the oil seed lot for subsequent
production of biodiesel.
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Chapter 10

RNAi-Based Gene Silencing in Sugarcane for Production
of Biofuel

Naveenarani Murugan, Chakravarthi Mohan, and Baskaran Kannan

Abstract

RNA interference (RNAi) is an innate cellular mechanism triggered by a double-stranded RNA (dsRNA)
molecule causing selective inhibition of gene expression. Here, we demonstrated the RNAi technology for
gene silencing in sugarcane for biofuel production. This chapter describes an efficient model system that
established to target the caffeic acid O-methyltransferase (COMT) gene and the RNAi construct is
designed and delivered through Agrobacterium mediated stable sugarcane transformation. Also, the
approach for an analysis of resulting putative transgenic plants for a targeted RNAi mediated gene silencing
is described.

Key words RNA interference, Sugarcane, Gene silencing, Biofuel, Caffeic acid O-methyltransferase
(COMT), Agrobacterium, Transgenic sugarcane

1 Introduction

Sugarcane (Saccharum spp. hybrids), a very efficient perennial C4
plant with a highly polyploid and complex genome, is considered a
top-notch candidate for biomass production all over the world
[1]. Sugarcane is a high biomass producing plant and is necessary
to improve sugarcane biomass productivity, making them more
suitable for lignocellulosic ethanol production. The major barrier
that hinders the use of energy crops biomass for biofuel production
is the recalcitrance of the plant cell wall [2]. The manipulation of
bioenergy crops with reduced lignin content or modifying cellulose
and lignin biosynthesis is a prime strategy to reduce biomass recal-
citrance and boost the ethanol production. Therefore, RNAi
mediated genetic manipulation of lignin biosynthetic gene is a
successful strategy to improve saccharification of lignocellulosic
biomass [3–5]. RNA interference (RNAi) is a gene silencing phe-
nomenon which involves sequence-specific gene regulation trig-
gered by double-stranded RNA (dsRNA), resulting in a
degradation of target gene transcripts. This phenomenon of
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RNAi gene regulation involves small noncoding RNAs called small
interfering RNA (siRNA) and microRNA (miRNA) that are the
cleavage products of dsRNA [6]. In plants, RNAi has been exten-
sively applied to accomplish desirable traits by manipulating the
gene expression [7]. Recently, sugarcane was genetically manipu-
lated by targeting the lignin biosynthetic pathway genes, which
have been successfully demonstrated for biofuel production, i.e.,
caffeic acid O-methyltransferase (COMT), caffeoyl-CoA O-
methyltransferase (CCoAOMT), ferulate 5-hydroxylase (F5H)
[3, 5, 8, 9], 4-coumarate:coenzyme A ligase (4CL) gene [5], and
BAHD acyl-coenzyme A (CoA) transferase [10]. The present pro-
tocol facilitates RNAi-based gene silencing in sugarcane which
involves: (a) selection of target region(s) within the target gene,
(b) generating a RNAi construct with hairpin cassette (target gene
cloned in a sense and antisense orientation flanking a spacer or
intron), (c) genetic transformation of sugarcane and screening of
transgenic lines, and (d) evaluation of traits of interest for desired
quality.

2 Materials

2.1 Bacterial Strains

and Plasmids

1. Escherichia coli strain DH5α.
2. Agrobacterium tumefaciens strain EHA105/LBA4404.

3. pGEM®-T Easy cloning vector (Promega, Mannheim,
Germany).

4. Intermediate Vector pRNAi-GG.

5. Binary vector pRI101 AN (Takara Bio, Inc.).

2.2 Reagents for

Molecular Cloning

1. RNeasy plant mini kit (QIAGEN, Germany).

2. cDNA synthesis kit (Invitrogen, USA).

3. Primers (Gene and vector specific primers).

4. Platinum Taq DNA polymerases High Fidelity (HF) kit
(Thermo Fisher Scientific, USA) and PCR thermal cycler.

5. QIAquick PCR Purification kit (QIAGEN, Germany).

6. Restriction enzymes and corresponding 10� buffer (Thermo
Fisher Scientific, USA).

7. T4 DNA ligase and 10� T4 DNA ligase buffer (Thermo Fisher
Scientific, USA).

8. LB medium and plates (see Subheading 2.4.2.1) containing
100 μg/mL ampicillin (for pGEM) or 100 μg/mL kanamycin
(for pRI101 AN) for E.coli cultures.

9. YEP medium and plates (see Subheading 2.4.2.2) containing
50 μg/mL rifampicin and 100 μg/mL kanamycin for Agrobac-
terium cultures.
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10. QIAprep Spin Plasmid miniprep kit (QIAGEN, Germany).

11. Temperature-controlled incubators equipped with a rotary
shaker (37 �C and 28 �C).

12. NanoDrop 2000/c Spectrophotometer (Thermo Fisher
Scientific, USA).

13. Agarose gel electrophoresis unit.

14. Agarose.

15. Calcium chloride.

16. Ethidium bromide.

17. 50� TAE buffer.

18. 6� Gel loading buffer.

19. QuantiTect SYBR Green PCR kit (QIAGEN, Germany).

2.3 Materials for

Transgenic Sugarcane

Development and

Screening

1. Bunsen burner, forceps, scalpel.

2. Petri dishes with lid.

3. Glass bottles with a lid.

4. Pipettes and disposable autoclaved tips (0.2–10, 20–200,
100–1000 and 1000–5000 μL).

5. Filter paper (autoclaved).

6. Refrigerated centrifuge.

7. Sterile screw-cap polypropylene centrifuge tubes (round bot-
tom 50 mL and conical bottom of 15 and 50 mL).

8. Erlenmeyer flasks (250 mL).

9. Sterile polypropylene cryotubes (1.5 mL).

10. Sterile double-distilled water.

11. Murashige and Skoog (MS) medium (HiMedia).

2.4 Solutions and

Nutrient Media

2.4.1 Solutions

1. Calcium chloride (20 mM): Dissolve 294.04 mg in 100 mL of
distilled water, autoclave, and store at 4 �C.

2. Hygromycin (50 mg/L): Dissolve in distilled water, filter-
sterilize, and store at 4 �C.

3. Rifampicin (50 mg/L): Dissolve in dimethylsulfoxide
(DMSO), filter-sterilize, and store at –20 �C.

4. Kanamycin (50 mg/L): Dissolve in distilled water, filter-
sterilize, and store at 4 �C.

5. Acetosyringone (1 M): 196.2 g/L, dissolve in DMSO and
store at –20 �C.

6. 2, 4-Dichlorophenoxyacetic acid (2,4-D, 1 mM): 221 mg/L,
dissolve in a few drops of 50% ethanol by heating gently, make
up to the final volume with hot distilled water, filter-sterilize,
and store at 4 �C.
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7. Cefotaxime (250 mg/mL): Dissolve 1 g of powder in 4 mL of
double-distilled water. Sterilize by filtration and store at –
20 �C.

8. 6-Benzylaminopurine (6-BAP, 1 mM): 0.225 g/L, dissolve in a
few drops of 1 M NaOH, then make final volume in distilled
water, filter-sterilize, and store at 4 �C.

9. Naphthalene acetic acid (NAA) 1 mg/mL: Dissolve well with
some drops of 1 N NaOH, make up the volume to 1 mL with
distilled water, filter-sterilize, and store at 4 �C.

10. Kinetin (1 mg/mL): Dissolve well with some drops of 1 N
NaOH,make up the volume to 1mLwith distilled water, filter-
sterilize, and store at 4 �C.

11. Ethanol (70%): Mix 700 mL of 99.9% ethanol and 300 mL of
distilled water, store at RT.

12. 50� TAE: Tris (base) 2 M (242 g), EDTA (disodium salt)
0.05 M (18.6 g). Adjust to pH 8.0 with glacial acetic acid
(~57 mL) and make volume up to 1 L.

13. Ethidium bromide: 0.5 μg mL–1, dissolved in water.

14. 6� Loading buffer: 0.25% bromophenol blue, 0.25% xylene
cyanol FF, and 30% glycerol in water.

2.4.2 Nutrient Media

Medium for E. coli

Transformation

LB Medium (Luria—Bertani broth): Yeast extract 5.0 g/L, tryp-
tone 10.0 g/L, Sodium chloride 5.0 g/L. Dissolve in distilled
water and make up the volume to 1 liter. Adjust the pH to 7.0
with 1 N NaOH. Autoclave and store at room temperature. To
make the solidified LB medium, 1.5% (w/v) agar is added.

Medium for A. tumefaciens

Transformation

YEP Medium (Luria—Bertani broth): 10.0 g/L yeast extract,
10.0 g/L peptone, 5.0 g/L sodium chloride. The pH is adjusted
to 7.0, the solution is autoclaved and cooled, and then respective
antibiotics are added. To make the solidified medium, add 1.5%
(w/v) agar.

Media for Transgenic

Sugarcane Development

1. MS Medium (M0): MS medium + 50 g/L sucrose, pH 5.8.

2. Infection medium (M1): 1/2M0 + 200 μmol/L acetosyrin-
gone + 15 g/L dextrose, pH 5.8.

3. Co-cultivation medium (M2): M0 + 3.0 mg/L 2.4-
D + 200 μmol/L acetosyringone + 3 g/L phytagel, pH 5.8.

4. MS Cef Medium (M3): M0 + 3.0 mg/L 2.4-D + 0.5 mg/L
Cefotaxime + 3g/L phytagel, pH 5.8.

5. Selection medium (M4): M0 + 3.0 mg/L 2.4-D + 30 mg/L
hygromycin + 0.5 mg/L Cefotaxime + 3 g/L phytagel,
pH 5.8.
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6. Regeneration medium (M5): M0 + 1 mg/L Kinetin + 0.5 mg/
L NAA + 30 mg/L hygromycin + 3 g/L phytagel, pH 5.8.

7. Rooting medium (M6): White’s medium [11] + 5 mg/L
hygromycin, pH 5.8.

3 Methods

3.1 Isolation of

Gene-of-Interest from

Sugarcane

Select a target gene of interest; for example, here we are describing
COMT gene (Saccharum officinarum, AJ231133) as a gene-of-
interest. The sequence of this gene is available in the public domain.
Design a forward primer and reverse primer to amplify the target
gene. Isolate total RNA from top leaves of 3–8-month-old sugar-
cane variety using the RNeasy Plant Mini Kit. Verify the integrity of
RNA by running 1 μg of total RNA on 1% (w/v) agarose gel and
the concentration and purity of the extracted RNA is analyzed with
the NanoDrop 2000/c spectrophotometer. Using 2 μg of total
RNA, synthesize complimentary DNA (cDNA) using an Oligo-
dT18 primer (the primer hybridizes to the poly(A) tail of mRNA)
and Thermo Scientific Revert Aid Reverse Transcriptase. Amplify
the COMT gene using the High fidelity (HF) Taq (see Note 1),
under the following conditions: 35 cycles of 94 �C for 30s, 56 �C
for 45 s and 72 �C for 120 s. Purify and clone the PCR product into
the pGEM®-T Easy vector (see Note 2), a TA cloning vector, and
sequence 2–5 independent clones of pCOMT to confirm the suc-
cessful cloning of target gene.

3.2 RNAi Target

Selection and Vector

Construction

To design a siRNA, an mRNA or cDNA sequence of the gene of
interest (Subheading 3.1) is required and reference mRNA
sequence (can be retrieved from the NCBI database) for the target
gene is preferred because it represents the most reliable mRNA
sequence for the gene. Select a siRNA sequence with significant
homology to the target sequence, which is highly recommended to
avoid off-target effects. The selection of a silencing target region
should be an important factor for determining the specificity of
RNAi. It is highly recommended that in plants, using ~300–700 bp
of dsRNAs possess a greater success of silencing [12, 13]. Therefore,
a well-characterized potential target is very crucial for increased
success rate.

1. Select an RNAi target sequence based on sugarcane’s closely
related genome sequences of maize (Zea mays) and sorghum
(Sorghum bicolor). Perform multiple sequence alignment using
ClustalW (see Note 3) to identify a highly conserved homolo-
gous gene sequence of COMT from the available genome
resources like sugarcane EST.

2. Design and synthesize a customized pair of specific PCR pri-
mers targeting the most conserved region, the primer set is also
used to introduce BsaI (both 30 and 50 of sense and antisense
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strand), EcoRI (50 end of sense strand) and SalI (30 end of
antisense strand) and overhanging nucleotides (see Note 4) to
enable sub-cloning of hairpin-structure under regulatory
sequences (Fig. 1).

3. For constructing an RNAi silencing cassette, amplify RNAi
target region by using a primer set 1 from the pCOMT plasmid
(see Subheading 3.1) as a template.

4. Set up the PCR reaction:

(a) Reverse primer (10 mM) 0.5 μL

(b) Forward primer (10 mM) 0.5 μL

(c) 10� buffer 2.0 μL

(d) dNTPs (10 mM) 1.0 μL

(e) HF Taq 0.2 μL

(f) DNA 100 ng

(g) Water up to 20 μL

5. Run the PCR using the following program (see Note 5):

(a) 94 �C 5 min

(b) 94 �C 1 min
35 cycles(c) 55 �C 1 min

(d) 72 �C 1 min

(e) 72 �C 8 min

(f) 10 �C end

6. Separate the PCR product in 1% agarose gel. Excise and purify
the target fragment by using a gel extraction kit according to
the manufacturer’s recommendations and quantify 1 μL of the
gel product in Nanodrop 2000/c spectrophotometer (see
Note 6).

Fig. 1 Map of pRI101 AN–COMT RNAi vector. RB right border, CaMV35S cauliflower mosaic virus promoter,
NOST NOS terminator, 35S CaMV 35S promoter, NOSP NOS promoter, Hyg hpt gene coding for hygromycin
resistance, LB left border. BsaI, EcoRI, SalI are restriction enzymes used for the cloning of fragments
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7. Ligate the fragments into 50 and 30 arms of the intron in sense
and antisense direction allowing the formation of self-
complementary intron-hairpin structures along the pRNAi-
GG vector (Fig. 1). Clone and sequence few independent
colonies (as described in Subheading 3.1).

8. Double-digest both donor (pRNAi-GG) and acceptor plasmids
(pRI101 AN) independently with EcoRI/SalI Fastdigest
enzymes (see Note 7).
(a) For binary vector pRI101 AN prepare the following reac-

tion mix:
(i) 2 μg of pRI101 AN.

(ii) 5 μL of 10� Fastdigest Green buffer (supplied with
restriction enzymes).

(iii) 1 μL of Fastdigest EcoRI.

(iv) 1 μL of Fastdigest SalI.

(v) Distilled, deionized H2O to 50 μL.
(vi) Incubate the digestion reaction at 37 �C for 1 h.

(b) For pRNAi-GG, prepare the following reaction mixes:
(i) 2 μg of pRNAi-GG.

(ii) 5 μL of 10� Fastdigest Green buffer (supplied with
restriction enzymes).

(iii) 1 μL of Fastdigest EcoRI.

(iv) 1 μL of Fastdigest SalI.

(v) Distilled, deionized H2O to 50 μL.
(vi) Incubate the digestion reaction at 37 �C for 1 h.

(vii) After digestion, immediately stop the reaction by inac-
tivating the enzyme activity by incubating the samples
at 65 �C for 20 min (see Note 8).

9. After digestion, purify the restriction digested products with
QIAquick Gel Extraction Kit according to the manufacturer’s
recommendations.

10. Run a 1 μL aliquot of each purified digested product to check
the concentration and size of the expected fragments in 0.8%
agarose gel prepared with 1� TAE buffer at 100 V for 45 min.

11. Ligate pRI101 AN with pRNAi-GG using the following liga-
tion reaction:

(a) Purified pRI101 AN 1 μL (100 ng/μL)

(b) Purified pRNAi-GG 3 μL (300 ng/μL)

(c) 10� T4 DNA ligase buffer 2 μL

(d) T4 DNA ligase (5 U/μL) 1 μL

(e) Distilled, deionized H2O to 20 μL

(f) Incubate the ligation reaction for 1 h at room temperature or 4 �C
overnight. Freeze it or proceed with transformation.
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12. Transform 5 μL of ligation product into competent E. coli cells
(see Note 9) using standard protocols [14] and plate
100–150 μL on LB plates containing 100 mg/L kanamycin
stock, incubate at 37 �C overnight (see Note 10).

13. Pick up to 10 colonies and inoculate to 5 mL LB medium with
100 mg/L kanamycin stock for plasmid verification. Shake
overnight at 150 rpm in 37 �C.

14. Isolate plasmid DNA using a miniprep kit and verify the
silencing-hairpin construct (pRI101 AN–COMT; Fig. 1) by
double digestion with restriction enzymes (EcoRI/SacI) as
described in step 8. Run 0.8% agarose gel of digestion reaction
as described for step 10.

15. In addition, confirm the RNAi cassette by using the primers
designed on the promoter sequence as forward and COMT
sense fragment as a reverse primer binding site, follow the PCR
steps as mentioned in step 4.

16. Sequence 2–5 plasmids to confirm correct integration of the
expression cassettes.

17. Initiate another set of overnight liquid LB culture at 37 �C
with 150 rpm and mix 900 μL of sequence confirmed culture
with 100 μL 100% (v/v) glycerol and store at –80 �C for
future use.

3.3 Introduction of

RNAi construct into A.

tumefaciens

The choice of Agrobacterium transformation methods, e.g., chem-
ical transformation vs. electroporation, is solely at the discretion of
the laboratory. Here we are describing the chemical competent cells
used for transformation by freeze-thaw procedure as follows.

1. Preparation of chemically competent Agrobacterium cells.
(a) Grow a colony of A. tumefaciens EHA105 in 5 mL YEP

liquid media by incubating at 20 �C overnight with shak-
ing (~250 rpm).

(b) Transfer the cells to 50 mL YEP liquid media and incubate
for 3–4 h with shaking until OD600 ¼ 0.5–1.0.

(c) Chill the culture on ice for 10 min, then centrifuge at
6000 � g for 5 min at 4 �C, and discard the supernatant.

(d) Rinse the cell pellet with 10 mL of 20 mM ice-cold CaCl2,
resuspend the cells gently on ice and spin again at 6000 �
g for 5 min at 4 �C (see Note 11).

(e) Add 1 mL of 20 mM ice-cold CaCl2 and resuspend the
cells gently on ice.

(f) Take an aliquot of 0.1 mL of the competent cells into a
sterile prechilled microcentrifuge tubes (see Note 12).

2. Add 1–3 μg of pRI101 AN–COMT plasmid DNA mixture
(Subheading 3.2, step 14) to the 0.1 mL of competent cells,
mix gently, and thoroughly, and then freeze in liquid nitrogen
or dry ice-EtOH slurry (see Note 12).
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3. Heat shock the cells in a 37 �C water bath for 5 min. Add
900 μL YEP liquid media and incubate at 28 �C for 3 h with
250 rpm shaking; then spin at 3000 rpm for 3 min and spread
all cells on YEP plate containing 50 mg/L kanamycin and
20 mg/L rifampicin antibiotics, if appropriate, and incubate
for 2–3 days at 28 �C.

4. Confirm the positive colonies by a colony PCR method. If
desired, plasmid can be isolated and used for verification by
restriction analysis and DNA sequencing (see Note 13).

5. The agrobacterium colonies are ready to be used for plant
transformation.

3.4 Generation of

Transgenic Plants

Agrobacterium mediated sugarcane transformation using
A. tumefaciens strain EHA105 carrying pRI101 AN–COMT plas-
mid as described below:

1. Collect apical meristematic tissues from 6- to 10-month-old,
field-grown sugarcane plants (cv. Saccharum officinarum).
Remove leaf sheath, outermost leaves, and wipe with 70%
ethanol before transferring to sterile laminar airflow cabinet.

2. Wipe again with 70% ethanol, remove 1–2 outer layers, and cut
immature leaf whorl cross-sections of approximately 2-mm
thickness under aseptic conditions with a scalpel from the 1-
to 10-cm region above the apical node (see Note 14).

3. Transfer 6–8 leaf whorl discs with top-side of discs facing the
culture medium in 90 � 20-mm polystyrene petri dishes con-
taining M2 medium (Fig. 2a). Incubate the leaf disc at
27 � 2 �C in the dark for 2 days.

4. On the day of leaf disc culture initiation, inoculate the agro-
bacterium colonies containing pRI101 AN–COMT from the
glycerol stock (Subheading 3.3, step 5), in 10 mL YEP
medium containing 50 μg/mL kanamycin and 50 μg/mL
rifampicin antibiotics. Incubate the culture at 28 �C on an
orbital shaker at 150 rpm, overnight.

5. Next day, transfer 1 mL of the pre-inoculum to a sterile 250mL
Erlenmeyer flask containing 50 mL YEP medium supplemen-
ted with selective antibiotics, and incubate with shaking at
28 �C on an orbital shaker at 150 rpm, to the OD600 0.5–1.

6. Transfer the bacterial culture to sterile 50 mL conical tubes,
centrifuge for 10 min at 6000 rpm, at room temperature and
discard the supernatant.

7. Suspend the pellet gently in 25 mL of sugarcane infection
medium M1 (see media composition in Subheading 2.4.2.3)
and transfer the culture to a sterile 250-mL Erlenmeyer flask
and incubate the culture for 1 h at 28 �C with shaking at
150 rpm, in the light.
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Fig. 2 Different stages of Agrobacterium mediated sugarcane transformation. (a) Sugarcane leaf whorls for
co-cultivation, (b) embryogenic calli emerging on the selection medium, (c) regeneration of putative sugar-
cane lines, (d) rooted transgenic sugarcane lines, (e) transgenic sugarcane lines acclimatized in soil
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8. Transfer the leaf discs from step 3, mix gently, and incubate in
the dark for 1 h at 28 �C with gentle shaking.

9. Take out Erlenmeyer flask and infiltrate culture by applying
vacuum for 2 min (perform in the laminar airflow cabinet)
and incubate in the dark for 1 h without shaking.

10. Discard the agrobacterium culture, blot dry the leaf whorl discs
on sterile Whatman filter paper No. 1 and transfer the agro-
inoculated leaf whorls into sterile petri dishes containing
co-cultivation medium M3. Incubate the leaf whorls for
3 days at 22 �C in the dark (see Note 15).

11. Transfer the agro-inoculated leaf whorls on to petri dishes
containing M3 solid medium. Incubate for 15 days at 25 �C
in the dark (see Note 16).

12. After 15 days in the dark, transfer agro-inoculated leaf whorls
(starts to form a small callus) to petri dishes containing MS
media with selection agent M4 (1st selection) and incubate at
27 � 2 �C in the dark.

13. Subculture every 12–15 days up to 6 rounds of selection onto
fresh M4 medium and keep at 27 � 2 �C in the dark. Remove
the dying tissues, which turns brown/black in each selection
process (see Note 17).

14. After six selection process, subculture the callus onto M5
medium for regeneration, and keep the petri dishes in a growth
chamber at 26 � 1 �C under a 16/8-h light/dark photoperiod
at 150 m�2 s�1 LED light illumination.

15. Transfer the regenerated putative transgenic plants onto M6
sugarcane rooting medium. Keep it in a growth chamber at
26 � 1 �C under a 16/8-h light/dark photoperiod at
150 m�2 s�1 LED light illumination until the desired rooting
for acclimatization.

16. Transfer the regenerated plants to soil/plant substrate/vermic-
ulite mixture (3:1:0.5 ratio), and keep them in a growth cham-
ber at 26 � 2 �C, under a 16/8-h light/dark photoperiod and
60–65% relative humidity.

17. Transfer the regenerated plants to a greenhouse and grow up
to 5–6-month-old plants and proceed with molecular charac-
terization. See Figure 2, which depicts the pictorial representa-
tion of different stages of sugarcane transformation

3.5 Screening of

Transgenic Plants for

Transgene Integration

After successful generation of putative transgenic sugarcane, con-
firm the integration of transgene into the genome. This screening
procedure includes PCR analysis, DNA sequencing of PCR positive
events, and quantitative RT-PCR.
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3.5.1 PCR Analysis 1. Extract the genomic DNA from putative transgenic lines
(leaves) using the standard CTAB method [15] and use
50–100 ng of DNA as a template for PCR amplification.

2. Confirm the presence of COMT RNAi cassette in the genomic
DNA by PCR using gene-specific primer, which is specifically
designed to amplify the fragment spanning the promoter
region (forward primer) to the sense fragment of the COMT
gene (as mentioned in Subheading 3.2, step 15) and confirm
them by sequencing.

3.5.2 Quantitative Real-

Time RT-PCR for

Quantification of Target

Gene Expression

1. Collect leaves from the third internode section of COMT-
RNAi putative transgenic and non-transformed sugarcane
(wild-type) plants.

2. Isolate the total RNA and synthesize the cDNA as described in
Subheading 3.1. Use COMT specific primers to amplify the
target region as mentioned above in Subheading 3.1. Perform
all these steps on ice.

3. Run three duplicated qRT-PCR reactions for each pair of pri-
mers using cDNA as templates and non-template control sepa-
rately, as follows:

(a) Template:cDNA 104 to 105 copies or 1:10 diluted cDNA.

(b) 2� SYBR Green mix 10 μL

(c) 5 μM Forward primer 0.8 μL

(d) 5 μM Reverse primer 0.8 μL

(e) Distilled H2O upto 20 μL

4. Use following quantitative real-time PCR conditions: 95 �C for
3 min denaturation, 40 cycles at 95 �C for 10 s and 58 �C for
45 s, melt curve between 55 �C and 95 �C (see Note 18).

5. Verify the amplicon specificity by melt curve analysis and run
the PCR product in 2.5% agarose gel electrophoresis.

6. Perform statistical analysis to determine the level of transgene
expression in the transgenic plants as compared to wild type.

4 Notes

1. High Fidelity (HF) Taq polymerases have proofreading
(30 ! 50 exonuclease) activity that allows the enzyme to syn-
thesize DNA strands from complex templates with high fidelity
under an error rate 1.6 � 10–6, which is lower than Taq
polymerase. However, the use of HF enzymes results in blunt
end product. Therefore, the PCR product amplified using HF
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Taq requires A-tailing for use in a TA cloning vector. Moreover,
Taq polymerase enzyme without 30 ! 50 proofreading activity
generates single adenine overhang at the 30 end and results in
sticky ends with an error rate of 1–20 � 105, but it can be used
to ligate directly into the plasmid with thymine 30 overhangs
(TA cloning vectors). The Platinum® Taq DNA Polymerase,
High Fidelity enzyme used here is provided by a mixture of
Platinum® TaqDNA Polymerase and the proofreading (30 ! 50

exonuclease activity) enzyme that can generate overhangs
which is more convenient for cloning process after gel or
PCR purification.

2. The pGEM®-T Easy Vector is linearized TA cloning vector
with a single 30-terminal thymidine at both ends. The
T-overhangs at the insertion site greatly improve the efficiency
of the vector and providing a compatible overhang for PCR
products generated by non-proofreading thermostable poly-
merases. Thermostable DNA polymerases with proofreading
activity generate blunt-end fragments and overhang can be
added by A-tailing procedure as per the manufacturer’s instruc-
tions before ligation.

3. ClustalW, Clustal Omega, MUSCLE, MSA, and T-Coffee are
few freely available online tools to perform multiple sequence
alignments.

4. Addition of overhanging nucleotides at the 50 end of the pri-
mers is an important consideration when adding restriction
sites to a primer. Most enzymes require 2–5 nonspecific extra
bases at the 50 end of the primer, which is a random sequence to
ensure efficient DNA cleavage by the restriction enzyme. In
siRNA molecule along with the target sequence, bearing 2-nt
overhang at 30 ends increases the binding affinity, siRNA’s
potency, and the specificity. However, it also prevents
miRNA-like off-target effects and largely enhances the silenc-
ing efficiency.

5. The annealing temperature (typically varies between 50–65 �C)
is related to the melting temperature (Tm) of the primers
which can be determined for each primer pair used in PCR
reaction. The selection of annealing temperature is the most
critical step for optimizing the efficiency and specificity of the
PCR reaction. The rule of thumb is to use 3–5 �C lower than
the Tm of the primers used.

6. Ethidium bromide is a mutagenic agent and needs to be han-
dled with care or other DNA staining agents like SYBR Green
can be used as an alternative for staining DNA (that are claimed
to be safer than ethidium bromide). Wear gloves at all times
and be careful in handling and disposal of ethidium bromide
contaminated gloves and pipette tips.
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7. While doing a double digestion with two different enzymes
simultaneously, check on the compatibility of buffer that works
for both enzymes. The enzyme should always be added at last
and should be kept at –20 �C until used.

8. Temperatures required for the heat inactivation of enzymes are
variable, for some cases 80 �C heat inactivation is needed.
Check on the inactivation temperature requirement for each
enzyme.

9. When using –80 �C stored competent cells, thaw the cells until
just ice crystals disappear in ice before adding plasmid DNA. It
is also very important to keep the cells at 4 �C throughout the
procedure. The cells, and any bottles or solutions that they
come in contact with, must be prechilled to 4 �C.

10. Obtain E. coli competent cells and thaw them in ice. Add the
ligation mixture and heat treat the cells at 42 �C for 90 s and
then return immediately to the ice. After 2 min, add LB up to
1000 μL and place the cells at 37 �C for 1 h on a shaker with
250 rpm.

11. Autoclave the CaCl2 solution and store at 4 �C (not more than
2 months old), before making the competent cells. All glass-
ware should be detergent free. Presence of detergent reduces
competency of cells.

12. Run a control transformation to determine transformation
efficiency before using a batch of cells for experimental trans-
formations. Freeze any extra aliquots in liquid nitrogen or dry
ice-EtOH slurry and store at –80 �C for future use.

13. For isolation of binary plasmid from Agrobacterium, inoculate
a single colony in YEP liquid media with 50 μg/mL kanamycin
and 50 μg/mL rifampicin antibiotics, overnight incubate at
28 �C, with 150 rpm shaking, and then use Plasmid Miniprep
kit to isolate the plasmid DNA with minor modifications: add
10 μL of freshly prepared lysozyme solution (100 mg/mL),
into the cell suspension buffer followed by incubation for
5 min at room temperature.

14. Work inside the laminar airflow cabinet without lights. Light
enhances the phenolic oxidation process, which reduces the
efficiency of successful transformation.

15. Blot dry the excess bacterial culture, and maintain the temper-
ature not exceeding 22 �C. Excess bacteria in culture medium
contribute to the overgrowth of Agrobacterium, which kills the
plant tissue by peroxidation.

16. Maintain the plant tissues in cefotaxime medium, which con-
trols the overgrowth of A. tumefaciens.

17. Subculturing the plates every 12–15 days increases the effi-
ciency of transformation under respective antibiotic selection

154 Naveenarani Murugan et al.



agents and reduces the oxidation of tissues. During the succes-
sive subcultures, non-transformed/escaped callus would be
eliminated.

18. Optimize the PCR conditions with specific concentrations of
primers as well as template by performing PCR reactions in a
thermo-cycler before performing the quantitative real-time
PCR test.
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Chapter 11

Assessment of Molecular Diversity in Biofuel Crops

Sriram Parameswaran, Nalini Eswaran, and T. Sudhakar Johnson

Abstract

Sustainable biofuel sources require the new sources of biofuel crops that can be developed into scalable
plantation to meet the growing energy demands. Diverse supply sources of bioenergy plantations (edible,
nonedible, and perennial grasses) will enable de-risking impact on geography and climate change that
humans are likely to face in future. Use of phenotypic descriptors alone does not provide a deep insight into
plantation population dynamics and molecular diversity of a biofuel crop. We provide protocols and
methods to rapidly assess population parameters for emerging biofuel crops using genomics. This article
has an application focus on next-generation sequencing to assess biofuel crop diversity. Use of these
methods can accelerate germplasm assessment to accelerate population development and creation of
sustainable biofuel plantations.

Key words Biofuel crop, Next-generation sequencing, Molecular diversity, Population diversity,
Climate change impact, Soil microbiome

1 Introduction

Demand for sources of bio-energy plantations and creation of
sustainable green energy sources that can replace carbon fossil fuel
sources are central consideration in today’s applied industrial bio-
fuel research. In the last three decades several oil crops have been
assessed for their suitability to develop sustainable biodiesel feed-
stock and plant-based fermentable bioethanol-based feedstock
requires the establishment of biofuel crop plantations [1–3]. Most
assessment to date has focused on phenotypic characteristics and
compatibility of oil or fermentable sugar source to meet industrial
conversion processes [2–4]. Besides the edible feedstock such as
such as sunflower, rapeseed, canola (oil seeds), and sugarcane, corn
(lignocellulosic fermentable sugars), emerging biofuel crops such as
Castor, Jatropha, and Pongamia (nonedible oil seeds) have been
identified as sources for plant-based biofuels [2, 4–6]. Biofuel crops
with new plant have propagation challenges and pilot plantation is
based on clonal tissue culture expansions or plantations developed
from a narrow population base [7–10].
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To meet a sustainable long-term plantation, depending on tree
species or shrub biofuel plantations ensures a diverse population
base. Planning and evaluation of plantation crop population diver-
sity is key to mitigate environmental and biotic stress imposed by
changing environment yet sustaining the plantation [4, 10–
12]. Conventional selection approaches rely on key phenotypic
traits such as seed numbers, oil yield, plant architecture, and so
on. Phenotype-based selection criteria are valuable in defining the
economic yield and traits essential for harvesting [13–15]. A cross-
breeding population diversity can sustain over several decades
[13, 16].

Genomic tools especially next-generation sequencing (NGS)
provide a rapid and direct method to assess molecular diversity [17–
19]. We provide an NGS-based framework to assess the diversity of
less characterized emerging biofuel crops (Fig. 1). Use of these
tools can be a powerful complement to classical phenotypic selec-
tion approaches to create a sustainable biofuel crop plantation.
Here, in this chapter we provide broad application tools (protocols)
to carry out NGS sequencing and soil microbiota sequencing. The
reason for soil microbiota sequencing is to understand soil microbe
population diversity and optimize fertilizer use.

Fig. 1 Schematic of the molecular variation analysis workflow for a biofuel crop. The plants can either be from
one location or across locations. The assessment of molecular variation though NGS enables rapid and direct
assessment of breeding diversity and population parameters to improve the breeding selection and manage a
crop diversity for a sustainable biofuel plantation
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2 Concept and Theory

Next-generation sequencing has provided rapid and cost-effective
methods to enable discovery of sequence variations
[20, 21]. Sequencing with next-generation technologies is based
on conversion of the extracted DNA into an amplicon library.
Often during the conversion to this step, unique synthetic sequence
tags called barcodes or indexes are added to the libraries. Sequenc-
ing in two current dominant NGS methods avoids cloning and
plasmid recovery steps required in the Sanger dye terminator chem-
istry, dramatically reducing time and cost of data acquisition.
Illumina-based methods cluster generation on flow cells that are
sequenced using the reversible dye terminator technology. In the
ion sequencing chemistry, the amplicons are amplified on beads
called ISP (Ion spherical particles) following enrichment by emul-
sion PCR. Sequencing signal are measured using pH shifts on
ISFET (Ion specific Field Effect Transistor) chip, on released pro-
ton, during base incorporation on template, loaded on the beads
[20–22].

Tree plantation crops typically are highly cross-pollinated that
display high heterozygosity and long generation time [14–16,
18]. Few biofuel tree crops genomes have recently been sequenced.
However, it still lacks the ready availability of breeding tools.
Genomics protocols can be applied to directly read the DNA or
transcript from these crops, to characterize trait specific molecular
diversity [17–19]. Broadly molecular diversity of a biofuel crop
population can be assessed using DNA-based methods, or
RNA-sequencing of a tissue-specific transcriptome [17, 19]. Inves-
tigation of changes in the soil microbiota using NGS technologies
using the 18S rDNA and 16SrDNA sequence to assess the meta-
genome can be applied to optimize fertilizer use and monitor
microbial diversity [23, 24].

3 Methods

1. DNA-based method is more suitable, with easier handling and
storage of genomic DNA. DNA-based method can be analyti-
cally challenging when the genome of the crop is large, repeti-
tive, or the crop displays extensive ploidy. We present two
recipes to assess molecular diversity with genomic DNA
samples.

(a) Amplicon based (seemore details of general target capture
strategies [25]).

(b) Ecological analysis of soil microbiome.
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2. RNA extraction is technically more demanding compared to
genomic DNA extraction and requires specialize care to han-
dle, to avoid degradation. RNA-based assessment of molecular
diversity offers advantages in scoring variation in expressed
transcripts and often offers the ability to investigate coding
variation and identify allelic variants of expressed traits.

A high-level workflow of key steps and experimental consider-
ation to apply NGS-based workflows for crop population diversity
and soil microbial assessment in the context of biofuel has been
outlined (Fig. 2).

4 Materials

Prepare all solution with molecular biology grade nuclease free
water (Cat No. AM9932, Thermo Fisher Scientific). Ensure the
working area is cleaned with hypochlorite (0.5% v/v, Sigma) or
RNA-Zap (Cat No. AM9780 Thermo Fisher Scientific). Use
nucleic acid free nitrile gloves (Cat No. Z423254 Sigma-Aldrich)
and barrier tips (Cat No. TF-200-R-S Axygen) to prevent library
cross contamination. Availability and access to a standard molecular
biology facility, NGS sequencing core and availability of instru-
ments to assess nucleic acid quality (NanoDrop™ 2000/2000c,
Qubit™ 4 Fluorometer ThermoFisher Scientific; 2200 TapeSta-
tion/2100 Bioanalyzer Agilent) is core requirement. The data
analysis workflow can be performed in a Linux workstation with
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Fig. 2 Overview of the amplicon-based NGS variant analysis workflow. (a) DNA library preparation steps for
amplicon sequencing. (b, c) Schematic of the workflow for read alignment and variant calling post mapping
with short read alignment program BWA or Bowtie2
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at least 256GB RAM, 2Tb Disk space. The software for analysis is
open source code or free downloads from respective instrument
manufacturers.

5 Methods

1. Sample preparation, nucleic acid extraction, and quality
assessment
(a) For DNA or RNA from tissue samples, 500 mg to 1 g

fresh tissue (preferable from growing tissue such as young
leaves or developing fruits) should be snap frozen in liquid
nitrogen. Wrap the tissue in fresh aluminum foil or plastic
vials. Ensure the vials have a bleed hole or puncture to
prevent explosion due to pressure build up. Transfer col-
lected tissue from field transfer to ultradeep freezer
(�80 �C) without thawing cycle. If access to liquid nitro-
gen or transport is limited, samples may be collected in
RNALater (Cat No. AM7020, RNAlater™ Stabilization
Solution, Thermo Fisher Scientific, USA) (see Note 1).

(b) DNA extraction should be done by pulverizing the frozen
tissue in liquid nitrogen with a bead mill (Cat
No.85300TissueLyser II, Bead mill, Qiagen GmBH).
CTAB-based DNA extraction of plant tissue and purifica-
tion of genomic DNA using silica milk/silica resin col-
umns is recommended. Commercial plant extraction
kits—Sigma. Qiagen are suitable for most extractions.
See detail for specific instruction in Cat No. 69104
DNeasy Plant Mini Kit, Qiagen GmBH; Cat
No. G2N10-1KT GenElute™ Plant Genomic DNA
Miniprep Kit, Sigma-Aldrich Co. LLC (see Note 2). For
recalcitrant sample refer to DNA extraction
modifications [26].

(c) Three to 5 g fresh soil can be collected in 50 mL vials (Cat
No. 339652ThermoFisher Scientific, USA). Store the soil
sample in �80 �C till further extraction. DNA can be
extracted from soil with DNeasyPowerSoil Kit (Cat
No. 12888, Qiagen GmBH). Extracted DNA can be
stored at �20 �C (see Note 3). The quantity and quality
of extracted nucleic acid can be assessed using agarose gel
electrophoresis and/or Qubit fluorometer (Thermo-
Fisher Scientific, USA).

(d) RNA extraction with commercial GITC or modified Hot
Borate method is recommended (see Note 4). RNA
extraction can be done with commercial kits such (Cat
No. 74904 RNeasy Plant Mini Kit, Qiagen, GmBH) (see
Note 4). DNAaseI treatment of RNA is recommended.
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Store extracted RNA at �80 �C. Quantity of DNA and
RNA is assessed using benchtop fluorometer Qubit 4 (see
Note 5). Integrity of DNA is assessed by gel electropho-
resis on 2% agarose gel. RNA integrity can be measured
using Tapestation/BioAnalyzer (Agilent, USA) (see
Note 5).

2. NGS library preparation and sequence data generation for
molecular diversity assessment

(a) DNA-based methods. See Fig. 2
l Targeted amplicon approach [24] (see Note 6). PCR

Amplicons for multiple targeted loci are designed to
target genomic regions. PCR amplicon are designed
using Primer 3 [28–30] (see Note 7). Amplicon from
each locus are assessed for quality and quantity using
agarose gel electrophoresis.

l Equimolar ratios of PCR amplicon are pooled. Molar
value of DNA can be determined using Qubit 4 (Ther-
moFisher Scientific, USA). Two hundred ng of pooled
amplicon from each plant sample is sheared to
300–400 bp (S220 Focused-ultrasonicators, Covaris
USA) OR enzymatically fragmented and converted
into sequencing libraries (see detailed protocol in Cat
No. A43602024 Collibri™ PCR-free ES DNA Library
Prep Kit, ThermoFisher Scientific, USA) (see Note 8).

l For microbiome assessment dilute the sample prepara-
tion of the soil nucleic acid to 10 ng (see Note 3).
Amplify the 16S rDNA with the V3-V4 primers and
18S rDNA ITS sequence. For details in primer and
variation in amplicon for microbiome analysis see
Note 9. Refer [31–33] for selection of amplicon to
assess the diversity of prokaryotic or eukaryotic
microbiota.

l The amplicon for each sample are analyzed using E-Gel
(ThermoFisher Scientific), quantified with Qubit.
Equimolar ratio of libraries is pooled and stored at
�20 �C, until loaded to the sequencing flow cells.
For bacterial analysis V3–V4 amplicon are read to
100–150 K reads OR 30,000 to 40,000 reads on
600 cycle chemistry (Cat No. MS-102-3003, Illumina
MiSeq V3 600 cycle kit, IIlumina, USA) (see Note 9).

(b) RNA transcript library
l Take 200 ng to 1 μg of total RNA from target tissue (see

Note 10). Poly A transcripts are captured and con-
verted to directional RNA libraries (Cat
No. A38994024, see details in Collibri™ Stranded
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RNA Library Prep Kit for Illumina™ Systems, Ther-
moFisher Scientific, USA). Each sample library has
unique barcode index.

l Sequence library quality assessment and evaluation of
library concentration (see Note 10). Prior to sequenc-
ing, NGS libraries are quantified on Qubit 4, Size dis-
tribution of library fragments analyzed on Agilent
2200 Tape-station. Library size range for amplicon
and RNA-seq should be ~450–550 bp, while the meta-
genome libraries have a range ~550–700 bp. NGS
Libraries are quantified using qPCR (Cat No.
A38524500, Collibri™ Library Quantification Kit,
ThermoFisher Scientific, USA). Equimolar ratio of
libraries is pooled and stored at �20 �C (see Note
11). For transcript analysis 10–25 million reads per
sample are adequate for analysis of expression and
molecular diversity of the population.

For sequence data acquisition multiplex pools of
libraries are loaded and run as per the version and
sequencer type and selected chemistry (see Note 6).

3. Data analysis and inference of molecular diversity
(a) Following sequencing, the per cycle base call files, index

file, and run information logs are stored either in local
server or transferred to Network Storage (see Note 12).
Demultiplexing of sequence is performed using
BCL2FastQ (seeNote 12). Raw read from demultiplexing
are assessed for sequence counts per index.

(b) Quality assessment and read filtering and clipping of
sequencing and library adapter is performed [34]. The
sequence quality and quantity of R1 and R2 files are
assessed pre and post clipping and trimming using FastQC
[34]. Data with sequence pHRED quality >Q30 is used
in the data analysis (see Note 12).

(c) Amplicon-targeted sequencing
l The target loci reference sequence files for the align-

ment of reads are set up. The variant calling using
GATK is detailed in [35]. Short reads are aligned to
the reference sequence (see Note 13), and the single-
nucleotide variation (SNP), short-insertion and dele-
tion (InDels) are parsed for downstream analysis of
molecular variation (Figs. 3 and 4).

(d) Metagenome analysis
l Processed read post demultiplexing are joined using

Pair-end joining with PandaSeq [36]. The quality of
the reads is assessed and sequences with>80% pHRED
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Q > 30 are considered in the analysis. The metagen-
ome analysis is performed by matching to RDB using
QIIMEpipeline [37]. The analysis and visualization of
data is supported in R using ggplot2 [38].

(e) RNA-based method
l Sample-specific reads are processed with the Kallistopi-

peline [39]. Expression and SNP allelic changes can be
used for eQTL analysis to measure variance on expres-
sion of allelic forms for selected pathways critical to
biofuel crop productivity or response to variations
[40, 41].

(f) Down-stream analysis of variance information
Analysis of various molecular diversity parameters can

be performed using Arlequin [42], Structure [43], and
Phylip (see Note 14) (Fig. 4).

Fig. 3 Illustrative representation of a sample-wise variant position file. This file has been processed from NGS
variant analysis workflow, and filtered for altered variants. The output of this data matrix can be load for
molecular population analysis
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6 Notes

1. Sample for RNAlater should be cut into small slivers on a clean
tile, pre-wiped with RNA-Zap/0.5%v/hypochlorite solution
and then fully immersed in the RNAlater reagent. Waxy tissue
and woody tissue may not preserve well in reagent.

2. Certain extracts of plant DNA contain polyphenolics.

3. These can interfere with ligation and PCR reaction needed for
library conversion. Polyvinylpyrrolidone/and or additional
wash with ice-cold 70% ethanol and assessing nuclease diges-
tion on an aliquot of nucleic acid should be considered to
ensure compatibility with downstream steps.

Fig. 4 Illustrative representation of a sample-wise population structure analysis of population variant. Similar
color represents related population structure

Molecular Diversity in Biofuel Crops 165



4. Humic acid found in composting soil is an inhibitor of poly-
merase chain reaction. To assess the suitability of the DNA
preparation the sample can be tested for nuclease sensitivity
to restriction endonuclease or diluted 50–100-fold to ~20 ng
and assessed for PCR using 16S primers.

5. Lithium chloride extraction methods of RNA are NOT recom-
mended. Presence of lithium chloride in RNA preparation is
not compatible with cDNA synthesis enzymes and may lead to
inhibition or reduced cDNA conversion efficiency. Ideal tissue
for RNA extraction is developing fruits, for oil seed-based
biofuel crops. See the protocol from Wan and Wilkins [27]
and Healey et al. [26] for extraction from recalcitrant tissues.

6. Spectrophotometric methods for DNA and RNA assessment
lead to errors and final assessment of nucleic acid should be
based on fluorometric measures. RNA extracted from
chlorophyll-rich tissue such as leaves yield four peaks on bioa-
nalyzer. RIN (RNA integrity) assessment will require manual
scoring prior to library conversion.

7. The summary of recipe is for the Illumina 150 base paired-end
sequencing using dual indexes on a benchtop sequencing plat-
form such as Illumina NextSeq550 or Illumina MiSeq. The
overall sequencing strategy may be adapted to other sequenc-
ing platform by modifying library kit and adapting sequence
analysis workflows to a specific platform.

8. PCR condition needs to be optimized, see more details
[28, 29]. PCR amplification-based method using targeted
sequencing offers an advantage to work with genomic DNA
10–30 ng but requires prior sequence information, see more
details in [25].

9. See index selection details for the Illumina Nextera Dual index
adapters (https://support.illumina.com/content/dam/
illumina-support/documents/documentation/system_docu
mentation/miseq/indexed-sequencing-overview-guide-
15057455-04.pdf; https://support.illumina.com/content/
dam/illumina-support/documents/documentation/chemis
try_documentation/experiment-design/index-adapters-
pooling-guide-1000000041074-05.pdf). Plan index, the
combination to ensure the i5 and i7 indexes are from unique
series. The system of indexes supports combinatorial indexing
for four distinct sample series.

10. Primer for V3–V4 and 18S fungal ITS regions,V3–V4 primers
compatible with Illumina Nextera Dual indexes are Forward
Primer 50- TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGGGAAGTAAAAGTCGTAACAAGG-30; Reverse Primer
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50-GTCTCGTGGGCTCGGAGATGTGTATAAGAGA CAG
GCTGCGTTCTTCATCGATGC -30. See 16S metagenomics
sequencing library preparation. Illumina Technical note num-
ber 15044223. (https://support.illumina.com/documents/
documentation/chemistry_documentation/16s/
16smetagenomic-library-prep-guide-15044223-b.pdf). For
details of ITS sequences refer to [32].

11. Low RNA integrity samples, <7.0 may not provide reproduc-
ible data. Recent protocols supported by FFPE compatible kit
enable greater reproducibility. RIN for samples should be
matched to ensure reproducible data.

12. NGS library quality assessment will need review for each type of
sequencer and flow-cell. Specifications presented are suitable
for Illumina NextSeq550 High-output flow cells, run on a
300-cycle chemistry. While pooling of NGS libraries key con-
siderations should be checked to avoid potential index clashes
that render the sequencing data unusable for analysis. The
pooling should factor in the molarity of the library. Larger
fragments preferentially underperform in a sequencing run.
To ensure adequate yield, it will be advisable to pool libraries
of similar size range.

13. Per cycle base call file, index file and conversion to FastQ files
can be accessed using instrument manufacturer software and
protocols. See https://support.illumina.com/content/dam/
illumina-support/documents/documentation/software_docu
mentation/bcl2fastq/bcl2fastq_letterbooklet_
15038058brpmi.pdf. For further information on the FastQ file
look up details in the URL https://support.illumina.com/
bulletins/2016/04/fastq-files-explained.html?langsel¼/us/

14. Reference alignment pipeline for analysis of short read from
NGS use several approaches. Key aligners are based on the
Burrow-wheel transform—BWA-MEM, Bowtie-2. See the ref-
erence [34] for the current GATK pipeline for variant calling.
For details in the set-up of read see SAM tools and information
on GATK https://www.broadinstitute.org/partnerships/edu
cation/broade/best-practices-variant-calling-gatk-1

15. For setting up data analysis in Arlequin andSTRUCTUREdata
processing and transformation of the variant call format will be
needed. Re-coding the data matrix and handling will be
required that can be performed with PERL scripts or spread-
sheets. Please refer to version specific instruction manuals for
these software.
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Chapter 12

Genetic Transformation of Trichoderma spp.

Feng Cai, Christian P. Kubicek, and Irina S. Druzhinina

Abstract

The production of biofuels from plant biomass is dependent on the availability of enzymes that can
hydrolyze the plant cell wall polysaccharides to their monosaccharides. These enzyme mixtures are formed
by microorganisms but their native compositions and properties are often not ideal for application. Genetic
engineering of these microorganisms is therefore necessary, in which introduction of DNA is an essential
precondition. The filamentous fungus Trichoderma reesei—the main producer of plant-cell-wall-degrading
enzymes for biofuels and other industries—has been subjected to intensive genetic engineering toward this
goal and has become one of the iconic examples of the successful genetic improvement of fungi. However,
the genetic manipulation of other enzyme-producing Trichoderma species is frequently less efficient and,
therefore, rarely managed. In this chapter, we therefore describe the two potent methods of Trichoderma
transformation mediated by either (a) polyethylene glycol (PEG) or (b) Agrobacterium. The methods are
optimized for T. reesei but can also be applied for such transformation-resilient species as T. harzianum and
T. guizhouense, which are putative upcoming alternatives for T. reesei in this field. The protocols are simple,
do not require extensive training or special equipment, and can be further adjusted for T. reesei mutants
with particular properties.

Key words Agrobacterium tumefaciens, Cellulolytic fungus, Protoplasts, Plant cell wall degrading
enzymes, Rhizobium radiobacter, RUT-C30, Trichoderma guizhouense, Trichoderma harzianum,
Trichoderma reesei, Vector

1 Introduction

The filamentous ascomycete Trichoderma reesei (Hypocreales) is
the main industrial producer of lignocellulose degrading enzymes
(commonly termed “cellulases and hemicellulases”) that are used
for the hydrolysis of plant-derived polysaccharides to their mono-
mers—a key step in the production of biofuels [1–3]. Methods for
its genetic manipulation have been known for over 40 years, and
many strategies for genetic improvement and the respective vectors
used have been published since then [4–9]. The genome sequences
of the parental strain T. reeseiQM6a for industrial production and a
pedigree of its mutants with altered abilities to secrete cellulases and
hemicellulases have been obtained, annotated [10–18], and
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mapped on its seven chromosomes [15, 19, 20]. This has opened
the door to the efficient improvement of T. reesei’s enzyme produc-
tion by genetic engineering. More recently, several other common
Trichoderma spp. such as T. harzianum and T. guizhouense [21, 22]
have also been described as potent cellulase and hemicellulase
producers. This and the superior plant-beneficial properties of the
latter species, their efficiency as bieffectors in biofertilizers and
biofungicides, and their common occurrence in a broad range of
habitats led to the sequencing of their genomes [23, 24] and
fuelled a series of functional genetic investigations [25–27].

The introduction of foreign DNA into fungal genomes (artifi-
cial horizontal gene transfer frequently termed “transformation”) is
the key step in their genetic manipulation. Several techniques have
been applied to Trichoderma to serve this purpose (reviewed by
Malmierca et al. [6]), including polyethylene glycol (PEG)-
mediated transformation of protoplasts [28–30], biolistic transfor-
mation [31], Agrobacterium-mediated transformation [32], elec-
troporation [33], and transformation by the use of shock
waves [34]1.

In this chapter, we provide efficient and detailed protocols for
the two most frequently used methods: PEG-mediated transforma-
tion of protoplasts (Fig. 1) and Agrobacterium-mediated transfor-
mation (see Note 1). Their advantages lie in the fact that they
involve exclusively microbiological procedures that can be per-
formed in any laboratory with basic equipment for aseptic work,
do not bear the risk of damaging cells, and require only general
molecular biological instrumentation. In our laboratory, PEG-
mediated protoplast transformation is used as the primary method
for the efficient production of transgenic Trichoderma spp. strains
(T. reesei, T. harzianum, and T. guizhouense). The Agrobacterium-
mediated transformation is recommended as an alternative proto-
col to the transformation of oligosporic strains or mutants with
altered cell-wall biosynthesis (such as T. reesei RUT-C30 [35]), or
with other metabolic abnormalities preventing the protoplasting of
protoplast regeneration (see Note 1).

2 Materials

2.1 Laboratory

Environment

The protocols described below can be performed in a standard
microbiological and molecular biological laboratory equipped
with the necessary instruments (not listed) for aseptic work, micro-
bial preservation, and preparation of microbial cultivation media.
All reagents and cultivation media should be prepared using sterile
plastic disposables or chemically cleaned glassware. All solutions

1Only the pioneering publications are cited here.
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should be made with reagents of analytical grade (ASC Reagents
grade [36]) in ultrapure water treated by the Milli-Q® Ultrapure
Water System.

Unless indicated otherwise, all reagents and solutions that do
not contain microorganisms can be stored at room temperature.

2.2 Microorganisms

and Biosafety

1. One of the Trichoderma reesei or other Trichoderma spp. (T.
harzianum, and T. guizhouense) strains (see Note 2) that is
supposed to be transformed.

2. (for Subheading 3.2) Transgenic Agrobacterium tumefaciens
EHA105 (see Note 3).

Trichoderma spp. and A. tumefaciens are usually classified as
microorganisms of a Biosafety Level 1 (BSL1) by the most interna-
tionally recognized collections of microorganisms (see Note 4).

2.3 Instruments 1. Two microbiological growth incubators, including at least one
with an illumination option.

2. (for Subheading 3.1) Hemocytometer.

3. Spectrophotometer such as a microplate reader, with the possi-
bility to measure O.D.600 nm.

4. Temperature-controlled rotary shaker.

5. (for Subheading 3.1) Refrigerated centrifuge.

6. (for Subheading 3.1) Light microscope.

Fig. 1 Polyethylene glycol (PEG)-mediated protoplast transformation. (a) Workflow chart of how protoplast
transformation is performed from germinating conidia to regenerated transformants. Overgrown germlings
highlighted with a yellow Ø symbol will result into a low efficiency for protoplast preparation. (b) Conidia of
Trichoderma reesei. (c) Protoplast cells prepared from the conidia shown in panel (b). (d) Germlings of
transformants
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2.4 Disposables and

Glassware

1. Centrifuge tubes (Falcon, Thermo Fisher Scientific, USA) of
1.5, 15, and 50 mL.

2. Nylon net filters (pore diameter of<50 μm,Millipore, USA) or
custom-made 1.5 mL Eppendorf tube filter filled with glass
wool (PYREX™ Glass Wool, Thermo Fisher Scientific, USA).

3. Round cellophane membranes, 8.5 cm in diameter (Zöllner-
Wiethoff GmbH, Germany).

4. Microbiological needles for aseptic work.

5. Drigalski spatula.

6. Filter paper strips (Whatman No. 1 filter paper, Whatman,
UK).

7. (for Subheading 3.2) Filter paper round sheets, 8.5 cm in
diameter (Whatman No. 1 filter paper, Whatman, UK).

8. Petri dishes (9 cm in diameter) unless specified otherwise.

9. Wide mouthed Erlenmeyer shake flasks, 50 mL.

10. Ice box.

2.5 Chemicals and

Solutions

1. Ultrapure water treated by the Milli-Q® Ultrapure Water
System.

2. (for Subheading 3.1) Donor DNA for transformation, dis-
solved in ultrapure water (either a custom-made plasmid or a
PCR product).

3. (for Subheading 3.1) Protoplast washing buffer (PWB): 0.1 M
KH2PO4, pH 5.6, containing 1.2 M sorbitol.

4. (for Subheading 3.1) Protoplast lysing buffer (PLB): 0.1 M
KH2PO4, pH 5.6, containing 1.2 M sorbitol and
7.5–10 mg mL�1 Glucanex® (Sigma L1412, “lysing enzymes
from Trichoderma harzianum”; see Note 5).

5. (for Subheading 3.1) Protoplast buffer (PB): 0.01 M Tris–
HCl, pH 7.5, containing 1 M sorbitol and 50 mM CaCl2.

6. (for Subheading 3.1) PEG buffer (PEGB): 0.01 M Tris–HCl,
pH 7.5, containing 50 mM CaCl2 and 250 g L�1 polyethylene
glycol (PEG) 6000 (Sigma, USA).

7. An antifungal compound (selection markers): hygromycin B,
geneticin (G418), phleomycin, or the respective compounds
can be used for the selection of auxotroph (see Note 6).

8. (for Subheading 3.2) Antibacterial compounds: kanamycin,
rifampicin, and cefotaxime (see Note 7).

2.6 Microbial

Cultivation Media

1. PDA: Petri dishes containing potato dextrose agar, 2% (w/v) of
agar (PDA).

2. (for Subheading 3.1) PDA-cellophane: Petri dishes containing
PDA covered with sterile cellophane disks.
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3. (for Subheading 3.1) PDAS: PDA containing 1 M sucrose.

4. (for Subheading 3.1) PDAS-strips: Petri dishes containing
PDAS with strips of sterile filter paper located on the surface
of agar as shown in Fig. 2.

5. PDAX: Petri dishes containing PDA supplemented with the
designated antifungal compound.

6. (for Subheading 3.2) LB medium: 10 g L�1 trypton, 5 g L�1

yeast extract, 10 g L�1 NaCl, pH 7.5, 50 μg mL�1 kanamycin,
and 34 μg mL�1 rifampicin.

7. (for Subheading 3.2) YEPAA: 0.5 g L�1 MgSO4·7H2O,
5 g L�1 trypton, 1 g L�1 yeast extract, 5 g L�1 beef extract,
and 5 g L�1 sucrose, pH 7.2, supplemented with 2% (w/v) of
agar, 50 μg mL�1 kanamycin, and 34 μg mL�1 rifampicin.

8. (for Subheading 3.2) Induction medium (IM): 10 mM
KH2PO4, 10 mM K2HPO4, 10 mM NaCl, 0.6 g L�1

MgSO4·7H2O, 10 mg L�1 CaCl2·2H2O, 0.5 g L�1

NH4NO3, 5 g L�1 glycerol, 2 g L�1 glucose, 1 mg L�1

FeSO4, 40 mM 2-(N-Morpholino)ethansulfonic acid (MES,
Sigma, USA), 200 μM acetosyringone (AS, Sigma, USA), and
0.5 mg L�1 each of ZnSO4·7H2O, CuSO4·5H2O,
MnSO4·H2O, NaMoO4·7H2O, and H3BO3.

Fig. 2 Schematic diagram of steps 22–25 in Subheading 3.1. The filter paper
(diameter ca. 8.5 cm) is precut into eight pieces of strips with each ca. 1 cm
wide before lie on the surface of a PDAS plate (step 22, Subheading 3.1). Four of
the filter paper strips are transferred on to a 9 cm PDAX plate (containing the
designated antifungal compound used for selection), thereby allowing a distance
of 1 cm from each other (step 25, Subheading 3.1)

Trichoderma Transformation Protocol 175



9. (for Subheading 3.2) Induction agar medium: IM supplemen-
ted with 2% (w/v) of agar.

10. (for Subheading 3.2) Selective medium (SM): PDA supple-
mented with 300 μg mL�1 cefotaxime [37] and the appropri-
ate antifungal compound.

3 Methods

3.1 PEG-Mediated

Protoplast

Transformation

The protocol described below is optimized for T. reesei and other
species that produce green conidiospores. Species-specific altera-
tions are specified in Notes sections.

1. Inoculate strains on several (seeNote 2) Petri dishes containing
20 mL PDA.

2. Incubate the cultures at 28 �C with alternate 12 h period of
illumination until green conidia are formed (Fig. 3a) (see
Note 2).

Collect conidia from each Petri dish by flushing the agar
surface with 10 mL sterilized ultrapure water. Oligosporic
strains can require gentle scratching of the culture surface
with a sterile Drigalski spatula.

Fig. 3 Selected images of Trichoderma colonies grown in different conditions for different purposes. (a) A
conidiating colony suitable for spore collection. (b) An example colony of a Trichoderma mutant with altered
cell-wall biosynthesis. (c, d) Conidiation in an oligosporic strain (c) can be achieved by mechanical injury and
illumination (d). (e, f) Regenerated Trichoderma colonies framed grown on a PDAX plate
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3. Remove hyphal debris by filtering the conidial suspension
through a sterilized nylon net filter or a custom-made tube
filter filled with glass wool.

4. Use hemocytometer to adjust conidia concentration to about
108 conidia per mL.

5. Spread 200 μL of the suspension on a Petri dish with
PDA-cellophane medium.

6. Repeat step 5 four times to obtain five Petri dishes.

7. Incubate the Parafilm-sealed Petri dishes at 25 �C in darkness
for 10–12 h (see Note 7).

8. Collect the germlings by washing the surface of the cellophane
sheet with 4 mL of protoplast lysing buffer (PLB) and transfer
the suspension to a 50 mL centrifuge tube.

9. Repeat step 8 with the remaining Petri dishes and transfer the
suspension to the same 50 mL centrifuge tube. Add PLB to a
total volume of 20 mL.

10. Incubate the resulting germling suspensions in a rotary shaker
at 90 rpm at 28 �C in darkness for 60 min (see Note 7).

11. Monitor protoplast formation every 30 min after incubation
for 60 min using a light microscope (Fig. 1b, c) (see Note 7).

12. Collect protoplasts by centrifugation at 1200 � g and 4 �C for
10 min.

13. Carefully discard the supernatant and gently resuspend the
protoplast pellet in 1 mL protoplast buffer (PB).

14. (optional) Use a hemocytometer to verify that the protoplast
concentration is >107 per mL (see Note 7).

15. Gently pipet the suspension in 0.2 mL aliquots to 1.5 mL
Eppendorf tubes for storing; if used on the same day, proto-
plasts can be kept on ice for up to 8 h. Alternatively, protoplasts
can be stored at �80 �C for up to 6 months.

16. Use one of the protoplast stocks (in 1.5 mL Eppendorf tubes)
from step 15 (Subheading 3.1) to genetically transform pro-
toplasts by adding �1 μg of vector DNA solution (seeNote 8).
Supplement the suspension with 50 μL of PEG buffer (PEGB)
and mix gently by pipetting.

17. Incubate the mixture on ice for 20 min.

18. Add 2 mL of PEGB and gently mix.

19. Incubate the mixture at room temperature for 5 min.

20. Add 3 mL of PB and mix gently.

21. Incubate the mixture at 25 �C for 5 min.

22. Gently spread 1 mL of the protoplast suspension onto a Petri
dish containing PDAS-strips (Fig. 2).
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23. Repeat step 22 four times to obtain five Petri dishes.

24. Incubate the protoplasts in Parafilm-sealed Petri dishes at
28 �C in darkness for 16 h.

25. Transfer the filter paper strips on other Petri dishes containing
PDAX (seeNote 9), thereby allowing distance of 1 cm between
each two strips (shown in Fig. 2).

26. Incubate the cultures on Petri dishes at 28 �C in darkness for
24–48 h until Trichoderma colonies become visible to the
naked eye (Fig. 3e, f).

27. Use the microbiological needle to transfer the <2 mm2 frag-
ment of the fungal growing colony to a 6 cm PDAX Petri dish
and incubate for 48 h.

28. Repeat step 27 twice. Thereafter, transformants can be consid-
ered to be mitotically stable and can be used for further
confirmation.

3.2 Agrobacterium-

Mediated

Transformation

1. Prepare the culture of transgenic A. tumefaciens strain
EHA105 (seeNote 3) by streaking it onto a Petri dish contain-
ing 20 mL of YEPAA medium, and incubate it at 28 �C for
36 h.

2. Transfer (visually) a single bacterial colony into 10 mL of LB
medium in a 50 mL Erlenmeyer flask.

3. Incubate at 28 �C and 200 rpm on a rotary shaker for 16 h.

4. Collect the bacteria by centrifugation at 7000 � g for 5 min at
25 �C.

5. Resuspend the bacterial pellet in a volume of induction
medium (IM) to yield an optical density of O.
D.600 ¼ 0.15–0.3, determined using a spectrophotometer.

6. Prepare a negative control (see Note 10).

7. Incubate the bacterial suspension in 50mL Erlenmeyer flasks in
a rotary shaker at 28 �C and 200 rpm for 6 h to obtain a final O.
D.600 ¼ 0.30–0.45.

8. Concentrate the culture of A. tumefaciens to half volume.

9. Prepare a Trichoderma sp. conidial suspension as specified in
steps 1–4 (Subheading 3.1) (for non-conidiating cultures see
Note 2).

10. Use a 1.5 mL Eppendorf tube to mix 200 μL of the Tricho-
derma sp. conidia suspension with 200 μL of theA. tumefaciens
cell suspension from step 8.

11. Spread the suspension onto a Petri dish containing 20 mL of
IM agar over a sterilized Whatman filter paper, precut into
strips as shown in Fig. 2.
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12. Incubate the Petri dishes at 25 �C in darkness for 48 h (see
Note 11).

13. Transfer the filter paper strips onto a Petri dish with selective
medium (SM) (see Note 6).

14. Incubate the Petri dishes at 28 �C in darkness for 48 h.

15. Transfer the filter paper strips onto another Petri dish contain-
ing SM as described in step 25 (Subheading 3.1) and incubate
the Petri dishes for 48 h or longer until the Trichoderma
colonies become visible (Fig. 3e, f).

16. Test the mitotic stability of the transformants as described in
steps 27 and 28 (Subheading 3.1).

4 Notes

1. The detailed description of molecular biological principles
exploited by the two transformation methods is beyond the
scope of this chapter. Briefly, PEG-mediated transformation of
fungal protoplasts—single cells from which the cell wall had
been enzymatically removed—is based on the uptake of foreign
DNA in the presence of Ca2+ (required for the opening of
plasma membrane channels) and polyethylene glycol (PEG)
(needed for the formation of molecular bridges between for-
eign DNA and recipient cells and increased membrane perme-
ability) (for reviews, see [38, 39]). Agrobacterium tumefaciens
(syn. Rhizobium radiobacter, Rhizobiales [40]) is a pathogenic
Gram-negative Alpha-proteobacterium that infects plants or
fungi by inserting DNA via a plasmid (the T-plasmid) into
the nucleus of the host cell. In plants, it forces abnormal
growth of tissues (galls) used by the bacterium [41]. Although
frequently called “transformation”, this process is more cor-
rectly described as “trans-conjugation”. Transfer of the plasmid
from the bacterium into the host cell is induced by plant
metabolites that accumulate in wounded tissue, such as acet-
osyringone (AS). The use of this process for genetic transfor-
mation was pioneered in 1990 by plant molecular biologists for
the introduction of foreign DNA into plant cells (reviewed by
Gelvin [42]). To this end, they altered the T-plasmid to prevent
gall formation and engineered it such that a DNA fragment
could be placed between two direct repeats of 25 bp (the left
and right borders of the transfer of T-DNA) and, thus, be
transformed into the plant. In 1998, it was shown that
A. tumefaciens-mediated “transformation” can also be used
for DNA transfer into filamentous fungi [43, 44]; since then,
it has become one of the most widely used fungal transforma-
tion systems (for a review, see [45, 46]).
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2. Conidiating wild-type strains of any Trichoderma spp. (Fig. 3)
are suitable for both protocols if sufficient genetic or genomic
information is available. In the absence of conidia, in certain
stress conditions, some strains can produce abundant hyaline
(colorless) chlamydospores that may be suitable for protoplast-
ing (further optimization required). Two or three Petri dishes
with conidiating colonies are usually sufficient for both proto-
cols (Fig. 3a). Subheading 3.1 is usually not efficient for strains
that have reduced or abandoned conidiation or impaired cell
wall biosynthesis (Fig. 3b). In such cases, Subheading 3.2 may
become more suitable for a case-specific optimization.

To obtain an efficient amount of conidia, cultivation time
should be optimized for each strain, e.g., 7 days for T. reesei
QM 6a and 5 days of incubation for T. harzianum CBS
226.95 and T. guizhouense NJAU 4742. Some strains of Tri-
choderma are highly photosensitive (T. guizhouense NJAU
4742 or T. atroviride IMI 206040 [47]). In this case, the
alternate 12 h period illumination with white light (15 w) will
speed up the formation of conidia. However, illumination has
the minor effect of the conidiation of such strains as T. reesei
QM 6a and T. harzianum CBS 226.95. Conidiation in the
oligosporic mutants or strains that have impaired metabolism
can be stimulated by mechanical injury, starvation, and/or
illumination [48]. For this purpose, the fungus can be
cultivated on a minimal medium, scratched by a cold sterile
scalpel, and illuminated. Starvation can also be achieved by
extended incubation time. Different strains will have individual
responses to these stressors and their combinations (Fig. 3c, d).

3. This chapter does not provide a protocol describing the prepa-
ration of transgenic Agrobacterium tumefaciens. Refer to [49].

4. T. reesei andA. tumefaciens are usually classified as microorgan-
isms of a Biosafety Level 1 (BSL1) by the American Type
Culture Collection (ATCC) or the CBS-KNAW culture collec-
tion based on an assessment of the potential risk using the
respective formal guidelines. It implies that such microorgan-
isms are not known to cause diseases in immunocompetent
adult humans. In particular, T. reesei QM 6a and its derived
mutants have the FDA’s GRAS (Generally Regarded as Safe)
status and, therefore, these fungi are used in the food industry
for the production of enzymes [50]. However, some strains of
such species as T. longibrachiatum and T. harzianum sensu lato
[51, 52] are assigned to a Biosafety Level 2 (BLS2), assuming
potential moderate hazards to laboratorians and the environ-
ment. It should be considered that several Trichoderma spp. are
referred to as infrequent but emerging pathogens of immuno-
compromised humans [53] and, therefore, should be handled
following the appropriate standards of microbiological safety.
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Fortunately, none of these species have been employed for the
production of cellulolytic enzymes so far. For A. tumefaciens,
Plant Biosafety Level 1 (BSL-1P) is recommended for all
experiments with transgenic strains that have limited or no
hazardous potential.

5. The optimal amount of lysing enzyme may require preliminary
optimization for every individual Trichoderma spp. strain and
especially for mutant strains with altered spore morphology.
Optimal results can usually be obtained by manipulating the
concentration of the lytic enzyme between 7.5 and 10mgmL�1

and changing the incubation time in PLB between 90 and
120 min. For example, at 7.5 mg mL�1 of Glucanex, 90 min
of lysing is an efficient set up for T. reesei QM 6a, whereas the
protoplasts of T. harzianum CBS 226.95 and T. guizhouense
NJAU 4742 can be obtained after 120 min of lysing. If proto-
plasting does not yield successful results or if the conidiation is
impaired (Fig. 3b), the optimization of the Agrobacterium-
mediated transformation protocol is suggested (see Subheading
3.2).

6. Antibiotic selection markers suitable for Trichoderma spp. are
reviewed in Malmierca et al. [6]. Briefly, the hph, neo, bar, and
ble cassettes assist the transformants with resistance to the
fungicides hygromycin B [54], geneticin [55], phosphinothri-
cin [4], and phleomycin [55], respectively. The amdS andHxk1
cassettes, respectively, assist the transformants with the ability
to utilize acetamide [56] and mannitol [57] if the parent strain
is not able to use these nitrogen/carbon sources. Additionally,
5-fluorotic acid can be applied to the parent strains (usually
mutants) with pyr4 gene deficiency. In this case, uridine should
be supplemented in the selection medium to support the uri-
dine prototrophy [4].

7. The incubation time allowing for the germination of conidia at
this step is the key starting point for Trichoderma protoplast
preparation. Usually, 10 h of incubation for T. reeseiQM6a and
12 h for T. harzianum CBS 226.95 and T. guizhouense NJAU
4742 are recommended. Ideally, a concentration of 107–108

cells per mL of protoplasts can be obtained following the above
procedure. The morphology of protoplast cells (6–8 μm) had
ca. 3- to 4-fold larger size than the un-lysed conidia
(ca. 2–3 μm) and less (green) color. Additionally, the shape of
the protoplasts is usually spherical, while the original conidia
range from oval (in T. reesei) to globose depending on the
species and strain. A typical image of protoplasts distinguished
from the original conidia can be seen in Fig. 1c.

8. A DNA concentration of >100 ng μL�1 is recommended to
reduce the volume of the DNA solution to <10 μL. In our
experience, the use of linearized vectors will increase the
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transformation efficiency. In the case of homologous recombi-
nation (e.g., for gene replacement/deletion), about 10% of the
positive transformants can be subsequently confirmed as har-
boring the expected correct construction with the targeted
gene removed. In the case of the random insertion of donor
DNA to a Trichoderma genome, a ratio of �80% of positive
mutants can be expected.

9. The use of a selection marker is based on resistance to this
antibiotic that is strongly species-dependent, and no general
prediction can be made (see Note 6). We routinely apply
100 μg mL�1 of hygromycin B or 100 μg mL�1 of geneticin
for T. reesei QM6a, whereas we apply 200 μg mL�1 of hygro-
mycin B (Thermo Fisher Scientific, USA) or 300 μg mL�1 of
geneticin (Thermo Fisher Scientific, USA) for T. harzianum
CBS 226.95 and T. guizhouense NJAU 4742.

10. To prepare a negative control, include an A. tumefaciens cul-
ture in which acetosyringone (AS), the virulence inducer, has
not been added. This sample will serve as confirmation that the
transformation of the fungal conidia is dependent on the
T-DNA transfer.

11. The optimal temperature for growth of the A. tumefaciens
strain EHA105 in transformation is 22–25 �C.
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Chapter 13

Purification and Amplification of DNA from Cellulolytic
Bacteria: Application for Biogas Production from Crop
Residues

Reckson Kamusoko , Raphael M. Jingura, Wilson Parawira, and
Zedias Chikwambi

Abstract

Polymerase chain reaction (PCR) is a popular molecular tool for detection of bacteria. PCR allows millions
of copies of a target segment of DNA to be produced. The DNA is extracted from overnight grown cultures
of pure bacterial isolates using either the organo-solvent method or a commercial DNA extraction kit.
The quality and purity of the DNA is determined by performing gel electrophoresis on 0.8% agarose gel.
The DNA is amplified by performing PCR assay. Bands of approximately 1.5 kb in size are obtained from
the amplified products of DNA. The PCR products run on 1.5% agarose gel are visualized with UV light
and imaged by gel documentation system. This chapter outlines the protocol for isolation and amplification
of DNA from cellulolytic bacteria. Cellulolytic bacteria are considered a potential source of cellulases for
pretreatment of crop residues during biogas production. PCR is considered a very powerful, sensitive,
specific, fast, and reliable tool in molecular detection and diagnostics.

Key words Amplification, Agarose gel, Bacteria, Electrophoresis, Polymerase chain reaction

1 Introduction

Traditional methods used for detection of novel cellulolytic bacteria
strains rely mainly on enrichment growth techniques. These meth-
ods support the growth of nonfastidious bacteria and are not ideal
for slow-growing bacteria [1]. The main limitation of traditional
methods is lack of growth of certain bacteria species on synthetic
media, thereby underestimating bacterial diversity with new bio-
chemical applications [1, 2]. According to Pham and Kim [3] and
Nguyen et al. [4], about 1% of the total bacterial species have been
cultivated using traditional approaches. Growth of bacteria under
routine laboratory environment is hindered by nonfulfillment of
natural growth conditions and unavailability of information on
factors affecting growth [1, 4].
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Over the last decade, advances in molecular biology have led to
the advent of modern multipurpose approaches in medical and
biological research. These new frontiers of technology rely mostly
on the development of polymerase chain reaction (PCR). PCR is a
very powerful, sensitive, and reliable tool that allows the amplifica-
tion of a small quantity of DNA fragments or target sequences to
produce a large amount of specific DNA segments called amplicons
[5–8]. It is an in vitro downstream process that utilizes purified
DNA of high quality as a template for replication [9]. Convention-
ally, genomic DNA (gDNA) is isolated from bacteria using organo-
solvent extraction technique. However, this method is slow and
mainly effective for rod-shaped Gram-positive bacteria such as
Bacillus subtilis. Rapid and convenient methods for instance DNA
extraction kits are now widely applied at commercial scale [9]. PCR
has wide applications such as DNA cloning for sequencing;
DNA-based phylogeny or functional analysis of genes; diagnosis
of hereditary diseases; DNA finger printing; and detection and
diagnosis of infectious diseases [10].

Nowadays, the study of bacterial phylogeny and genus/species
classification is largely based on amplification and analysis of the
16S ribosomal rRNA (rRNA) gene fragments [7, 11]. The 16S
rRNA gene is around 1.5 kb in size [12, 13]. It is made up of highly
conserved and hypervariable regions that are genus- or species-
specific [13]. The 16S rRNA gene is ubiquitously present among
prokaryotes [14]; often existing as a multigene family or operons
[15]; and its function has not changed over time suggesting that
random sequence changes are a more accurate measure of evolution
and it is large enough for bioinformatics purposes [15]. Further-
more, the 16S rRNA gene provides an inexpensive, scalable, repro-
ducible, and simple technique as compared to other current
methods for detection of bacteria [16].

A summary for performing PCR amplification of the 16S rRNA
gene prior to sequence analyses is shown on Fig. 1. The variable
sequences of 16S rRNA gene are amplified by PCR primers target-
ing the conserved regions [18]. A standard PCR is a three-step
(denaturation, annealing, and extension) cycling process. PCR
amplification is followed by sequencing of the PCR product and
comparison of nucleotide sequences with known sequences stored
in database or genebank [14]. The assembly and comparison of 16S
rRNA sequences requires easy, simple, and technically feasible bio-
informatics [16]. The BLAST algorithmwith similarity threshold of
98.65% is used to compare the16S rRNA sequences with potential
phylogenetic neighbors [16]. In this chapter, we demonstrate that
genomic DNA of cellulolytic bacteria can be purified and amplified
by PCR prior to detection via sequencing of the 16S rRNA gene
segments. The method has been previously used by several authors
[19–23]. Cellulolytic bacteria are a potential source of cellulases for
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pretreatment of crop residues to enhance biogas production. Bac-
teria genera includingCellulomonas, Pseudomonas, Micrococcus, and
Bacillus are active cellulase-producers [24, 25].

1.1 Cellulolytic

Bacteria in Biogas

Production

Crop residues are the most predominant agricultural biomass on
earth. Their cell walls are mainly composed of polymers of cellulose,
hemicelluloses, and lignin [26, 27]. Cellulose is the main source of
fermentable sugars in lignocellulosic substrates. It has high poten-
tial to be converted into useful biofuel products such as biogas and
bioethanol. However, the complex association of cellulose with
other polysaccharide components makes crop residues resistant to
microbial degradation [24, 26]. Appropriate pretreatment methods
can destroy lignocellulosic matrix structure of crop residues, thus
rendering cellulose amenable to enzymatic attack. Cellulolytic
microorganisms can produce cellulase enzymes that decompose
cellulose. Bacterial and fungal isolates from diverse habitats possess
cellulase-degrading activities [25]. Cellulolytic bacteria have been
isolated from multifarious habitats such as sewage, agricultural
wastes, soil, hot springs, and guts of ruminants and insects
[28, 29]. Genera include Bacillus, Clostridium, Cellulomonas,
Micrococcus, Alteromonas, Acetivibrio, Pseudomonas, and Bacter-
oides [25, 30]. Table 1 shows the taxonomic diversity of bacteria

Fig. 1 Diagrammatic presentation of PCR amplification of the 16S rRNA gene for
sequencing [17]
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with capability to degrade cellulose. Further exploration is essential
to acquire more novel cellulolytic strains with pretreatment
hyperactivity.

Cellulase is a complex mixture of three different hydrolytic
enzymes: cellobiohydrolase, endo β-glucanase and β-glucanase.
These enzymes interact in a synergistic way to degrade lignocellu-
losic biomass into its constituent glucose, cellobiose, and other
oligosaccharides units [24, 31]. Generally, cellulases act as biocata-
lysts for the transformation of cellulosic material into fermentable
sugars [32, 33]. Glucose is an intermediary substrate that can be
converted via anaerobic digestion or fermentation into multiple
value-added products such as biogas and bioethanol [33].

1.2 Methods to

Detect Cellulolytic

Bacteria

Traditional phenotypic techniques are commonly used for primary
identification of novel cellulolytic bacteria from diverse ecological
sources. They are based on phenotypic characteristics including
morphological, physiological, and biochemical features
[6, 34]. The majority of phenotypic variables are not sensitive
enough for strain differentiation. Moreover, phenotypic analysis is
a very tedious exercise in identification of bacteria [6]. Traditional
methods involve enrichment of bacteria in media. However, not all
bacteria are able to grow in media. Current focus has been placed
on searching for fast and unambiguous culture-independent tools
to detect cellulolytic bacteria.

Nowadays, traditional methods have been accelerated, simpli-
fied, and automated due to the advancement in technology
[6, 34]. Advances in molecular biology have led to the advent of
new approaches for identification and characterization of bacteria
taxonomy. These new frontiers of technology rely mostly on 16S
rRNA gene sequencing, PCR, and other PCR-related techniques
[6, 35]. The popularity of these methods has been derived from
their high sensitivity and reproducibility. 16S rRNA gene

Table 1
Bacteria involved in cellulolytic activities

Genus Species

Acidothermus A. cellulolyticus

Bacillus Bacillus sp., B. megaterium, B. amyloliquefaciens, B. subtilis and Anoxybacillus
flavithermus

Clostridium C. thermocellum, C. acitobutylicum and C. cellulovorans

Pseudomonas P. cellulose

Rhodothermus R. marinus

Cellulomonas C. fim and C. uda

Source: [24, 25]
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sequencing is touted the most accurate method and declared the
“gold standard” for detection of bacteria up to species level
[35]. The method is the most sensitive, very rapid, highly specific,
reliable, reproducible, and allows the detection of bacterial strains
that cannot be easily cultured under laboratory conditions [35, 36].

The 16S rRNA gene sequencing is based on PCR amplification
and sequencing of DNA. PCR amplification requires sufficient yield
of sample DNA of high purity [37]. Extracted DNA should be free
from proteins, RNA, and PCR inhibitors [38]. DNA extraction
from cellulolytic bacteria can be done using various cell lysis meth-
ods such as chemical, mechanical, enzymatic, and heat [39]. The
methods that have been commonly used to extract genomic DNA
from cellulolytic bacteria include commercial kits, the phenol-
chloroformmethod, and the boilingmethod [37]. Table 2 provides
a comparison of disparate methods to purify DNA from cellulolytic
bacteria. It is important to select the most appropriate method to
identify cellulolytic bacteria. An ideal DNA extraction protocol
should be sensitive, rapid, easy to use, minimize use of specialized
equipment, pose minimum risk to users, avoid cross-contamination
of samples, and elute DNA that is highly pure [42].

2 Purification and Amplification of Genomic DNA from Cellulolytic Bacteria

2.1 Materials Make use of deionized or distilled water and reagents of the highest
grade to prepare all solutions. Sterilization by autoclaving is highly
recommended for most operations. Some of the chemical reagents
that are handled in this protocol are hazardous upon exposure.
Therefore, it is essential to attain knowledge on the health and
safety of handling them. Make sure to wear protective clothing
when preparing solutions.

Table 2
Comparison of different methods to isolate genomic DNA from cellulolytic bacteria

Method

Parameter

Cost
Yield of
DNA

Purity of
DNA

Time
efficiency

Technical
requirements Sensitivity

Toxic
compounds

Commercial
kits

High Very
high

Very
high

Rapid Simple High None

Phenol-
chloroform

Moderate Low Low Slow Simple-
complex

Low Phenol,
chloroform

Boiling Low High Low Rapid Very simple Low None

Source: [38, 40, 41]
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2.1.1 Agarose Gel 1. 0.5 M EDTA stock solution: Weigh 93.05 g of EDTA diso-
dium salt (MW¼ 372.24 g mol�1). Transfer EDTA to 500 mL
graduated cylinder or beaker and dissolve by adding 400 mL of
deionized water. Adjust to pH 8.0 with sodium hydroxide
(NaOH) pellets (see Note 1). Add more deionized water to a
final volume of 500 mL. Heat in an autoclave to sterilize the
solution (see Note 2).

2. 50� TAE buffer: Dissolve 242 g of Tris-base
(MW ¼ 121.14 g mol�1) by adding 700 mL of deionized
water in 1 L cylinder. Add 57.1 mL of 100% glacial acid
(or acetic acid) and 100 mL of prepared 0.5 M EDTA
(pH 8.0). Top up the solution to final volume of 1 L. The
pH is not adjusted and should be around 8.5. Store the
prepared stock solution at room temperature.

3. 1� TAE buffer: Add 20 mL of 50� TAE buffer to a 1 L
cylinder and adjust to a final working volume of 1 L using
deionized water. The final concentration in running gel con-
sists of 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA.

4. Agarose gel: Prepare 0.8% agarose gel by heating 0.8 g of
agarose gel in 100 mL 1� TAE buffer in a microwave
(~30 s�1 min full power) until completely dissolved (see Note
3). The gel must be allowed to cool so that it is comfortable to
handle (seeNote 4). Add 1 μL of GelRed or Gel Green Nucleic
Acid stain (see Note 5). Prepare 1.5% agarose gel by dissolving
1.5 g of agarose gel in 100 mL 1� TAE buffer.

2.1.2 Bacterial Genomic

DNA Extraction

1. Glycerol stocks of pure cellulolytic bacterial isolates: Prepare by
mixing 500 μL of an overnight grown culture (incubated at
37 �C) with 500 μL of 60% sterile glycerol in microcentrifuge
tubes and preserve at �80 �C for long-term use.

2. ZR Zymo Fungal/Bacteria DNAMiniPrep™ kit or equivalent:
50 ZR BashingBead Lysis Tubes (0.1 and 0.5 mm), 40 mL
Lysis Solution, 100 mL Fungal/Bacterial DNA Binding
Buffer, 15 mL DNA Pre-Wash Buffer, 10 mL DNA Elution
Buffer, 50 Zymo-Spin™ Spin Filters (orange tops), 50 Zymo-
Spin ™ IIC Columns, 150 Collection Tubes (see Note 6).
Preserve the kit at room temperature.

2.1.3 Polymerase Chain

Reaction

All chemical reagents for PCR are ready-to-use.

1. Template DNA: Ultrapure gDNA at a concentration of 50 ng.
Store at �20 �C to �80 �C for long-term use.

2. 6� DNA Loading Dye or equivalent: 10 mM Tris–HCl
(pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol FF,
60% glycerol, and 60 mM EDTA. Store at 4 �C up to
12 months or at �20 �C for longer periods.
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3. O’GeneRuler 1 kb Plus DNA ladder (0.1 μg μL�1) or equiva-
lent: 15 chromatographic-purified individual DNA base pairs
(20,000, 10,000, 7000, 5000, 4000, 3000, 2000, 1500,
1000, 700, 500, 400, 300, 200, 75) (see Note 7). Store at
4 �C up to 12 months or at �20 �C for longer periods.

4. DreamTaq™ Hot Start Master Mix (2�) or equivalent:
DreamTaq™Hot Start DNA Polymerase, DreamTaq™ buffer,
magnesium, and dNTPs. Store at �5 �C to �30 �C.

5. Primers: 63F (50-CAGGCCTAACACATGCAAGTC—30 for-
ward primer) and 1387R (50-CGGCGGWGTGTACAAGGC
—30 reverse primer) [43] or equivalent.

6. Magnesium chloride: 25 mM MgCl2. Store at 2–8
�C.

7. Nuclease-free water: Store at 15–25 �C.

8. 0.2 mm thin-walled PCR tubes.

3 Methods

Make sure you are well prepared when setting up PCR experiments.
Put all reagents required for PCR work in a bucket loaded with
fresh ice. Allow the reagents to defrost completely before starting a
reaction. Reagents must be kept on ice up to completion of the
experiment. Prevent contamination of reaction mixture or reagents
by wearing protective gloves. A negative control, and if possible a
positive control, is needed [8]. Prepare DNA samples, set PCR
mixtures, carry out thermal cycling, and visualize PCR products
in different areas.

3.1 DNA Extraction

from Pure Bacterial

Isolates

Extract total gDNA from glycerol stocks of bacteria using ZR
Zymo Fungal/Bacteria DNA MiniPrep™ kit (Zymo Research,
USA) according to manufacturer’s instructions. The fundamental
principles included in all DNA extraction protocols are summarized
in Fig. 2. The schematic procedure of the ZR Zymo Fungal/
Bacteria DNA MiniPrep™ kit is as follows:

1. Grow overnight pure culture of the target bacteria in nutrient
broth by incubating at 37 �C.

2. Transfer 1.5 mL of each culture to a microcentrifuge tube and
centrifuge at 18,928 � g for 2 min to obtain a pellet (see
Note 8).

3. Decant the supernatant in each tube followed by draining onto
tissue paper.

4. Resuspend the pellets in 200 μL of sterile water and add 750 μL
of Lysis Solution to each tube (see Note 9). Carefully mix the
contents of the tube by repeated pipetting.
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5. Transfer the mixture to ZR BashingBead™ Lysis Tubes. Mix
the contents of the tubes by vortexing at maximum speed for
5 min followed by centrifugation at 11,200 � g for 1 min.

6. Transfer 400 μL of the supernatant from each tube to a Zymo-
Spin™ IV Spin Filter in a collection tube and centrifuge at
5,488 � g for 1 min (see Note 10).

7. Add 1200 μL Fungal/Bacterial DNA Binding Buffer to the
filtrate in each collection tube (see Note 11).

8. Transfer 800 μL of the resultant mixture from each collection
tube to a Zymo-Spin™ IIC Spin Column in a collection tube
and centrifuge at 11,200 � g for 1 min (see Note 12).

9. Discard the through-flow from the collection tube and repeat
the previous step.

10. Add 200 μL DNA Pre-Wash Buffer to the Zymo-Spin™ IIC
Spin Column in each new collection tube preceded by centri-
fugation at 11,200 � g for 1 min (see Note 13).

DNA extraction
Any source

Tissue extract
Cell culture

Cell Lysis
Physical/Chemical

Wash steps
Detergents/Separation of
DNA by specific adsorption
to membranes

Removal of membrane lipids

Wash steps

Wash steps

Protease treatment

Protein denaturation and removal

Removal of other cellular contaminants

RNase treatment

Purified DNA

Elute in slightly alkaline
buffer/double distilled
water

RNA removal

Fig. 2 Basic principles included in all DNA extraction protocols [44]
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11. Add 500 μL of DNA Wash Buffer to each Zymo-Spin™ IIC
Spin Column and centrifuge again at 11,200� g for 1 min (see
Note 14).

12. Transfer each Spin™ IIC Spin Column to a clean 1.5 mL
microcentrifuge tube and directly add 100 μL of DNA Elution
Buffer to the column matrix followed by centrifugation at
11,200 � g for 30 s to elute DNA.

13. Ultrapure DNA is stored at �20 �C to �80 �C. The DNA is
now ready for PCR experiments.

3.2 Agarose Gel

Electrophoresis

Agarose gel electrophoresis is one of the alternatives to quickly
determine the concentration of gDNA. Set the agarose gel electro-
phoresis apparatus according to Lee et al. [45]:

1. Place a gel tray into casting apparatus, with a desired comb to
create wells.

2. Pour the molten 0.8% agarose gel into the mold. Allow the gel
to solidify at room temperature and remove the comb.

3. Place the gel in gel mold to gel box with 1� TAE buffer.

4. Adjust the power supply to 100 V.

5. Add sufficient running buffer to completely submerge the gel
and make sure the maximum fill line is not exceeded. Place the
lid to the gel box.

6. Connect the terminals of the gel box to power supply and turn
on power to check if the gel box and power supply are
functioning.

7. Turn off the power and detach the lid.

8. Add 2 μL-drop of 6� loading dye to 10 μL of each gDNA
sample to be separated. Load 1 μL of O’GeneRuler 1 kb Plus
DNA ladder along with gDNA samples.

9. Replace the lid to the gel box and make sure the electrode leads
are connected to the correct slots in the power supply (seeNote
15).

10. Switch on the power. Run the gel at 100 V for 60–90 min until
the dye has migrated to a distance of 10–12 cm (see Note 16).

3.3 Visualizing

Separated Genomic

DNA Bands

1. Disconnect the leads when electrophoresis has completed and
detach the lid of the gel box.

2. Take off the gel tray from the gel box and place it on paper
towel to remove excess buffer from the gel.

3. Remove the gel from the gel tray and visualize it with a suitable
UV transilluminator and gel documentation system (see Note
17). DNA fragments should be visualized as orange fluores-
cence bands. Take an image of the gel (Fig. 3).

4. Follow the institutional biosafety regulations for correct dis-
posal of the gel and buffer.
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3.4 Polymerase

Chain Reaction

Prepare PCR reaction mixtures in a lamina flow cabinet with a UV
lamp installed. The volumes of reagents for PCR reaction mixture
may differ as they are affected by the final concentrations of stock
reagents. Prepare a 25 μL reaction mixture as follows (seeNote 18):

1. Calculate the volumes and concentrations of all the reagents
that will be added to the reaction mixture for PCR amplifica-
tion of bacteria gDNA (Table 3).

2. Add 8.5 μL of nuclease-free water to each 0.2 mm thin-walled
PCR tube.

3. Thaw, vortex gently, and briefly centrifuge the DreamTaq™
Hot Start Master Mix (2�).

4. Aliquot 12.5 μL of DreamTaq™ Hot Start Master Mix (2�).

5. Add 1 μL of 10 μM primer pair [25].

6. Pipette 2 μL of template bacteria DNA.

7. Pipette all reagents excluding template DNA in a separate PCR
tube as a negative control. Recompense the remaining volume
by adding 9.5 μL of nuclease-free water.

8. Place reaction mixtures in a thermo cycler.

9. Program the thermo cycler and perform the PCR reaction
(Table 4) (see Note 19).

Fig. 3 A picture of bacteria genomic DNA on 0.8% agarose gel, visualized with
UV light and imaged by gel documentation system. Lane M shows a 1 kb DNA
marker; Lanes 1 and 2 shows two bands of genomic DNA of bacteria isolates
(Andreou cited by [9])
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10. Once the PCR reaction is completed, the PCR products are
detected by running on 1.5% agarose gel at 100 V for 90 min
and visualized with UV light and gel documentation system
(see Subheadings 3.2 and 3.3) (see Note 20). Take a photo-
graph of the gel (Fig. 4).

11. Excise the required 1.5 kb DNA amplicons from the gel. Store
at �20 �C to �80 �C until the DNA is recovered and purified
from the gel prior to sequencing.

12. Follow the institutional biosafety regulations for correct dis-
posal of the gel and buffer.

4 Notes

1. EDTA will not dissolve completely until pH is adjusted to 8.0.
The carboxyl groups of EDTA cannot dissociate at low
pH. Hence, adding NaOH raises the pH causing more car-
boxyl groups to dissociate and release more protons into the
solution.

Table 3
PCR reaction mixture for amplification of bacteria genomic DNA

Reagent Final concentration Volume (μL)

Nuclease-free water – 8.5

DreamTaq™ Hot Start Master Mix 2� 12.5

Forward primer 10 μM 1

Reverse primer 10 μM 1

Template DNA 50 ng 2

Total volume – 25

Table 4
A standard three-step PCR cycling

Step Temperature (�C) Time Number of cycles

Initial denaturation 95 1–3 min 1

Denaturation 95 30 s 25–40
Annealing Tm 30 s
Extensiona 72 1 min

Final extension 72 5–15 min 1

aThe recommended extension time for PCR products up to 2 kb is 1 min. Beyond 2 kb, the time extends by 1 min/kb
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2. Do not operate an autoclave until you are trained how to do so
safely. Familiarize yourself with the healthy and safety issues
associated with the use of an autoclave before operating it.

3. Undissolved “chunks” of agarose will impede electrical separa-
tion of nucleic acids through the gel. The use of a microwave
requires that the lid of glass bottle containing agarose be loos-
ened to avoid explosion.

4. Always wear protective gloves when handling hot agarose solu-
tion because it can cause severe burns. Do not allow the agarose
gel to solidify before pouring into a gel electrophoresis tank.

5. GelRed or GelGreen Nucleic Acid stain is potentially danger-
ous as it is suspected to be carcinogenic. The stain must be
handled with caution. Always wear latex gloves when handling
these chemicals and gels or buffers containing these chemicals.

6. Some reagents contained in the kit are irritants; therefore it is
encouraged to wear protective gloves and eye protection dur-
ing DNA extraction. The integrity of the kit is guaranteed for a
period of 1 year from the date of purchase. The reagents are
regularly tested on lot-to-lot basis to make sure they provide
optimal performance and reliability.

7. O’GeneRuler 1 kb Plus DNA ladder contains three reference
bands (5000, 1500, and 100 bp) for easy orientation.

Fig. 4 An image of 16S rRNA PCR amplicons on 1.5% agarose gel. The PCR
products were visualized with UV light and imaged by gel documentation system.
Lane M shows a 1 kb molecular weight marker. Lanes 1 and 2 show two bands
of 1.5 kb PCR amplicons of bacteria isolates. Lane 3 is a no-template negative
control
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8. Centrifugation at this stage helps to move DNA precipitate to
the bottom of the tube and allow it to adhere there so that the
supernatant can be decanted without losing the extract.

9. Lysis Solution is a buffer that is used to break cells open during
DNA extraction.

10. Centrifugation allows the solution containing DNA to move
through the filter.

11. Ensure optimal performance of DNA Binding Buffer by add-
ing beta-mercaptoethanol to 0.5% (v/v) or 500 μL per
100 mL.

12. Centrifugation separates cell debris from DNA-containing
supernatant so that the supernatant can be discarded and
DNA can be precipitated out of it.

13. DNA Pre-Wash Buffer removes protein and degraded RNA
residues on the membrane. If precipitation has occurred in
the DNA Pre-Wash Buffer during transportation, completely
resuspend the buffer by incubation at 30–37 �C for 30 min and
mix by inversion.

14. DNA Wash Buffer removes salt residues on the membrane.

15. If the electrode leads are not properly connected, the dye and
DNA samples will migrate in the wrong direction, i.e., to the
negatively charged cathode.

16. Exercise extreme caution because the electric current in a gel
electrophoresis tank is very dangerous. Do not disconnect the
lid or touch the buffer when power is switched on. The surface
where the gel is being run must be completely dry.

17. UV light is extremely dangerous. Protect your eyes, face, and
hands by wearing a UV blocking face shield and gloves.

18. Prepare the reaction mixture in an ice bucket to prevent nucle-
ase activity and primer dimerization. The reaction mixture can
be optimized by adding different volumes of 25 mM MgCl2 if
the desired results are not obtained.

19. A wrong annealing temperature leads to nonspecific binding or
random binding.

20. The absence of a band in the negative control indicates the lack
of reagent contamination.
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Chapter 14

Cloning and Production of Thermostable Enzymes for the
Hydrolysis of Steryl Glucosides in Biodiesel

Andrés Aguirre, Salvador Peiru, Rodolfo Rasia, Marı́a Eugenia Castelli,
and Hugo G. Menzella

Abstract

Vegetable oil-derived biodiesels have a major quality problem due to the presence of precipitates formed by
steryl glucosides, which clog filters and injectors of diesel engines. An efficient, scalable, and cost-effective
method to hydrolyze steryl glucosides using thermostable enzymes has been developed. Here, methods to
discover, express in recombinant microorganisms and manufacture enzymes with SGase activity, as well as
methods to treat biodiesel with such enzymes, and to measure the content of steryl glucosides in biodiesel
samples are presented.

Key words Biodiesel, Steryl glucosides, Thermococcus litoralis, Thermostable β-glucosidases, Biopro-
cess development

1 Introduction

There is continuous demand for affordable and sustainable alter-
natives to petroleum-derived fuels. An environmentally friendly
alternative is vegetable oil-derived biodiesel, which consists of
methyl esters obtained from the transesterification of oil with
short-chain alcohols. First developed in the 90s from rapeseed oil,
the production nowadays mostly uses soybean and palm oil,
although other feedstocks like sunflower and coconut, and used
frying oil are employed depending on the local availability and
market prices [1]. Thus, biodiesel is not only renewable but theo-
retically a limitless source of fuel. Additionally, biodiesel generates a
lower amount of particulate residues and less toxic emissions than
petroleum-based fuels, because of the lower content of sulfur and
aromatic compounds in the exhausted gas emissions [2, 3]. Accord-
ing to the world bioenergy association, compulsory or voluntary
biodiesel mandates are set in more than 60 countries [4, 5]. Driven
by these and other policies that facilitate the use of renewable
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energy around the world, the biodiesel production is continuously
growing, reaching in 2019 a global production of 38.8 million
metric tons [6]. Today, biodiesel is mostly used for vehicles in
blends with petroleum-based diesel fuels, because they can be
consumed by standard fuel-burning engines [7, 8].

A major quality parameter of biodiesel is the content of insolu-
ble material, which causes operational problems by clogging the
engine filters and injectors. Thus, the amount of solids present in
biodiesel cannot exceed the limits determined by the norms of the
American National Standards Institute and European Standard for
Biodiesel [9, 10]. The sediments found in biodiesel are linked to
the presence of steryl glucosides (SG), compounds naturally pres-
ent in the vegetable oils used as a feedstock [9–12]. SG and acylated
SG (ASG) present in plant tissues are co-extracted with the oil
fraction, where they represent the main fraction of unsaponifiable
components [13]. In ASG, the 6-position of the sugar moiety is
esterified with a long-chain fatty acid. Upon alkaline treatment, the
ester bond between the fatty acid and the glucose residue is hydro-
lyzed. As a result, the amount of SG found in biodiesel is higher
than the quantity originally contained in the oil feedstock [10]. The
solubility of SG in biodiesel is much lower than that of ASG and a
white precipitate is formed [1]. At low temperatures, SG molecules
also promote the aggregation of saturated monoacyl glycerides and
other compounds, which further reduce the biodiesel fluidity and
increase the clogging effect. Aside from the problems caused in
engines, SG crystals can precipitate shortly after the transesterifica-
tion process, blocking pipes and filters in the manufacturing facility,
reducing the productivity of the plants, and increasing the produc-
tion costs [14, 15].

For a given feedstock, the content of SG found in the resultant
biodiesel depends on the methods used for the vegetable oil extrac-
tion and transesterification conditions [16]. In soybean oil-based
biodiesel, the amount of SG varies from 25 to 300 ppm [17]. A
biodiesel with a high content of SG appears hazy, and is often
rejected by the buyers, since it does not meet the quality standards
determined by the filterability tests [18].

The selective removal of SG is required to produce high-quality
biodiesel and therefore to facilitate the adoption of this renewable
fuel by the users. So far, the only method available to fully remove
SG from biodiesel is distillation. The process consumes large
amounts of energy, reducing the net energy gain and the cost
efficiency of the biodiesel production [19]. A second problem is
that distillation destroys natural antioxidants present in oil, affect-
ing the biodiesel stability. Other attempts to eliminate SG from
biodiesel including filtering through diatomaceous earth, cold soak
filtration, centrifugation, and use of magnesium silicate as an adsor-
bent require additional removal steps, and are similarly expensive
and time-consuming [20].
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Enzyme-based refining methods are being rapidly adopted and
represent one of the most powerful green chemistry tools, since
they require mild working conditions and save energy and water
[21]. Many enzymatic processes are today more cost effective than
methods based on traditional chemistry, since the specificity of
enzymes prevents side reactions and therefore provides higher con-
version rates [22]. For example, enzymatic synthesis of biodiesel is
commercially available. In the oil industry, a variety of enzymes are
today used for soybean oil refining at industrial scale, and provide
up to 2.5% of extra oil compared to chemical-based methods [23–
28]. Thus, replacing an energy-intensive process like distillation by
an enzymatic method to remove SG could make a green fuel even
“greener.”

We hypothesized that an enzyme with SGase activity added to
biodiesel would hydrolyze SG to yield sterols and glucose. In such a
case, the released glucose would be water-extracted during the
washing step typically used after the transesterification process.
Since the generated sterols are soluble in biodiesel, precipitates
would no longer be formed. Based on these assumptions and
observations, a program to discover enzymes capable of hydrolyz-
ing SG was undertaken by our laboratory.

In 2014, Aguirre and coworkers reported the discovery of the
first enzyme with SGase activity (Fig. 1) [2]. During the following
years, methods to discover, express in recombinant microorganisms
and manufacture enzymes with SGase activity, as well as methods to
treat biodiesel with such enzymes and to measure the content of SG
in biodiesel samples were developed [3, 7, 8, 14]. All the proce-
dures have been extensively validated at laboratory and industrial
scale. In this chapter, we provide a detailed description of these
methods and the necessary materials to reproduce them.

Fig. 1 Schematic representation of the SGase catalyzed reaction, showing the hydrolysis of β-sitosteryl
glucoside, the most abundant SG in soybean oil
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2 Materials

2.1 Biological and

Chemical Materials

1. BL21 AI (DE3) and BL21 (DE3) strains/pET28a system
(Novagen).

2. pKCN151 (pET28a:: Tl SGase, freely available upon request,
[3]).

3. pGRO7 plasmid for groES-groEL overexpression (Takara).

4. NdeI and EcoRI restriction enzymes (Promega).

5. Ni2+-NTA Agarose resin (Invitrogen).

6. LB agar and Liquid LB medium.

7. Lysis buffer: 50 mM phosphate buffer pH 6.8, 150 mMNaCl,
and 1% Triton X-100.

8. Kanamycin (50 mg/mL) and Chloramphenicol (20 mg/mL)
stock solutions.

9. HM culture medium [29]: Glycerol 10 g/L, Na2HPO4 4 g/L,
KH2PO4 20.2 g/L, (NH4)2 HPO4 3 g/L, K(HO) 3.25 g/L,
MgSO4.7H2O 1.25 g/L, Yeast Extract 0.5 g/L and 3 mL/L
of trace element solution containing (in g/L): FeCl3
36, ZnSO4.7H2O 4.9, CuSO4.5H2O 3, MnSO4.5H2O
10, Na2B4O7.10H2O 0.5, CaCl2.2H2O 37.5,
NaMoO4.2H2O 1, CoCl2.6H2O 3, AlKSO4.12H2O 2.4; dis-
solved in 5 M HCl.

10. Nutrient Solution: Glycerol 80% w/v, MgSO4.7H2O 20 g/L.

11. Antifoam 204 (Sigma).

12. Standard of SG containing β-sitosteryl glucoside, campesteryl
glucoside, and stigmasteryl glucoside (Matreya LLC,
98% pure).

13. SG quantification enzyme mixture: Hexokinase 0.2 units/mL,
Glucose-6-phosphate dehydrogenase 0.1 units/mL, 1 mM
ATP, 100 μM NADP from Sigma.

2.2 Equipment 1. Orbital Shaker.

2. Bioreactor with pH, temperature, and dissolved oxygen con-
trol systems.

3. Centrifuge for cell separation.

4. Ultrafiltration system with 10 kDa MWCO cartridges.

5. Spectrophotometer-Fluorescence microplate reader.

6. Sonicator or French press to disrupt E. coli cells.

7. Magnetic stirrer with hot plate temperature control.

8. Peristaltic pump with Viton tubing.
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9. 1 L reactor equipped with temperature and agitation control
(alternatively, an Erlenmeyer with a hotplate magnetic stirrer
can be used).

10. Benchtop centrifuge.

3 Methods

The method described below was used to identify more than ten
enzymes with SGase activity. Considering the relaxed specify of type
III β-glycosidases family of enzymes found in our experiments and
by others for gingenosides [30], the same method may be suitable
to find enzymes for the hydrolysis of glucosides carrying other
aglycones by setting the appropriate constraints.

3.1 Discovery of

Thermostable

Enzymes with SGase

Activity

SGs are a family of compounds characterized by a sugar moiety
attached to the 3 β-hydroxy group of a sterol. Our search for SGases
aimed to find out enzymes to hydrolyze the most abundant SG in
vegetable oil-derived biodiesel: β-sitosteryl, campesteryl, and stig-
masteryl glucosides. In addition, thermophilic enzymes with an
optimal temperature near 65 �C are preferred, since the insertion
of the enzymatic treatment step in large-scale plants does not
require major modifications in the plant (see Subheading 4).

The family of thermophilic type III β-glycosidases, comprising
enzymes that recognize the glucose moiety and display a relaxed
specificity for the aglycone portion of the molecule, is a rich source
of SGases. For example, LacS from Sulfolobus solfataricus and
WP_004069094.1 from Thermococcus litoralis were enzymes
meeting both criteria and further identified as SGases. A search
for new thermostable enzymes with SGase activity can be per-
formed among homologs to these enzymes in thermophilic
enzymes databases and the selected digital sequences tested as
indicated below.

3.1.1 Cloning and

Expression of Putative

SGases

1. Select a pool of protein sequences following the abovemen-
tioned criteria, and redesign the encoding DNA sequences to
optimize the codon usage for expression in E. coli using the
OptimumGeneTM algorithm (GenScript). The resulting
sequences should be synthesized adding an NdeI restriction
site overlapping the ATG start codon and an EcoRI site down-
stream the stop codon. If present, both restriction sites must be
erased from the redesigned gene sequence by using an alterna-
tive synonymous codon overlapping the restriction site, to
allow the insertion of the ORF into the expression vector.

2. Insert the synthetic gene into the NdeI and EcoRI sites of the
T7-based pET28a expression plasmid to obtain an N-terminal
fusion to a His6 tag.
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3. Transform the expression plasmids into the E. coli BL21(DE3)
strain for expression tests.

4. Pick three transformant colonies from each plate and grow
overnight at 37 �C in liquid LB medium with 50 mg/L of
kanamycin for plasmid maintenance.

5. Dilute overnight cultures 1:100 in 100 mL of fresh LB
medium, grow in 1 L Erlenmeyer flasks with agitation to an
OD600 of 0.5 and add IPTG to a final concentration of
0.5 mM.

6. Continue the incubation for 6 h at 22 �C with agitation and
harvest the cells.

7. Suspend the cell pellet in cold 50 mM phosphate buffer
pH 6.8, 150 mM NaCl, and 1% Triton X-100, and disrupt by
sonication.

8. Clarify crude extracts by centrifugation during 30 min at
15,000 � g and analyze 10 μL of the soluble and insoluble
fractions of the cell lysates by SDS–PAGE. If the target protein
is expressed mostly as insoluble aggregates, repeat steps 3–7
co-transforming the expression strain with plasmid pGro7.
This plasmid is designed to express chaperones GroES-GroEL
in the presence of 1 mg/mL of L-Arabinose and proved to
increase solubility of T. litoralis SGase and related enzymes [7].

9. Purify the enzymes by affinity chromatography, using Ni2+-
NTA Agarose resin following the manufacturer instructions.
Process the eluted fractions containing the corresponding
recombinant enzyme by diafiltration using a UF hollow fiber
cartridge to obtain a final protein concentration of 1 mg/mL in
ammonium acetate buffer pH 5.5.

3.1.2 SGase Activity Test 1. Prepare a 5 mg/mL stock solution in 3:1 THF:H2O of a
commercial mixture of SGs.

2. Add 60 μL of the SGs stock solution (final SG concentration:
100 ppm) to 3.0 mL of 50 mM phosphate buffer pH 6 in a
5 mL screw capped vial, in the presence of 0.1% Triton X-100
to facilitate SGs dissolution. Start the reaction by the addition
of 14 μg of enzyme/mL buffer and incubate at 70 �C for 2 h.

3. Stop the reaction by chilling the reaction tubes on ice and
measure the hydrolysis of SGs using the fluorescence-based
method described in the Subheading 3.2 protocol.

3.2 Fluorometric

Assay for

Quantification of Steryl

Glucosides in Biodiesel

Quantification of SGs is achieved using T. litoralis SGase
β-glycosidase to treat the biodiesel sample, followed by glucose
quantification. The protocol is performed in two steps. First, the
sample is treated with the enzyme in a mixed water:biodiesel sys-
tem. After treatment and complete hydrolysis, the glucose released
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from the SG is quantified in a second step by a coupled reaction of
with hexokinase (HK) and glucose-6-phosphate dehydrogenase
(G6PDH).

In this reaction, one mole of NADPH is produced per mole of
glucose present in the sample. In order to achieve a high sensitivity,
the fluorescence of NADPH at 460 nm upon excitation at 360 nm
is measured and its concentration in the sample is calculated based
on a calibration curve performed in the same conditions. Whereas
the method can be set up using a standard fluorometer, the use of a
microplate reader allows for the simultaneous acquisition of the
data from the sample and the calibration curve.

3.2.1 Biodiesel

Treatment

1. Take a 10 mL biodiesel sample.

2. Add 15 μg of T. litoralis SGase in 1.5 mL of 100 mM citrate
buffer, pH 5.5.

3. Agitate the mixture thoroughly (400 rpm) with a magnetic
stirrer at 65 �C, in order to maximize the water:biodiesel
interface, for 3 h. The glucose released is partitioned in the
water phase.

3.2.2 Glucose

Quantification

1. Prepare reference glucose samples with 0, 7.5, 15, 30, 60, and
120 μM glucose in water.

2. Centrifuge the treated sample 10 at 1,000� g to facilitate phase
separation.

3. Dispense 65 μL of water into the microplate wells. Six wells are
needed for the calibration curve and 3 wells to quantify each
biodiesel sample.

4. Dilute in each well 5 μL of the water phases of each biodiesel
sample to be measured (triplicates) and the same volume of
glucose reference sample.

5. Add 130 μL of the SG quantification enzyme mixture to the
wells. Incubate at room temperature for 10 min in the dark for
the reaction to complete.

6. Measure fluorescence at 455 nm with excitation 335 nm on the
wells on a microplate reader.

3.2.3 SG Content

Calculation

1. Graph the obtained fluorescence intensity vs. glucose concen-
tration for the reference samples. The graph should be linear.
Obtain the slope and the zero intercept by linear regression.

2. Using the parameters obtained for the calibration curve, calcu-
late the glucose concentration on each of the biodiesel samples.

3. The concentration of SG in the original biodiesel sample can be
calculated with the following formula:

SG (ppm) ¼ [Glucose](mol/L)*(1.5/10)*577
(g SG/mol)*1000 (mg/g)
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SG ppmð Þ ¼ Glucose½ � Mð Þ∙1:5
10

∙577 gSG=molð Þ∗1000
mg
g

� �

3.3 Production of

SGase Enzymes in Fed

Batch Fermentations

The following protocol provides instructions to produce T. litoralis
SGase at 1000 L scale, but similar results are routinely obtained in
the laboratory at 2 L scale using a volume reduction factor of 500.

3.3.1 Stock Culture 1. Transform by electroporation the E. coli BL21AI with plasmids
pKCN151 and pGro7 and select in LB agar plates containing
50 mg/L Kanamycin and 20 mg/L Chloramphenicol.

2. Grow a colony of the recombinant clone on 1 L of LB medium
at 37 �C in a 5 L shake flask until cell density reaches an
OD600 ¼ 1, add sterile glycerol up to 30% w/v, and store
50 mL aliquots in tubes at �80 �C.

3.3.2 Seed Culture

Preparation

1. Thaw a 50 mL stock culture tube and transfer to a 5 L flask
containing 1 L of LB medium supplemented with 10% w/v
glycerol, 50 mg/L Kanamycin, and 20 mg/L Chlorampheni-
col. Grow the culture until cell density reaches an OD600 ¼ 4.

2. Transfer to a 15 L bioreactor containing 10 L of HMmedium.
Grow for 10 h at 35 �C maintaining dissolved oxygen above
30% and pH at 7 by the addition of 28% NH4(OH).

3.3.3 Fermentation

Process

1. Transfer 10 L of the seed culture to a 1000 L bioreactor
containing 700 L of HM medium and grow at 35 �C until
glycerol exhaustion.

2. Initiate an exponential feeding of a Nutrient Solution at a rate
sufficient to maintain the specific grow rate at a value of
0.25 � 0.02 h�1.

3. When OD600 reaches a value of 80, add 0.4 g/L L-arabinose
and feed with nutrient solution at a constant rate of 25 � 1 L/
h for 10 h. Test activity in the culture supernantant as decribed
(see Note 1)

4. Keep dissolved oxygen concentration above 30% of saturation
throughout the entire process by enriching the air stream with
pure oxygen when necessary.

Maintain pH at 6.9–7 by the addition of 28% NH4OH.
SGase activity is measured every 1 h.

3.3.4 Enzyme Recovery 1. Stop the feeding pump and set the bioreactor agitation rate at
60 rpm.

2. Add 8 kg of lauryl alcohol ethoxylate—7 MOL to the fermen-
tation broth and open the jacket steam valve until the vessel
temperature reaches 80 �C. After 15 min, open the refrigera-
tion valve to cool the broth to 30 �C, separate the solids using a
disk stack centrifuge at 5000 � g.
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3. Concentrate the clarified liquid (800 L) by ultrafiltration using
a 10 kDa hollow fiber cartridge to a final volume of 120 L.

4. Replace the broth by diafiltration adding 600 L of 20 mM
citrate buffer pH 6.5 at the necessary rate to keep the volume
constant at 120 L. Polish the resulting solution with a 0.2 μm
filter and save in clean plastic containers. The preparation can
be stored at room temperature for at least 24 months.

3.4 Enzymatic

Treatment of Biodiesel

with SGase Enzymes

We describe here an efficient process for the enzymatic removal of
SG from commercial crude biodiesel produced from vegetable oils,
in order to improve the quality of this fuel in a cost-effective
manner. The process is described at a 1 kg scale, but it was validated
from scales spanning from 3 g to 30 tons. The treated biodiesel
complies with the most stringent filtration tests with values undis-
tinguishable from those obtained for distilled biodiesel [3].

3.4.1 SGase Treatment 1. Immediately before sampling biodiesel, mix the biofuel con-
tainer by shaking or stirring in order to homogenize it.

2. Transfer a defined quantity of biodiesel (by weight) to the
reactor.

3. Set reactor temperature at 65 �C.

4. Add 75 mL of 20 mM phosphate buffer pH 6.75 and 20 mM
NaCl per kg of biodiesel.

5. Set the reactor stirrer at a speed high enough to obtain a
visually homogeneous water/biodiesel emulsion (but not
much higher).

6. Add 7 mg of SGase enzyme/kg biodiesel. Incubate for 3 h
maintaining the agitation.

7. Take samples (1 mL) every 1 h. Centrifuge for 2 min at
13,000 � g on a benchtop centrifuge. Use the aqueous
(lower) phase for the fluorescent quantification assay as
described in Subheading 3.2.

8. Biodiesel drying.
(a) Turn reactor speed and temperature off, and wait

10–15 min until the two phases are completely separated.
Transfer the upper phase (biodiesel) to a clean 1-L tem-
pered glass lab bottle using glass pipette and a peristaltic
pump with Viton tubing.

9. Dry biodiesel by carefully placing the glass bottle over a hot
plate magnetic stirrer and incubate for 1 h at 110 �C with
agitation.

10. Turn temperature off, and keep the bottle at room tempera-
ture. Figure 2 shows the aspect of biodiesel treated with
T. litoralis SGase and a control treated with the buffer with
no enzymes. The quality of the treated biodiesel can be futher
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asseses as described (see Notes 2 and 3). If the obained results
are poor, repeat the cycle at different working temperature (see
Note 4)

4 Notes

1. Quick assay to monitor enzyme activity during the
fermentation:

Preincubate 465 μL of SGase buffer (sodium citrate
25 mM pH 6.1, 20 mM NaCl, 0.1% Triton X-100), with
10 μL of the appropriate dilution (1/30 to 1/500 in SGase
buffer) of the enzyme-containing sample for 5 min at 80 �C.
Add 25 μL of 20 mM p-nitrophenyl-β-D-glucopyranoside
(pNPG), and incubate at 80 �C for 5 min. The reaction is
stopped by adding 1 mL of cold 200 mM sodium carbonate.
The activity of SGase is estimated spectrophotometrically by
reading the absorbance of the liberated p-nitrophenol at
405 nm (ε ¼ 18, 700). One unit (U) is defined as the amount
of enzyme required for the hydrolysis of 1 μmol pNPG/min,
under the assay conditions.

2. The impact of eliminating SG from biodiesel can be verified by
assaying quality tests to treated samples in parallel with control
ones, such as the Total Contamination test, the Cold Soak
Filtration Test, the Filter Blocking Tendency test, and the
Cold Soak Filter Blocking Tendency test, according to the
procedures described in the EN 12662, ASTM D7501,
ASTM D2068, and CAN/CGSB-3.524-2011 norms,
respectively.

Fig. 2 Biodiesel treated with T. litoralis SGase (left) and negative control (right)
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3. Depending on the amount of natural antioxidant molecules
present in the oil used as a feedstock, a variable degree of
biodiesel oxidation has been detected in a few cases. We
found out that this oxidation can be avoided by drying the
biodiesel at 70 �C and extending the incubation time.

4. We search for enzymes with optimum temperature near 65 �C
because the biodiesel is washed at this temperature after the
transesterification step, avoiding in this way a heating or cool-
ing step which might add an extra cost at industrial scale. Thus,
when possible we focus the search looking for genes in micro-
organisms with optimal growth temperature close to 65 �C.
Obviously, in some cases enzymes with optimum temperature
far from 65 �C possess a residual activity sufficient to complete
the SG hydrolysis. For example, the optimal temperature for
LacS from S. solfataricus is near 100 �C, but the SGase specific
activity at 65 �C is one of the highest we ever found.
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Chapter 15

Recombinant Protein Production and Purification Using
Eukaryotic Cell Factories

Asmaa Missoum

Abstract

Cloning proteins enables their production and characterization for further studies. This requires inserting
the gene of the studied protein to be inserted in a vector, which then will be transformed to the host cell
used as “factory.” Consequently, the “biomass” of host cells will be produced using bioreactors. Here we
describe the production of Rhizomucor miehei lipase (RML) by cloning the corresponding genes in the
yeast Pichia pastoris. This enzyme is used as a biocatalyst for biofuel production. The successfully produced
recombinant proteins are then purified using ion exchange chromatography.

Key words Pichia pastoris, Cloning, Recombinant protein,Rhizomucor miehei, Lipase, Fermentation,
Ion exchange chromatography, SDS-PAGE

1 Introduction

A “recombinant” protein refers to a protein that is produced by a
cell whose genetic material has been modified by genetic recombi-
nation. The gene encoding the protein of interest is introduced into
the genome of the producer species (bacteria, yeast, cultured mam-
malian cells, etc.) [1]. Recombinant proteins can be purified and
used for therapeutic, industrial, or even research activities. This has
provided important breakthroughs in various biotechnological
applications [2]. However, the choice of the microbial expression
system crucially depends on the nature of the produced protein.
Nevertheless, new engineering strategies were employed to solve
issues such as incompatibility between microbial translation machi-
neries and eukaryotic protein architecture [3]. Yeast systems are
easy to manipulate genetically, require cost-effective media, and
provide posttranslational modifications. For instance, Pichia pas-
toris can achieve high cell densities, provide reduced protein glyco-
sylation, and secrete properly folded proteins, simplifying their
recovery [4].
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Here we demonstrate thatRhizomucor miehei lipase (RML) can
be efficiently produced using a recombinant P. pastoris strain X33.
This enzyme catalyzes the biotransformation of fatty acids or acyl
glycerides from microalgae oil into biodiesel [5, 6] (Fig. 1). A
similar procedure has been used to produce and purify Lepto-
sphaeria maculans avirulence proteins, in order to study their
three-dimensional structure and elaborate on their infectious
mechanism [7]. Combining protocols used in this research project
with those concerning Rml gene and plasmid construction [5, 8]
would optimize for better lipase production.

Thus, the obtained recombinant lipases can be purified using
ultrafiltration and ion exchange chromatography, and then ana-
lyzed via sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) [9]. Subsequently, many researchers have also
attained similar results and in a quantitative manner.

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water, to attain a sensitivity of 18 MΩ-cm at 25 �C) and
analytical grade reagents. Prepare and store all reagents at room
temperature (unless indicated otherwise). Diligently follow all
waste disposal regulations when disposing waste materials.

2.1 Culture Media 1. Yeast extract Peptone Dextrose medium (YPD) composition
for 1 L: 1% yeast extract, 2% peptone, 2% dextrose (glucose),
2% agar, and 100 μg/mL Zeocin.

2. Yeast extract Peptone Dextrose medium (YPDS) composition
for 1 L: 1% yeast extract, 2% peptone, 2% dextrose (glucose),
1 M sorbitol, 2% agar, and 100 μg/mL Zeocin.

3. Dissolve the following in 900 mL of water: 10 g yeast extract,
20 g of peptone, and 182.2 g of sorbitol in case of YPDS.

4. Include 20 g of agar if making YPD slants or plates.

5. Autoclave for 20 min on liquid cycle.

6. Cool solution to ~60 �C and add 100 mL of 10� Dextrose.
Add 1.0 mL of 100 mg/mL Zeocin, if desired (see Note 1).

2.2 Construction of

Expression Vector

1. Escherichia coli TOP10 (Invitrogen, USA).

2. Yeast expression vector pPICZαA (Invitrogen, USA) (Fig. 2).

3. Lipase encoding gene rml gene from R. miehei (GenBank
accession number A02536.1) [10].

4. PCR machine (thermocycler) and Taq-polymerase.

5. DNA restriction enzymes and T4 DNA ligase (2.5 units/μL).
6. Electroporator or water bath (42 �C).
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7. Low Salt LB (Luria-Bertani) Medium with 25 μg/mL Zeocin
(1% Tryptone, 0.5% Yeast Extract, 0.5% NaCl, pH 7.5):

(a) For 1 L, dissolve the following in 950 mL deionized
water: 10 g tryptone, 5 g yeast extract, and 5 g NaCl2.

(b) Adjust the pH of the solution to 7.5 with 1 N NaOH and
bring the volume up to 1 L.

(c) Autoclave for 20min at 15 lb./sq. in and 121 �C. Let cool
to ~55 �C and add desired antibiotics at this point. Add
Zeocin to 25 μg/mL final concentration.

(d) Store medium at 4 �C and in the dark.

Fig. 1 Schematic transesterification processes catalyzed by RML, where tri-acyl glycerol (TAG), di-acyl
glycerol (DAG), and mono-acyl glycerol (MAG) are converted to fatty acid alkyl esters such as FAME (fatty
acid methyl ester). These are the major components of microalgae oil, which is one of the most important
renewable resources of the environment-friendly biofuel (reproduced from refs. 5, 6)
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8. Low salt LB plates with 25 μg/mL Zeocin:
(a) Make Low Salt LB Medium above and add 15 g/L agar

before autoclaving.

(b) Autoclave for 20 min at 15 lb./sq. in.

(c) Let cool to ~55 �C and add desired antibiotics at this
point. Add Zeocin to 25 μg/mL final concentration.

(d) Pour into 10 cm petri plates. Let the plates harden, then
invert, and store at 4 �C and in the dark. Plates containing
Zeocin are stable for 1–2 weeks.

9. 37 �C rotary shaking incubator.

10. DNA extraction and purification kit (Invitrogen, USA).

11. Digestion enzymes: SacI, PmeI, or BstXI.

12. EDTA (1 mM).

13. 3 M sodium acetate.

14. Phenol/chloroform.

15. 80% and 100% ethanol.

Fig. 2 Schematic drawing of lipase expression plasmids adapted from Invitrogen (USA). Some of the features
in pPICZαA include: 50 AOXI promoter region, α-factor signal sequence, multiple cloning site, c-myc epitope,
polyhistidine (6�his) tag, 30 AOXI priming site, 50 AOXI transcription termination region, and zeocin resistance
gene for selection. The AOX1 promoter allows methanol-inducible, high-level expression in Pichia (reproduced
from Invitrogen’s pPICZα A, B, and C Manual)
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2.3 Transformation

of P. pastoris by

Electroporation

1. Pichia pastoris X33 (Invitrogen, USA).

2. 5–10 μg pure pPICZαA ligated with lipase gene (see Note 2).

3. YPD Medium.

4. 30 �C incubator.

5. 50-mL conical polypropylene tubes.

6. 1 L cold (4 �C) sterile water (place on ice the day of the
experiment).

7. 25 mL cold (4 �C) sterile 1 M sorbitol (place on ice the day of
the experiment).

8. Electroporation device and 0.2 cm cuvettes.

9. YPDS plates containing 100 μg/mL Zeocin (see Subheading
2.1).

2.4 Screening Target

Transformants

1. Minimal Dextrose (MD) agar plates (1.34% YNB, 4 � 10�5%
biotin, 2% dextrose):
(a) Autoclave 800 mL of water for 20 min on liquid cycle.

(b) Cool to about 60 �C and then add: 100 mL of 10� YNB,
2 mL of 500� Biotin, and 100 mL of 10� Dextrose.

(c) Add 15 g agar to the water in step (a) and mix well. Then,
pour the plates immediately. MD stores well for several
months at 4 �C.

2. Minimal Methanol (MM) agar plates (1.34% YNB, 4 � 10�5%
biotin, 0.5% methanol):
(a) Autoclave 800 mL of water for 20 min on liquid cycle.

(b) Cool to 60 �C and add: 100 mL of 10� YNB, 2 mL of
500� Biotin, and 100 mL of 10� Methanol.

(c) Add 15 g agar to the water in step (a) and mix well. Then,
pour the plates immediately. MM stores well for several
months at 4 �C.

3. Sterile toothpicks and Scoring Templates.

4. Streak out the strains GS115 Albumin (MutS) and pPICZ
(Mut+) on an MD plate as controls for Mut+ and MutS growth.

2.5 Expression of

Recombinant Lipase

1. 100% methanol, Yeast Nitrogen Base (YNB), Glycerol (GY).

2. Sterile cheesecloth or gauze.

3. Buffered Glycerol-complex Medium (BMGY) composition for
1 L: 1% yeast extract, 2% peptone, 100 mM potassium phos-
phate pH 6.0, 1.34% YNB, 4 � 10–5% biotin, 1% glycerol.

4. Buffered Methanol-complex Medium (BMMY) composition
for 1 L: 1% yeast extract, 2% peptone, 100 mM potassium
phosphate pH 6.0, 1.34% YNB, 4 � 10–5% biotin, 0.5%
methanol.
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5. Dissolve 10 g of yeast extract, 20 g peptone in 700 mL water.

6. Autoclave 20 min on liquid cycle.

7. Cool to room temperature, then add the following and mix
well: 100mL 1M potassium phosphate buffer pH 6.0, 100mL
10� YNB, 2 mL 500� Biotin, 100 mL 10� GY 4.

8. For BMMY, add 100 mL 10� Methanol instead of glycerol.

9. Store media at 4 �C. The shelf life of this solution is approxi-
mately 2 months.

2.6 Protein

Purification

1. Filter of 0.45 μM membrane.

2. NaOH, HCl, and sterile distilled water.

3. 3 M Imidazole (see Note 3).

4. Ion exchange chromatography column (ProBond resin, 5 mL).

5. For 200 mL of 5� Purification Buffer (250 mM NaH2PO4,
pH 8.0 and 2.5 M NaCl): add 7 g of NaH2PO4 and 29.2 g
NaCl to 180 mL of deionized water. Then, mix well and adjust
the pH with NaOH to pH 8.0. Bring the final volume to
200 mL with deionized water.

6. For 30 mL of Binding Buffer (with 10 mM imidazole): com-
bine 30 mL of 1� Purification Buffer and 100 μL of 3 M
Imidazole at pH 6.0. Mix well and adjust pH to 8.0 with
NaOH or HCl (see Note 4).

7. For 50 mL of Wash Buffer (with 20 mM imidazole): combine
50 mL of 1� Purification Buffer and 335 μL of 3 M Imidazole
at pH 6.0. Mix well and adjust pH to 8.0 with NaOH or HCl.

8. For 15 mL of Elution Buffer (with 250 mM imidazole): com-
bine 13.75 mL of 1� Purification Buffer and 1.25 mL of 3 M
Imidazole at pH 6.0. Mix well and adjust pH to 8.0 with
NaOH or HCl (see Note 5).

2.7 SDS-PAGE

Analysis

1. Sample 5� loading buffer [250 mM Tris–HCl, pH 6.8, 10%
(w/v) SDS, 0.5% (w/v) BPB, 50% (v/v) glycerin, 5% (w/v)
β-mercaptoethanol].

2. Coomassie Brilliant Blue stain.

3. Polyacrylamide gel powder, deionized water.

4. Electrophoresis apparatus.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified and in sterile conditions.
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3.1 Construction of

Expression Vector

1. Design the expression vector (Fig. 2). Then, prepare a set of
primers corresponding to the sequences at 50 and 30 ends of the
selected lipase coding region with suitable enzyme restriction
sites [11].

2. Amplify the coding region of lipase by PCR.

3. Ligate the PCR product with the expression vector after restric-
tion digestion of the PCR product.

4. Transform the cloned vector into E. coli competent cells by
electroporation (2.5 kV, 129 ohms, 5.0 ms) or chemical activa-
tion (heat shock at 42 �C for 45 s using CaCl2-treated compe-
tent cells) [11].

5. Plate 10 and 100 μL of the transformation mix on Low Salt LB
medium with 25 μg/mL Zeocin.

6. Incubate overnight at 37 �C.

7. Select 10 Zeocin-resistant transformants and inoculate into
2 mL Low Salt LB medium with 25 μg/mL Zeocin. Grow
overnight at 37 �C with shaking. Remember also to isolate
control strains for background protein expression in Pichia.

8. Isolate plasmid DNA by miniprep for restriction analysis and
sequencing (Invitrogen, USA).

9. For safekeeping, make a glycerol stock of purified clone (see
Note 6).

10. Once you have purified plasmid DNA, proceed to preparing
transforming DNA:
(a) Digest ~5–10 μg of plasmid DNA with one of the restric-

tion these enzymes: Sac I (209 bp), Pme I (414 bp), and
BstX I (707 bp) (see Note 7).

(b) If the vector is completely linearized, heat inactivate or
add EDTA to stop the reaction, phenol/chloroform
extract once, and ethanol precipitate using 1/10 volume
3 M sodium acetate and 2.5 volumes of 100% ethanol.

(c) Centrifuge the solution to pellet the DNA, wash the pellet
with 80% ethanol, air-dry, and resuspend in 10 μL sterile,
deionized water. Use immediately or store at �20 �C.

3.2 Preparation of

Competent Cells

1. Grow 5 mL of your P. pastoris strain X33 in YPD in a 50 mL
conical tube at 28 �C and 200 rpm overnight.

2. Inoculate 500 mL of fresh medium in a 2 L flask with
0.1–0.5 mL of the overnight culture. Grow overnight again
to an OD600 ¼ 1.3–1.5.

3. Centrifuge the cells at 2000 � g for 5 min at 4 �C. Resuspend
the pellet with 500 mL of ice-cold (0 �C), sterile water.

4. Centrifuge the cells as in step 3, then resuspend the pellet with
250 mL of ice-cold (0 �C), sterile water.
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5. Centrifuge the cells as in step 3, then resuspend the pellet in
20 mL of ice-cold (0 �C) 1 M sorbitol.

6. Centrifuge the cells as in step 3, then resuspend the pellet in
1 mL of ice-cold (0 �C) 1 M sorbitol for a final volume of
approximately 1.5 mL (see Note 8).

3.3 Transformation

of P. pastoris

1. Mix 80 μL of the cells from step 6 (see Subheading 3.1) with
5–10 μg of linearized plasmid DNA (in 5–10 μL sterile water).
Then, transfer them to an ice-cold 0.2 cm electroporation
cuvette (For circular DNA, use 50–100 μg).

2. Incubate the cuvette with the cells on ice for 5 min.

3. Pulse the cells for 5 ms and at 1.5–2 kV.

4. Immediately add 1 mL of ice-cold 1 M sorbitol to the cuvette.
Transfer the cuvette contents to a sterile 15-mL tube and
incubate at 30 �C without shaking for 1–2 h.

5. Spread 10, 25, 50, 100, and 200 μL each on separate, labeled
YPDS plates containing 100 μg/mL Zeocin. Plating at low cell
densities favors efficient Zeocin selection (see Note 9).

6. Incubate plates from at 28 �C for 48–72 h (or even for 10 days)
until colonies form.

7. Pick 10–20 colonies and purify (streak for single colonies) on
fresh YPD or YPDS plates containing 100 μg/mL Zeocin.

3.4 Screening and

Analyzing Target

Transformants

1. To select putative multi-copy recombinants, plate the transfor-
mation mix on increasing concentrations of Zeocin:
(a) Prepare YPDS plates containing 500, 1000, and 2000 μg/

mL Zeocin.

(b) Plate 100–200 μL of the transformation mix on each plate
and incubate at 28–30 �C for 48 h.

2. Select 6–10 of Zeocin-resistant Pichia transformants and test
for the Mut phenotype (see Note 10) as the following:
(a) Using a sterile toothpick, pick one colony and streak or

patch one Zeocin-resistant transformant in a regular pat-
tern on an MM plate first, and then an MD plate.

(b) Using a new toothpick for each transformant, continue
patching 10 transformants (1 plate).

(c) To differentiateMut+ fromMutS, make one patch for each
of the controls (GS115/MutS Albumin and pPICZMut+)
onto the MD and MM plates.

(d) Incubate the plates at 30 �C for 2 days or longer.

(e) After incubation, score the plates. Mut+ strains will grow
normally on both plates, while MutS strains will grow
normally on the MD plate but show little or no growth
on the MM plate.
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3. You may test for expression of the protein using SDS-PAGE
analysis, western blot, or/and functional assay (see next
sections).

4. You may also analyze for the presence of insert and copy
number by performing real-time PCR (see Note 11).

3.5 Expression of

Recombinant Lipase

1. Using a single colony, inoculate 25 mL of BMGYmedium in a
250 mL baffled flask. Grow at 29 �C in a shaking incubator
(under constant agitation at 200–220 rpm) until the culture
reaches an OD600 ¼ 3–5 (log-phase growth, approximately
18–20 h).

2. Harvest the cells by centrifuging at 1500–3000� g for 5 min at
room temperature. Decant the supernatant and resuspend the
cell pellet to an OD600 of 1.0 in 50 mL BMMY medium to
induce expression (can modify quantity to approximately
100–200 mL).

3. Place the culture in a 1 L baffled flask. Cover the flask with two
layers of sterile gauze or cheesecloth and return it to the
incubator to continue growth.

4. Add 100% methanol to a final concentration of 1% methanol
every 24 h to maintain induction. Be sure to check the volume
of the culture and add methanol accordingly. Evaporation may
reduce the culture volume.

5. At each of the times indicated below, transfer 1 mL of the
expression culture to a 1.5 mL microcentrifuge tube.

Centrifuge the samples at maximum speed in a tabletop
microcentrifuge at room temperature for 2–3 min. Time points
(hours): 0, 6, 12, 24 (1 day), 36, 48 (2 days), 60, 72 (3 days),
84, and 96 (4 days) (see Note 12).

6. Transfer the supernatant to a separate tube. Freeze the super-
natant and the cell pellets quickly in a dry ice/alcohol bath, and
store them at �80 �C until ready to assay.

3.6 Protein

Purification

1. Filter the supernatant via a 0.45 μM membrane (see Note 13).

2. Combine 1 mL (2–3 mg/mL total protein) of the lysate with
7 mL Binding Buffer (see Note 14).

3. Take a pre-equilibrated Ni2+-charged 5 mL column and resus-
pend the resin in 4 mL of the diluted lysate from step 2.

4. Seal the column and batch-bind by rocking gently at room
temperature for 10 min. This is to keep the resin suspended
in the lysate solution.

5. Let the resin settle by gravity or low speed centrifugation
(800 � g) and carefully remove the supernatant. Save the
supernatant at 4 �C to check for unbound protein by
SDS-PAGE analysis.
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6. Repeat steps 2 through 4 with the remaining 4 mL of diluted
lysate.

7. Wash with 4 mL Wash Buffer. Settle the resin by gravity or low
speed centrifugation (800 � g), and carefully aspirate the
supernatant. Save supernatant at 4 �C for SDS-PAGE analysis.
Repeat this step three more times.

8. Clamp the column in a vertical position and snap off the cap on
the lower end. Elute the protein with 4 mL Elution Buffer.
Collect fractions for SDS-PAGE analysis (see Note 15).

9. Store the eluted fractions at 4 �C. If�20 �C storage is required,
add glycerol to the fractions. For long-term storage, add pro-
tease inhibitors to the fractions.

10. Analyze the supernatants and the cell pellets for protein expres-
sion by Coomassie-stained SDS-PAGE (see Subheading 3.6)
and western blot (see Note 16), or functional assay (see Note
17).

3.7 Protein Analysis

by SDS-PAGE

1. Include different samples as controls (see Note 18).

2. Thaw supernatants and place on ice.

3. Mix 50 μL of the supernatant with 50 μL of SDS-PAGEGel 5�
sample loading buffer. Then, boil 10 min.

4. Prepare 5% stacking and 12% resolving polyacrylamide gel.

5. Then load 10–30 μL of sample onto the gel. You may store the
remaining sample at�20 �C for western blots, if necessary. You
may store the supernatants at �80 �C for further analysis.

6. Run the gel at 100 V until the dye reaches the bottom of
the gel.

7. Stain gel with Analyze Coomassie solution and analyze or
transfer the gel to the nitrocellulose membrane for western
blotting (if necessary).

8. If you do not see any protein by Coomassie or by western blot,
then concentrate the supernatant five- to tenfold and analyze
samples again by western blot.

4 Notes

1. Liquid medium without Zeocin can be stored at room temper-
ature. Medium containing Zeocin should be stored at +4 �C in
the dark. YPD slants or plates are stored at +4 �C. The shelf life
of medium is several months. Medium containing Zeocin has a
shelf life of 1–2 weeks.

2. For transforming with circular DNA, you will need 50–100 μg
plasmid DNA. If you have constructed multimers in pPICZα,
you will not be able to linearize the plasmid.
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3. Imidazole is included in the Native Wash and Elution Buffers
to minimize the binding of untagged, contaminating proteins
and increase the purity of the target protein with fewer wash
steps. Moreover, if the level of contaminating proteins is high,
you may add imidazole to the Native Binding Buffer. If the
protein does not bind well under these conditions, you can
lower or eliminate the imidazole in the buffers and increase the
number of wash and elution steps.

4. To prepare 100 mL 1� Purification Buffer, combine: 80 mL of
sterile distilled water and 20 mL of 5� Purification Buffer. Mix
well and adjust pH to 8.0 with NaOH or HCl.

5. The composition of binding and elution buffers could be opti-
mized as the following: Binding Buffer (20 mM sodium phos-
phate, 0.5 MNaCl, 20 mM imidazole, pH 7.4), Elution Buffer
(20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole,
pH 7.4) [12].

6. Once you have cloned and sequenced your insert, generate
enough plasmid DNA to transform Pichia (5–10 μg of each
plasmid per each transformation).

7. Each enzyme cuts one time in the 5´ AOX1 region to linearize
the pPICZα. Choose the enzyme that does not cut within your
gene. Moreover, it is recommended to check a small aliquot of
the digest by agarose gel electrophoresis for complete
linearization.

8. It is advised to keep the cells on ice and use immediately the
same day. However, if cells are needed to be stored, take
aliquots of 100 μL and freeze rapidly at �80 �C.

9. Negative control for transformation: Plate 100 μL of strain
X33 on YePDS agar + Zeocin 100 mg/L, and without Zeocin.

10. Strain X33 contains a native AOX1 gene. Thus, Zeocin-
resistant transformants will be Mut+ as transformation of
X-33 with linearized constructs favor single crossover recom-
bination at the AOX1 locus [13].

However, there is a chance that recombination will occur
in the 3’AOX1 region, which disrupts the wild-type AOX1
gene and creats MutS transformants. Testing on MD and
MM plates will allow to confirm the Mut+ phenotype. Further-
more, it is recommended to purify Zeocin-resistant transfor-
mants before carrying out the Mut phenotype test to ensure
isolation of a pure clonal isolates. This is done by streaking for
single colonies on YPD [13].

11. The absolute quantification of target gene copies can be per-
formed by quantitative PCR using SYBR Green I Mix (Roche,
Mannheim, Germany) [10].
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12. These samples will be used to analyze expression levels and to
determine the optimal time postinduction to harvest.

13. Depending on the type of protein purified and quantity, you
may first centrifuge the culture broth at 10,000 � g and 4 �C
for 10–15 min. In some cases, concentrating the collected
supernatant approximately 10 times by ultrafiltration through
10 kDa cutoff membrane could be employed as well.

14. The concentration of the protein can be quantified by various
methods such as Bradford assay using bovine serum albumin as
standard or using commercial kits, e.g., BCA protein kit.

15. Various studies report that deglycosylatedR. miehei lipase have
improved activity than the glycosylatedone [10, 12]. Therefore,
after this step, it is advised to treat the purified enzyme with
Endo Hf (New England Biolabs; Beverly, Massachusetts,
United States) as per the manufacturer’s instructions. The
molecular weights of the enzyme before deglycosylation and
after deglycosylation can be determined by SDS polyacryl-
amide gel electrophoresis [12].

16. SDS-PAGE separates protein based on molecular weight,
whilewestern blotting is done to detect the protein of interest
using specific antibodies. Thus, in this protocol, the
extracellular enzyme can be detected using Monoclonal
mouse-anti-His–Tag antibody as the primary antibody and
goat anti-mouse IgG antibody conjugated to alkaline phospha-
tase as the secondary antibody. BCIP/NBT Chromogenic
reagent kit (Tiangen) can be utilized for color reaction accord-
ing to the manufacturer’s instructions [14, 15].

17. The lipase activity in the culture filtrate can be determined in
various ways. NaOH titration method is widely used to carry
out lipase hydrolysis using olive oil emulsion as a substrate
[16, 17]. Other assays include the hydrolysis of p-nitrophenyl
laurate (p-NPL) into lauric acid and p-nitrophenol [18].

18. Include the following samples as controls on your SDS-PAGE:
(a) Appropriate molecular weight standards.

(b) A sample of your protein as a standard (if available).

(c) Glycosylated and deglycosylated proteins.

(d) A sample of X-33 with the parent plasmid transformed
into it. This shows the background of native Pichia pro-
teins that are present intracellularly. Inclusion of this sam-
ple will help you differentiate your protein from
background if you express it intracellularly.

(e) Analyze the pPICZ and Albumin controls also as they
should indicate any problems with the media or expres-
sion conditions.
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Chapter 16

Designing and Constructing Artificial Small RNAs for Gene
Regulation and Carbon Flux Redirection in Photosynthetic
Cyanobacteria

Shubin Li, Tao Sun, Lei Chen, and Weiwen Zhang

Abstract

Photosynthetic cyanobacteria are not only model organisms for studying photosynthesis and biological
cycling of carbon in biosphere but also potential “green microbial factories” to produce renewable fuels and
chemicals, due to their capability to utilizing solar energy and CO2. Therefore, strategies for gene regula-
tion and carbon flux redirection are important for both fundamental research and metabolic engineering of
cyanobacteria. To address the challenges, regulatory tools based on artificial small RNAs have been
developed with satisfactory effects for single or multiple gene(s) regulation in various cyanobacterial species.
When combined with the promoters of varying gradient strength and the inducible switches developed in
recent years, it is now feasible to realize precise gene regulation in photosynthetic cyanobacteria for
producing fuels and chemicals. Here in this chapter, we provide a detailed introduction of the design
principles and constructing methods of the artificial sRNA tools to achieve accurate inducible regulation of
cyanobacterial gene(s).

Key words Cyanobacteria, Small RNA, Gene regulation, Carbon flux redirection, Synthetic biology

1 Introduction

Overconsumption of fossil fuel leads to serious energy crisis and
environmental pollution. One of the most serious consequences is
the massive emission of the greenhouse gas carbon dioxide. In
2019, global carbon dioxide emissions have been increased to
33 billion tons/year and the trend is continuing, which will further
aggravate global warming and ultimately lead to serious changes in
the global climate, which promotes the recent research and devel-
opment efforts on green fuels and chemicals using “microbial cell
factory” [1, 2]. Among them, “photosynthetic cell factories” based
on cyanobacteria and microalgae have attracted significant
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intention as great chassis for their ability of conversing carbon
dioxide and water to fuels and chemicals using solar energy at ten
times the efficiency of terrestrial higher plants. Meanwhile, cyano-
bacteria and microalgae can fix a large amount of carbon dioxide in
the air, which can effectively mitigate the greenhouse effects on
earth. Cyanobacteria are considered to be ideal chassis due to their
relatively simple structure and mature genetic operations [3–5]. Up
to now, more than 50 types of fuels and chemicals have been
successfully synthesized in engineered cyanobacteria [6, 7], includ-
ing biofuels like butanol [8] and ethanol [9], platform chemicals
like 3-hydroxypropionic acid [10] as well as natural antioxidant like
astaxanthin [11] in various cyanobacterial chassis, including Syne-
chocystis sp. PCC 6803 (hereafter Synechocystis 6803) [12], Synecho-
coccus elongatus PCC 7942 (hereafter Synechococcus 7942) [13],
Synechococcus sp. PCC 7002 (hereafter Synechococcus 7002) [14],
and Synechococcus elongatus UTEX 2973 (hereafter Synechococcus
2973) [15].

To achieve production for endogenous or heterogeneous fuels
and chemicals at high efficiency, it is always necessary to realize the
accurate control of the gene expression in competitive pathways
[6, 7]. In many cases, totally blocking these pathways via gene
knockout is not applicable especially when they are essential to
support the cell survival and growth [16]. For example, in order
to increase the production of downstream products derived from
precursor malonyl-CoA, inhibition of the fatty acid biosynthetic
pathway can be effective to increase the intracellular content of
malonyl-CoA; however, over-inhibition or total blockage of fatty
acid biosynthetic pathway affects cell growth and survival negatively
[10, 17]. For another example, inhibition of the glycogen synthesis
can effectively direct the carbon flow toward the synthesis of many
target products and increase their yields in cyanobacteria, but this
will make cyanobacteria unable to accumulate glycogen as an
energy reserve to cope with nutritional deficiencies such as darkness
and nitrogen deficiency, which will seriously affect the survival of
cyanobacteria in the absence of nutrition [18]. To address this
issue, the gene regulatory tool can be used to adjust the
corresponding pathway preciously to the appropriate level, so that
more carbon flux is redirected to the synthesis of the target pro-
ducts, while no negative impact on the cell growth and survival is
created [19]. Small RNA (sRNA) regulatory tools based on artifi-
cial sRNA molecules have showed promising applications due to its
modularity, tunable base-pair complementation and trans-acting
ability. More importantly, expression of artificial sRNAs exerts
almost no metabolic burden on host cells [20, 21]. In a recent
study, Na et al. established the artificial sRNA regulatory systems
based on a E. coli natural system which consists of chaperone
protein Hfq and synthetic sRNAs, in which synthetic sRNAs were
composed of a scaffold sequence with binding ability to Hfq and an
antisense sequence of 20–30 nucleotides binding to the target
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mRNA (Fig. 1) [22]. The artificial sRNA regulatory systems were
then applied in engineered E. coli to inhibit UDP-N-acetylmura-
moylalanyl-D-glutamate 2,6-diaminopimelate ligase (murE) in the
competitive pathway of the lysine of cadaverine synthesis pathway,
resulting in increased production of cadaverine by 55%. The tool
was later successfully applied in E. coli, Clostridium acetobutylicum,
Corynebacterium glutamicum, and cyanobacteria, resulting in
increased yields of cadaverine, butanol, and glutamate [22–24],
respectively. Sun et al. (2018) introduced the artificial sRNA regu-
latory system into Synechocystis 6803, achieving the enhanced pro-
duction of malonyl-CoA by 41% via controlling expression of genes
fabH, fabF, and fabD essential to the synthesis of fatty acids
[17]. Similarly, application of the tool also achieved the significant
inhibition of target gene(s) in Synechococcus 2973, suggesting its
general application in cyanobacteria [25].

In many cases, the inhibition of the competitive pathway of the
target product will inhibit the growth and survival of cells due to
the important or even essential function of the competitive path-
way. For example, fatty acid synthesis is the main competitive
pathway for the downstream products of malonyl-CoA like
3-hydroxypropionic acid in cyanobacteria, and its inhibition will
have a negative impact on cell growth and survival [17]. In order to
make better use of “microbial cell factories” to produce fuels and
chemical, it is crucial to achieve precise and controllable regulation
of metabolic pathways so that the fine balance between product
synthesis and cell growth and survival can be maintained [19, 26–
28]. In a recent study, Sun et al. (2018) used theophylline-
inducible riboswitch to control the expression of chaperone protein
Hfq in Synechocystis 6803, realizing the inducible inhibition of fatty
acid synthesis pathway, which could avoid the negative effect on the
growth if fatty acid synthesis pathway was inhibited during the
growth process [17]. In another study, Li et al. (2018) combined
theophylline-inducible riboswitch with T7 RNA polymerase to
achieve simultaneous control of sRNA and chaperone protein
Hfq, reducing leakage and expanding the controllable range of
suppression in Synechococcus 2973 [25].

To achieve precise and controllable control of metabolic path-
ways, in general, an abundant library of promoters of different
strength and a library of induction systems with broad induction
range are necessary [29–31]. Early researches have led to character-
ization of a series of promoters with different strengths like PpsbA2

[32], PpsbA3 [33], Pcpc560 [34], and a library of induction systems
with broad induction range in cyanobacteria like anhydrotetracy-
cline induction system [35], theophylline induction system [25],
metabolite induction system [36], and ion induction system
[37]. For detailed information about promoters in cyanobacteria,
readers may also refer to several excellent reviews published earlier
[38–41]. Combination of these promoters and induction systems
with artificial sRNA tools will greatly facilitate the control of the
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metabolic flow in cells and help achieve high-efficiency “photosyn-
thetic cyanobacteria cell factories” for producing fuels and
chemicals.

In this chapter, we presented the detailed protocols related to
the design principles, construction, and transformation methods of
using reporter genes to test promoters with various strength and
inducible systems, as well as their combination with the artificial
sRNA tool to achieve accurate regulation of gene expression and
carbon flux redirection in Synechocystis 6803 and Synechococcus
2973, which are crucial for the high-efficiency production of fuels
and chemicals.

2 Materials

2.1 Cultivation of E.

coli and Cyanobacteria

2.1.1 Instruments for

Cultivation

Constant temperature incubator; illumination constant tempera-
ture incubator; constant temperature shaker; illumination constant
temperature shaker; ultraclean workbench; Microplate reader; or
UV-Vis spectrophotometer.

2.1.2 BG11 Culture

Medium for Cyanobacteria

0.04 g/L K2HPO4. Prepared as 1000� stock solution; 0.075 g/L
MgSO4·7H2O. Prepared as 1000� stock solution; 0.006 g/L
Citric acid. Prepared as 1000� stock solution; 0.001 g/L EDTA
(disodium salt). Prepared as 1000� stock solution; 0.02 g/L
Na2CO3. Prepared as 1000� stock solution; 1 mL/L Trace metal
mix A5. Prepared as 1000� stock solution composed of 2.86 g/L
H3BO3, 1.81 g/L MnCl2·4H2O, 0.222 g/L ZnSO4·7H2O,
0.39 g/L NaMoO4·2H2O, 0.079 g/L CuSO4·5H2O and
49.4 mg/L Co(NO3)2·6H2O; 0.036 g/L CaCl2·2H2O. Prepared
as 1000� stock solution; 0.006 g/L Ferric ammonium citrate.

Fig. 1 Schematic diagram of the structure of artificial sRNA tool based on
chaperone protein Hfq
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Prepared as 1000� stock solution; 1.5 g/LNaNO3; 1 g/LHEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); 5 g/L
Na2S2O3: Adding only when preparing solid medium; 15 g/L
agar powder: Adding only when preparing solid medium.

2.1.3 Luria-Bertani (LB)

Broth for E. coli

10 g/L tryptone; 2 5 g/L yeast extract; 10 g/L NaCl; 15 g/L agar
powder: Add only when preparing solid medium.

2.1.4 BG11 Agar Plate

Containing 5% (v/v) LB

Broth for Conjugation of

Cyanobacteria

Ingredients required for BG11 agar plate; 0.25 g/L yeast extract;
0.5 g/L NaCl; 0.5 g/L tryptone.

2.2 Transformation

of E. coli and

Cyanobacteria

2.2.1 Instruments for

Transformation

All instruments listed in 2.1.1; –80 �C Ultralow temperature
freezer; Constant temperature water bath; Ice box; Low tempera-
ture centrifuge.

2.2.2 Transformation of

E. coli

0.1 M CaCl2·2H2O in ddH2O; 0.1 M CaCl2·2H2O in ddH2O
containing 15% (v/v) glycerol; LB broth; LB agar plate containing
appropriate antibiotic(s) (i.e., 50 μg/mL chloramphenicol, 50 μg/
mL kanamycin, 100 μg/mL spectinomycin, and/or 100 μg/mL
ampicillin).

2.2.3 Transformation of

Cyanobacteria

BG11medium; LB broth; BG11 agar plate containing 5% (v/v) LB
broth; BG11 agar plate containing appropriate antibiotic(s) (i.e.,
20 μg/mL chloramphenicol, 20 μg/mL kanamycin, and/or
20 μg/mL spectinomycin).

2.3 Plasmid

Construction

2.3.1 Instruments for

Plasmids Construction

PCR thermal cyclers; Oscillation constant temperature metal bath;
Low-speed desktop centrifuge.

2.3.2 Amplification of

DNA Fragments

Commercial PCR enzymes; the buffer corresponding to the
enzyme used; 100 mM dNTP mix (25 mM each); primers; tem-
plate for PCR product (genome, plasmids, or other PCR product).

2.3.3 Purification of PCR

Product

Commercial PCR purification kit.

2.3.4 Golden Gate

Assembly

DNA fragments or plasmids; Thermo Scientific™ T4 DNA Ligase
buffer (10�); Thermo Scientific™ FastDigest BsaI, BsmBI, SapI,
AarI, BbsI, etc.; Thermo Scientific™ T4 DNA ligase.
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2.3.5 DNA digestion by

restriction enzyme

Thermo Scientific™ FastDigest enzyme; Thermo Scientific™ Fas-
tDigest Buffer; PCR product or plasmid to be digested.

2.3.6 50 End
Phosphorylation of PCR

Products

Thermo Scientific™ T4 Polynucleotide Kinase; Thermo Scien-
tific™ 10� reaction buffer A; PCR product; 100 mM ATP.

2.3.7 Ligation of DNA

Fragments

Thermo Scientific™ T4 DNA Ligase (5 U/μL); PCR products or
plasmid to be ligated; Thermo Scientific™ T4 DNA Ligase buffer
(10�); 50% (m/v) PEG4000 solution. Add only when blunt ends
exist in the DNA fragments of the ligation reaction.

2.4 Functional

Validation of

Promoters and

Artificial sRNA Tools

2.4.1 Instruments for

Validation

PCR thermal cyclers; Oscillation constant temperature metal bath;
Low-speed low temperature desktop centrifuge; Ultraclean work-
bench; Real-time PCR instruments; Microplate reader; or UV-Vis
spectrophotometer.

2.4.2 Reverse

Transcription of RNA

to cDNA

Commercial bacterial RNA extraction kit; Commercial reverse
transcription kit; Random primers.

2.4.3 qRT-PCR Commercial qRT-PCR kit; Primers for qRT-PCR.

2.4.4 Detection of β-

Galactosidase Activity

Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl,
1 mM MgSO4, and 40 mM β-mercaptoethanol); 0.1% (m/v)
SDS; Chloroform; 4 g/L ortho-nitrophenyl-beta-d-galactopyra-
noside (ONPG;); 1 M Na2CO3.

3 Methods

3.1 Plasmids

Construction and

Transformation into E.

coli

3.1.1 Plasmids

Construction

Golden Gate Assembly

Since the integrated plasmids and the free plasmids used in cyano-
bacteria require many functional elements, the traditional construc-
tion method based on restriction enzyme digestion and DNA ligase
is inefficient, time-consuming, and may leave some unwanted scars.

1. Draw a map according to the function to be achieved by the
plasmid.

2. Screen for one or more of the fewest recognition sites of
restriction enzymes that can be used for Golden Gate Assembly
(BsaI, BsmBI, SapI, AarI, BbsI, etc.) in the map.

3. Delete or mutate the site recognized by selected restriction
enzyme according to the synonymous codons of amino acids
and the function of noncoding regions.
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4. Design primers using Golden Gate Assembly primer design
website like https://goldengate.neb.com/. The primers
annealing temperature should be above 55 �C, the difference
between the two primer annealing temperatures should be less
than 3 �C, and the protection base should be 3–6 bp.

5. Use PCR to amplify each fragment for Golden Gate Assembly.

6. Carry out Golden Gate Assembly reaction after purifying each
PCR product. Take FastDigest restriction enzyme and T4
DNA ligase produced by Thermo Scientific™ as example. In
a reaction system with total volume of 20 μL, add 10� T4
DNA ligase Buffer 2 μL, FastDigest enzyme 1 μL, T4 DNA
ligase 1 μL, Equimolar mixture of DNA fragments (10 ng per
1000 bp DNA) and nuclease-free water to 20 μL.

7. Put the PCR tube loaded with the reaction system into the
PCR thermal cyclers and cycle it 20–30 times in a manner of
reacting at 37 �C for 3 min and reacting at 22 �Cs for 3 min per
cycle.

8. Transform the reaction product into E. coli competent cells.

Traditional Construction

Methods

In some special cases, such as endonuclease recognition site
required for the Golden Gate Assembly which cannot be deleted
exists in the plasmid backbone or insert sequence, the Golden Gate
Assembly is not applicable. At this time, it is necessary to adopt the
traditional method of digestion and ligation or blunt end ligation.
The method of digestion and ligation uses restriction enzymes to
digest plasmids and inserts sequence obtained by PCR to produce
sticky ends that can complement each other, and then uses T4DNA
ligase to complete the nicks to form a new plasmid. The method of
blunt end ligation divided into ligating of insert sequence with the
backbone of plasmid and self-ligating of backbone of plasmid. The
ligation of insert sequence with the backbone needs the plasmid
backbone and the insert sequence obtained by PCR, phosphorylate
the 50 end of the insertion, and then ligate the plasmid backbone
and insertion by T4DNA ligase. The self-ligation of the vector only
needs the plasmid backbone obtained by PCR and phosphorylate
its 50 end and ligate itself by T4 DNA ligase.

Digestion The method here is using Thermo Scientific ™ FastDigest restric-
tion enzyme.

1. Determine the concentration of plasmids or PCR product used
for digestion by measuring absorbance or gel electrophoresis.

2. Add an appropriate amount of purified PCR product (~0.2 μg)
or plasmids (~1 μg) for digestion in the reaction system.

3. Add 2 μL 10� FastDigest buffer.

4. Add 1 μL of each required restriction enzyme.
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5. Make up to 20 μL with nuclease-free water.

6. Incubate at 37 �C in a heat block or constant temperature
metal bath for 20 min.

7. Purify the resulting product by PCR purification kit.

50 End Phosphorylation of
PCR Products

The method here is using Thermo Scientific™ T4 Polynucleotide
Kinase.

1. Add 15 μL purified PCR product for 50 end phosphorylation.

2. Add 2 μL 10� reaction buffer A.

3. Add 2 μL 100 mM ATP.

4. Add 1 μL T4 Polynucleotide Kinase.

5. Incubate at 37 �C in a heat block or constant temperature
metal bath for 30 min.

6. Purify the resulting product using PCR purification kit.

Ligation The method here is using Thermo Scientific ™ T4 DNA Ligase
(5 U/μL).

1. Determine the concentration of digested plasmids or PCR
product, plasmid backbone for ligation obtained by PCR and
50 phosphorylated PCR products used for ligation by measur-
ing absorbance or gel electrophoresis.

2. Add 50 ng digested plasmids or plasmid backbone for ligation
obtained by PCR.

3. (a) For sticky end ligation, add digested PCR product three
times to the number of moles of DNA added in step 2;

(b) For blunt end ligation, add 50 phosphorylated PCR
products ten times to the number of moles of DNA added in
step 2.

4. Add 1 μL T4 DNA Ligase buffer (10�).

5. Add 1 μL 50% PEG4000 for blunt end ligation only.

6. Add 0.5 μL T4 DNA Ligase.

7. Make up to 10 μL with nuclease-free water.

8. Incubate at 22 �C in a heat block or constant temperature
metal bath for 20 min (60 min for blunt end ligation).

9. Transform the ligation product into E. coli competent.

3.1.2 Transformation of

E. coli and Verification of

Transformants

1. Take the prepared or purchased E. coli DH5ɑ or DH10B
competent cells prepared by the CaCl2 method [42] from
the –80 �C freezer, and melt on ice.

2. After the competent cells are melted, add the above reaction
product to 100 μL of competent cells and transfer the reaction
solution to a prechilled 1.5 mL Eppendorf tube.

236 Shubin Li et al.



3. After 30 min of ice bath, 42 �C water bath for 60–90 s, quickly
insert on the ice and re-ice bath for 2–3 min. Then add 500 mL
of LBmedium to each Eppendorf tube and incubate for 60min
in a 37 �C shaker.

4. Centrifuge the Eppendorf tube at 2,500 � g for 5 min, discard
most of the medium, resuspend the bacteria with the remaining
liquid, spread it on LB solid medium containing appropriate
antibiotics, and put it in a 37 �C incubator upside down for
overnight cultivation.

5. Use PCR to verify which single colony is positive.

6. Transfer positive clones to 10 mL LB medium containing
appropriate antibiotics, and extract plasmid after overnight
culture.

7. Verify the extracted plasmid by digestion and sequencing.

3.2 Construction of

Basic Plasmids for

Artificial sRNA Tools

and Verification of

Promoters and

Induction Systems

3.2.1 Construction of

Universal Plasmids for

Artificial sRNA Tool

The primers used in this step are shown in Table 1.

1. Amplify the plasmid backbone of pBR322 using primers
PBR322-m-F1, PBR322-m-R1 and the fragment where the
restriction enzyme BsmBI and BsaI recognition sites were
mutated by primers PBR322-m-F2, PBR322-m-R2.

2. Two fragments obtained above were assembled with restriction
enzyme BsaI by Golden Gate Assembly to obtain pBR322m.

3. Amplify hfq gene sequence from E. coliMG1655 genome using
primers HFQ-F, HFQ-R and then ligate it with pUC57 plas-
mid digested by restriction enzyme EcoRV by blunt-end liga-
tion to get the plasmid pUC57-hfq.

4. Mutate the recognition site of the restriction enzyme BsmBI
on gene hfq in plasmid pUC57-hfq by amplifying its backbone
using primers HFQM-F HFQM-R and ligate itself by blunt-
end ligation to get the plasmid pUC57-hfqm.

5. Amplify the plasmid backbone sequence from plasmid
pBR322m by primers PBR322-F, PBR322-R, the NSI
upstream and downstream homology arm from Synechococcus
2973 using primers NSI-US-F, NSI-US-R; NSI-DS-F,
NSI-DS-R, the slr2030-slr2031 upstream and downstream
homology arm from Synechocystis 6803 by primers 2030-F,
2030-R; 2031-F, 2031-R, chaperone protein Hfq coding
sequence from pUC57-hfqm by primers HFQ-F, HFQ-R,
Trbcl terminator from Synechocystis 6803 by primers RBCL-F,
RBCL-R and a spectinomycin-resistant cassette (hereafter
SpeR) from pCP3031 [17] by primers SPE-F, SPE-R.

6. Use SPE-R, MICC-RBCL-F as primers and Trbcl terminator
and SpeR as a template for fusion PCR to get the fusion product
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Table 1
Primers used for construction of artificial sRNA tool universal plasmid

Primers Sequences (50 to 30)

PBR322-m-
F1

GGCTACGGTCTCCACCCACGCTCACCGGCTCCA

PBR322-m-
R1

GGCTACGGTCTCACCGTTCCGGGAGCTGCATGTGTCAGAG

PBR322-m-
F2

GGCTACGGTCTCAACGGTCACAGCTTGTCTGTAAG

PBR322-m-
R2

GGCTACGGTCTCCGGGTCGCGCGGTATCATTGCAGCACTG

PBR322-F GGCTACCGTCTCTATGGAAGCCGGCGGCACC

PBR322-R GGCTACCGTCTCAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATG
TATCCGCTCATGAG

NSI-US-F GGCTACCGTCTCAGGGTTCCGCGGGATGGTGCCCGGTTCTG

NSI-US-R GGCTACCGTCTCAGCAAATAATCGAGTCCCTGCTCGTCAC

SPE-R GGCTACCGTCTCATTGCCGACTACCTTGGTG

MICC-
RBCL-F

GGCTACCGTCTCGCTTAGCCATGGAGACCGGTCTCCTTTCTGTTGGGCCA
TTGCATTGCCACTGATTTTCCAACATATAAAAAGACAAGCCCGAACAGTCG
TCCGGGCTTTTTTTACCGGTGTTTGGATTGTCGG

HFQ-F GGCTACCGTCTCGTAAGGGGCAATCTTTACAAG

RBCL-HFQ-
R

GGCTACCGTCTCCTCTTCCTGCTCCAGAAGCGCTGTCGAAGTTGAACATC

NSI-DS-F GGCTACCGTCTCCAAGATGTCGCGGGCATTAG

NSI-DS-R GGCTACCGTCTCTCCATTCAGGTCGAGGTGGACGAGGACAAAATTGCC
TTTG

SPE-F TTACTGATGTTCAACTTCGACAGCCGCACACCGTGGAAACGGATG

RBCL-R GCTGTCGAAGTTGAACATCAGTAA

RBCL-F ACCGGTGTTTGGATTGTCGG

HFQ-R CCGACAATCCAAACACCGGTTTATTCGGTTTCTTCGCTGTCC

HFQm-R CGACGGGACAACAGTAGAAA

HFQm-F CGCCCGGTTTCTCATCACAG

2031-F GGCTACCGTCTCCAAGAAAAACCCCGTTAATTTTTCT

2031-R GGCTACCGTCTCTCCATTCAGGTCGAGGTGGACTCAAAATGGGGGTGTTA
TAACAG

2030-F GGCTACCGTCTCAGGGTTCCGCGGCTTTGCAAAAGGAATTTGC

2030-R GGCTACCGTCTCAGCAAATAATTAGCAATGGCGGGAGACAGCCA
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SpeR-Trbcl-micC in which the micC scaffold was introduced by
primer MICC-RBCL-F.

7. Use the fusion PCR to ligate the chaperone protein Hfq coding
sequence and Trbcl terminator obtained in the previous step
using primers HFQ-F, RBCL-HFQ-R to get the fusion prod-
uct Hfq-Trbcl.

8. Assemble the pBR322m plasmid backbone sequence, slr2030-
slr2031 or NSI upstream and downstream homology arms,
SpeR-Trbcl-micC and Hfq-Trbcl to obtain universal plasmids
pSR3031 and pSRNSI by Golden Gate Assembly using restric-
tion enzyme BsmBI, respectively.

The schematic diagram of the universal plasmid map is shown
below (Fig. 2).

Fig. 2 The schematic diagram of the universal plasmids pSR3031 and pSRNSI for construction of artificial
sRNA tool. When the upstream and downstream homology arms are the upstream and downstream homology
arms of slr2030–slr2031, the map represents pSR3031. When the upstream and downstream homology arms
are the upstream and downstream homology arms of NSI, the spectrum represents pSRNSI
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3.2.2 Construction of

Reporter Gene lacZ Positive

Control Plasmid

The primers used in this and the next step are shown in Table 2.

1. Amplify lacZ gene sequence from E. coli MG1655 genome
using primers LACZ-F LACZ-R and then ligate it with
pUC57 plasmid digested with restriction enzyme EcoRV by
blunt-end ligation to get the plasmid pUC57-lacZ.

2. Mutate the recognition site of the restriction enzyme BsmBI on
gene lacZ in plasmid pUC57-lacZ by amplifying the backbone
and repaired insert sequence of pUC57-lacZ using primers
LACZ-m-R1, LACZ-M-F2 and LACZ-m-F1, LACZ-m-R2
and ligating them by blunt-end ligation to get the plasmid
pUC57-lacZm.

3. Amplify the plasmid backbone sequence from universal plasmid
pSR3031 or pSRNSI by primers UNI-RE-F, UNI-RE-R,
amplify the mutated lacZ gene form plasmid pUC57-lacZm
using primers LACZ-F LACZ-R and amplify the promoter
Pcpc560 from Synechocystis 6803 by primers by primers
CPC560-F CPC560-R.

4. Assemble the pSR3031 and pSRNSI plasmids backbone
sequence, promoter Pcpc560 and lacZ gene to obtain reporter
gene lacZ positive control plasmid pCP3031-lacZ and
pCPNSI-lacZ by Golden Gate Assembly using restriction
enzyme BsmBI, respectively.

Table 2
Primers used for construction of reporter gene lacZ positive control plasmid and universal plasmid

Primers Sequences (50 to 30)

UNI-RE-F GGCTACCGTCTCGTTGGATTGTCGGAGTTGTACTCG

UNI-RE-R GGCTACCGTCTCCCTCTACAGGTCGCACACCGTGGAAACGG

CPC560-F GGCTACCGTCTCCAGAGAAGAGTCCCTGAATATC

CPC560-R GGCTACCGTCTCTTCTCCTACTTGACTTTATGAG

LACZ-F GGCTACCGTCTCTGAGATTAATTCAATGACCATGATTACGGATTC

LACZ-R GGCTACCGTCTCGCCAAACACCGGTTTATTTTTGACACCAGACC

LACZ-m-R1 ATCACGGAAAATGCCGCTCATCCGCCACAT

LACZ-m-F1 GTCTCGTTGCTGCATAAACC

LACZ-m-R2 TTCTCCAGGTAGCGAAAGCCAT

LACZ-M-F2 ACGCGCCCGCTGATCCTTTGC

BSA-LACZ-F GGTCTCCATGACCATGATTACGGATTCACTGG

BSA-SPE-F GGTCTCCCGCACACCGTGGAAACGGATGAAGGCACG
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3.2.3 Construction of

Reporter Gene lacZ

Universal Plasmid to Verify

the Strength of Promoters

and Induction Systems

Amplify the pCP3031-lacZ and pCPNSI-lacZ plasmids backbone
sequence using primers BSA-LACZ-F, BSA-SPE-F and then ligate
itself by blunt-end ligation to get the plasmid pLAC3031 and
pLACNSI. The schematic diagram of the universal plasmids is
shown below (Fig. 3). The recognition site of the restriction
enzyme BsaI remains in the universal plasmids for subsequent
insertion into the promoter or induction system Universal plasmids
can also be used as negative control plasmids.

Fig. 3 The schematic diagram of the universal plasmid pLAC3031 and pLACNSI for promoter verification.
When the upstream and downstream homology arms are the upstream and downstream homology arms of
pLAC3031, the map represents pSR3031. When the upstream and downstream homology arms are the
upstream and downstream homology arms of NSI, the spectrum represents pLACNSI
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3.3 Use the Reporter

Gene System to Verify

the Strength of

Promoters and

Induction Systems

3.3.1 Insert a Promoter

or Induction System into a

Universal Plasmid

1. Determine the sequence of the promoters and induction sys-
tems. For the promoters and induction systems to be verified
for controlling the transcription of sRNA, only the transcrip-
tion intensity needs to be compared. The original RBS
sequence needs to be deleted and replaced with a uniform
RBS sequence (such as 50-TTTTGTTTAACTTTAAGAAGGA
GATATACAT-30) to avoid the effect of RBS intensity on the
expression intensity of the reporter gene.

2. Determine whether the recognition site of restriction enzyme
BsaI exists in the sequences of promoters or induction systems.
According to different situations, follow-up different
operations:
(a) If there is no recognition site of restriction enzyme BsaI in

these sequences, use the Golden Gate Assembly method
to assemble the plasmid.

(b) If there is any recognition site of restriction enzyme BsaI
in the promoters or induction systems, then design the
method that uses other restriction enzyme similar to BsaI
to digest promoters or induction systems to generate
sticky ends that can be complementary to the plasmid
digested by BsaI, and ligate them.

(c) If there is no restriction enzyme generating complemen-
tary sticky end of plasmids digested by BsaI, then design
the method of blunt-end ligation.

3.3.2 Verify the Gene

Expression Intensity of

Reporter and Compare the

Intensity of Promoters or

Induction Performance of

the Induction Systems

1. Transform the constructed plasmid to verify the strength of the
promoters or the induction performance of the induction sys-
tems into the corresponding cyanobacteria.

2. After verification and enrichment of the transformants, they
should be cultivated for several generations until genetically
stable.

3. Grow the Synechococcus 2973 and Synechocystis 6803 to expo-
nential phase (volume*OD750 nm ¼ 1). When verifying the
induction performance of the induction systems, the
corresponding inducer must be added and the culture without
the inducer is used as control. Then centrifuge the cells and
resuspend using 1 mL Z Buffer.

4. Add 50 μL 0.1% SDS, 50 μL chloroform, and 200 μL ortho-
nitrophenyl-beta-d-galactopyranoside (ONPG; 4 g/L) to the
mixture.

5. The reaction solution was incubated at 30 �C at 750 rpm in
thermomixer for proper time (3 min for strains preforming
high β-galactosidase activity or 1 h for the others).

6. Add 500 μL 1 M Na2CO3 to stop the reaction.

242 Shubin Li et al.



7. Centrifuge the solution for 2 min at 14,000 � g and measure
the absorbance of supernatant at OD420 nm. The result of their
corresponding transformants transferred into the negative con-
trol plasmid as blank control.

8. Calculate β-galactosidase activity using the Miller value
(Miller ¼ 1000 � OD420 nm/(total volume of the cell culture
� reaction time � OD750 nm of the cell)) and compare the
intensity of promoters or induction performance of the induc-
tion systems.

3.4 Design and

Construction of

Artificial sRNA Tool

3.4.1 Design Principles

of sRNA Target-Binding

Sequences

For genes with known Shine-Dalgarno (SD) sequences, the reverse
complementary sequence of 20–30 base sequences starting from
the SD sequences can be selected as sRNA target-binding
sequences.

For genes without known SD sequences, the reverse comple-
mentary sequence of 20–30 base sequences starting from the start
codon of the protein coding sequence can be directly selected as
sRNA target-binding sequences.

The optimal sequence length is 24 bases.
The binding energy of sRNA target-binding sequences and

target sequences should be greater than 30 kcal/mol to ensure
the binding of sRNA and target mRNA.

1. Get the coding sequence of the gene to be suppressed.

2. Take the 24 base reverse complementary sequence of the cod-
ing sequence from the start codon.

3. Confirm binding energy with software like UNAfold.

4. When the binding energy is too low, the binding sequence can
be adjusted backward to meet the binding energy.

3.4.2 Selection of

Promoters

The artificial sRNA tool is composed of two parts: the target-
binding sequence used to bind to the target mRNA and the chap-
erone protein Hfq assisting the binding. In order to achieve the
suppression of the target genes, both parts need to be expressed in
engineered cyanobacteria.

1. According to the intensity of the expression of the gene to be
suppressed and the level of the need to be suppressed, choose a
promoter of suitable strength for transcription of RNA.

2. Truncate the bases after the transcription start site (TSS) of the
promoter, so that the promoter region is directly connected to
the artificial sRNA, to avoid the effect on artificial sRNA bind-
ing target gene by 50 extra sequence after transcription. The
position of the TSS region of the promoter can be referred to
the original literature that reported the promoter. Among
these, the information of endogenous promoters of

Artificial sRNAs for Cyanobacterial Carbon Flux Re-Direction 243



Synechocystis 6803 and Synechococcus 2973 can refer to the
results of differential RNA-sequencing (dRNA-Seq) studies
[43, 44].

3. Select the promoter that controls transcription and translation
of chaperone protein Hfq mainly according to the number of
genes to be simultaneously suppressed. For the suppression of a
single gene, a medium-strength promoter can be selected, and
for the simultaneous suppression of multiple genes, a strong
promoter should be used.

4. Transfer the constructed plasmids into engineered cyanobac-
teria and analyze the results of suppression by qRT-PCR or
metabolite analysis.

5. Based on the results of the analysis, reselect the promoters that
can achieve the predetermined goal.

3.4.3 Construction of

Plasmids for

Transformation of Artificial

sRNA Tool

Construction of Plasmid for

Single Specific Gene

Suppression by Artificial

sRNA Tool

The restriction enzyme BsaI recognition site left on the above
universal plasmid is suitable for the construction of single gene
suppression sRNA tools.

1. Determine the sequence of the sRNA targeting the mRNA to
be suppressed and the promoters that controls the expression
of sRNA and chaperone protein Hfq.

2. Determine whether the recognition site of restriction enzyme
BsaI exists in the sequences of sRNA and promoters. And
design and construct according to the methods described
above in Subheading 3.3.1.

Construction of Plasmid for

Multiple Specific Gene

Suppression by Artificial

sRNA Tool

1. Construct plasmids for each single gene suppression by artifi-
cial sRNA tool.

2. Determine whether there is a BsaI recognition site in each
sequence, and then design and construct according to the
methods described above in Subheading 3.3.1.

Construction of Inducible

Artificial sRNA Tool

The construction of the inducible artificial sRNA tools is similar to
the construction of artificial sRNA tools described above. The main
difference is that the functional modules required for induction are
needed to be introduced. Here we introduce the construction
method using theophylline-induced T7 RNA polymerase system
targeting nbla encoding a protein involved in the phycobilisome
degradation under nutrient-starvation condition as an example. In
this system, theophylline-induced riboswitch is used to control the
expression of T7 RNA polymerase, and then T7 RNA polymerase
simultaneously controls the expression of sRNA and chaperone
protein Hfq to achieve inducible suppression of the target gene.
The specific construction process is as follows. The primers used are
shown in Table 3.
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1. Obtain sequence of theophylline-induced T7 RNA polymerase
Amplify T7 RNA polymerase gene sequence from E. coli

BL21(DE3) genome using primers T7RNAP-F, T0-T7RNAP-
R which introduce T0 terminator at the same time, amplify
promoter Ptrc-thoE*containing theophylline-induced riboswitch
from pBA3031-HM(the*) [17] using primers TRC-THO-F,
TRC-THO-R, fuse them by fusion PCR using primers
TRC-THO-F, T0-T7RNAP-R, and the ligate the fusion PCR
product with pUC57 plasmid digested with restriction enzyme
EcoRV by blunt-end ligation to get the plasmid pUC57-tho-
T7RNAP.

2. Construction of inducible sRNA regulation tool controlled by
theophylline

Assemble the pSRNSI plasmid and tho-T7RNAP amplified
using primer sRNA-T7-THO-F which introduces sRNA tar-
geting nbla and T7 promoter at the same time, T0-T7-RBS-R
which introduces T7 promoter and RBS for translation of Hfq
at the same time to obtain inducible sRNA regulation tool
controlled by theophylline targeting gene nbla by Golden
Gate Assembly using restriction enzyme BsaI. Then transform
the constructed plasmid into Synechococcus 2973. The sche-
matic diagram of the universal plasmid map is shown below
(Fig. 4).

3.4.4 Verification of

Artificial sRNA Tool

For the verification of artificial sRNA tool, qRT-PCR is commonly
used.

1. Cultivate cyanobacteria transformants in flask for about 48 h to
mid-log phase (OD750 nm ¼ 0.4–0.8).

2. Collect the appropriate amount of culture (volume*OD750

nm ¼ 5) by cryogenic centrifugation (7000 � g for 5 min,
4 �C).

Table 3
Primers used for construction of T7 RNA polymerase-based inducible artificial sRNA tool

Primers Sequences (50 to 30)

TRC-THO-F TGAGCTGTTGACAATTAATCATCC

T7RNAP-F CCCTGCTAAGGAGGCAACAAGATGAACACGATTAACATCGCTAA

TRC-THO-R CTTGTTGCCTCCTTAGCAGGG

T0-T7RNAP-
R

TGGACTCACAAAGAAAAAACGCCCGGTGTGCAAGACCGAGCGTTC
TGAACAATTACGCGAACGCGAAGTCCGACTCT

sRNA-T7-
THO-F

GGCTACGGTCTCCGAAAATGCTCCCCCCTCTCCCCGACTTTCCTATAG
TGAGTCGTATTAATGAGCTGTTGACAATTAATCATCC

T0-T7-RBS-R GGCTACGGTCTCTCCATATGTATATCTCCTTCTTAAAGTTAAACAAAACCTA
TAGTGAGTCGTATTATGGACTCACAAAGAAAAAAC
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3. Freeze the cyanobacteria by liquid nitrogen immediately.

4. Extract total RNA by commercial bacterial RNA extraction kit
like Zymo Research Direct-zol RNA Miniprep Kits according
to the corresponding manual.

5. Reverse transcription of total RNA into cDNA using random
primers using reverse transcription kit.

6. Dilute the prepared cDNA 100 times as template for
subsequent qRT-PCR.

7. Use the software or website recommended by the selected
qRT-PCR instrument or qRT-PCR kit (for example, https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) to design pri-
mers for target genes and internal reference genes. The length
of the PCR product is set at 100–200 bp. The annealing
temperature of the primer is set at 60 �C. The internal reference
gene in cyanobacteria generally uses 16 s rRNA [45] or rnpB
gene encoding RNase P subunit B [46].

Fig. 4 The schematic diagram of T7 RNA polymerase-based inducible artificial sRNA tool
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8. Use the designed primers and diluted template to prepare the
PCR reaction according to the instructions of the
qRT-PCR kit.

9. Carry out the PCR reaction in qRT-PCR instrument.

10. Apply the corresponding software to analyze the expression of
target gene by the 2–ΔΔCT method [47].

3.5 Cultivation and

Transformation of

Cyanobacteria

3.5.1 Preparation of

Culture Medium for

Cyanobacteria

Add components listed in Subheading 2.1.2 to 850 mL of distilled
water except CaCl2 and ferric ammonium citrate, then make up
1000 mL with distilled water. After autoclaving (15 min at 121 �C)
and cooling (for solid medium, before solidification), add 1 mL
autoclaved CaCl2 stock solution and 1 mL autoclaved ferric ammo-
nium citrate stock solution. Add 20 mL of culture medium to each
100 mL flask or add 20mL of solid medium to the 9 cm cell culture
plate.

3.5.2 Cultivation

Condition of Cyanobacteria

Wild type (WT) of Synechocystis 6803, WT of Synechococcus 2973
and constructed strains were cultivated in BG11 medium (pH 7.5)
under a light intensity of approximately 50 μmol photons m�2 s�1

for Synechocystis 6803 or 500 μmol photons m�2 s�1 for Synecho-
coccus 2973 in an illuminating shaking incubator at 200 rpm or on
BG11 agar plate in incubator under a light intensity of approxi-
mately 50 μmol photons m�2 s�1 or 200 μmol photons m�2 s�1,
respectively. The cultivation temperature of Synechocystis 6803 is
30 �C, while the temperature of Synechococcus 2973 is 37 �C. To
maintain the stability of constructed strains, appropriate antibiotic
(s) were added when necessary (i.e., 20 μg/mL chloramphenicol,
20 μg/mL spectinomycin, or/and 20 μg/mL kanamycin).

3.5.3 Enrichments of

Cyanobacteria

The single colony of cyanobacteria activated or transformed on the
plate needs to be enriched in order to be subcultivated due to the
small amount of cell. Culture the colonies on the BG11 solid
medium to approximately 2 mm in diameter. Then use sterile tips,
inoculation rings or toothpicks to pick single colonies and draw line
on new BG11 solid medium.When a large amount of cyanobacteria
grows on the line pick up all visible cyanobacteria with a sterile
inoculation loop and transfer them to 5 mL of BG11 medium in a
100 mL flask and incubate for 1–3 days in a light shaker. When the
medium turns into a clear green, supplement the BG11 medium in
the flask to 20 mL and continue to cultivate.

3.5.4 Subcultivation of

Cyanobacteria

1. Cultivate cyanobacteria in flask to mid-log phase
(OD750 nm ¼ 0.4–0.8) and use it as a seed culture.

2. In an autoclaved flask, add BG11 medium and seed culture
solution according to the initial OD750 nm of 0.1 and the final
volume of 20 mL.

3. Cultivate in an appropriate culture environment.
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3.5.5 Transformation of

Cyanobacteria

Conjugation of

Cyanobacteria

Conjugation of cyanobacteria was performed according to the
method reported previously with some modifications [48].

1. E. coli HB101 harboring pRL443 and pRL623 and E. coli
HB101 harboring target plasmid were cultivated overnight.
Then transfer the E. coli into fresh LB medium with appropri-
ate antibiotic(s) at 1:50 ratio.

2. When cells grew to exponential phase (OD600 � 0.5), 2 mL of
each E. coli strain was washed twice by fresh (LB) medium to
remove all the antibiotics, then resuspended in 0.1 mL of the
LB medium, mixed together, and incubated for 30 min.

3. 1 mL of the cyanobacterial culture at exponential phase
(OD750 ¼ 0.4–0.8) was centrifuged and resuspended in
0.2 mL BG11 medium for each conjugation, two more washes
were conducted using strain culture medium contains
antibiotics.

4. The sample was then mixed with the E. coli suspension men-
tioned above and incubated for 30 min. The mixtures were
spread on sterile filters (0.45 μm pore size) coated on the BG11
agar plates containing 5% (v/v) LB broth.

5. After incubated at suitable condition for 24 h, the filter was
transferred onto a new BG11 agar plates with appreciate anti-
biotic(s) and incubated at suitable condition. Clones would be
seen after 1–2 weeks.

6. After enrichment of cyanobacteria, extract the genome for PCR
verification.

Natural Transformation of

Cyanobacteria

This method is improved according to the previous method [49].

1. Prepare linear recombinant DNA fragments by PCR.

2. Collect 1 mL of the exponentially growing cyanobacteria
(OD750 � 1) culture (~3 � 108 cells) by centrifugation and
resuspend in 50 μL BG11 with the 500 ng purified PCR
product.

3. Incubate the culture at 37 �C for 5 h under light of 50 μmol
photons m�2 s�1 and shake it every 2.5 h.

4. Spread the mixture on BG11 agar plates with appreciable anti-
biotic(s) and incubated at suitable condition. Clones would be
seen after 1–2 weeks.

5. After enrichment of cyanobacteria, extract the genome for PCR
verification.
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4 Notes

1. CaCl2 and ferric ammonium citrate in the components of
BG11 need to be autoclaved separately, and then added after
the other components of the autoclaved medium are cooled to
avoid precipitation.

2. Both Synechococcus 2973 and Synechocystis 6803 can be trans-
formed by conjugation. Only Synechocystis 6803 can also be
transformed by natural transformation, although the transfor-
mation efficiency of the conjugation is relatively higher.

3. The reagents used for plasmid construction in this article are all
based on Thermo Scientific™ products; readers can adjust the
use according to the actual situation.

4. The transformation after the blunt-end ligation should use the
highest efficiency competent cells to improve the transforma-
tion efficiency.

5. This artificial sRNA tool targets mRNA of the target gene
which has different expression intensity due to the control of
different promoters. In order to achieve the same level of
control for different target genes, it may be necessary to try
different strength promoters to control the expression of artifi-
cial sRNA tools.

6. Due to the differences in terms of the intracellular environment
of different cyanobacteria, the same promoters could have
different expression strengths, so to achieve the same level of
control, one may need to redefine a suitable promoter to
control the expression of artificial sRNA tools.

7. Also due to the difference in terms of the expression level of
different genes, to achieve precise inducible regulation of mul-
tiple genes at the same time, it may be necessary to introduce
multiple induction systems, or change the strength of the
sRNA promoters by point mutation or other methods, or to
adjust the position and length of the target gene binding
sequences.
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(2011) Chapter 24: Synthetic biology in cya-
nobacteria: engineering and analyzing novel
functions. In: Voigt C (ed) Methods in Enzy-
mology, vol 497. Academic Press, Cambridge,

Artificial sRNAs for Cyanobacterial Carbon Flux Re-Direction 251

https://doi.org/10.1093/nar/gkp498
https://doi.org/10.1093/nar/gkp498
https://doi.org/10.1038/nbt.2461
https://doi.org/10.1002/bit.26077
https://doi.org/10.1002/bit.26077
https://doi.org/10.1007/s10295-018-02128-4
https://doi.org/10.1007/s10295-018-02128-4
https://doi.org/10.1016/j.ymben.2018.06.002
https://doi.org/10.1016/j.ymben.2018.06.002
https://doi.org/10.1021/acs.biochem.8b01202
https://doi.org/10.1021/acs.biochem.8b01202
https://doi.org/10.1016/j.ymben.2015.06.011
https://doi.org/10.1016/j.ymben.2015.06.011
https://doi.org/10.1021/sb500260k
https://doi.org/10.1021/sb500260k
https://doi.org/10.1128/AEM.00878-18
https://doi.org/10.15252/msb.20188605
https://doi.org/10.15252/msb.20188605
https://doi.org/10.1186/1754-1611-7-10
https://doi.org/10.1186/1754-1611-7-10
https://doi.org/10.3389/fmicb.2019.01315
https://doi.org/10.3389/fmicb.2019.01315
https://doi.org/10.1021/acssynbio.9b00282
https://doi.org/10.1021/acssynbio.9b00282
https://doi.org/10.1016/j.biotechadv.2018.04.007
https://doi.org/10.1016/j.biotechadv.2018.04.007
https://doi.org/10.3389/fmicb.2012.00344
https://doi.org/10.3389/fmicb.2012.00344
https://doi.org/10.3389/fmicb.2013.00246
https://doi.org/10.3389/fmicb.2013.00246


pp 539–579. https://doi.org/10.1016/
B978-0-12-385075-1.00024-X

42. Russell DW, Sambrook J (2001) Molecular
cloning: a laboratory manual. Cold Spring
Harbor, New York

43. Tan X, Hou S, Song K, Georg J, Kl€ahn S, Lu X,
Hess WR (2018) The primary transcriptome of
the fast-growing cyanobacterium Synechococcus
elongatus UTEX 2973. Biotechnol Biof
11:218. https://doi.org/10.1186/s13068-
018-1215-8

44. Kopf M, Kl€ahn S, Scholz I, Matthiessen JK,
Hess WR, Voß B (2014) Comparative analysis
of the primary transcriptome of Synechocystis
sp. PCC 6803. DNA Res 21(5):527–539.
https://doi.org/10.1093/dnares/dsu018

45. Sun T, Pei G, Wang J, Chen L, Zhang W
(2017) A novel small RNA CoaR regulates
coenzyme A biosynthesis and tolerance of Syne-
chocystis sp. PCC6803 to 1-butanol possibly via
promoter-directed transcriptional silencing.

Biotechnol Biof 10:42–42. https://doi.org/
10.1186/s13068-017-0727-y

46. Chen L, Wu L, Wang J, Zhang W (2014) Buta-
nol tolerance regulated by a two-component
response regulator Slr1037 in photosynthetic
Synechocystis sp. PCC 6803. Biotechnol Biof
7:89. https://doi.org/10.1186/1754-6834-
7-89

47. Livak KJ, Schmittgen TD (2001) Analysis of
relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C
(T)) method. Methods 25(4):402–408.
https://doi.org/10.1006/meth.2001.1262

48. Elhai J, Wolk CP (1988) Conjugal transfer of
DNA to cyanobacteria. Methods Enzymol
167:747–754

49. Barten R, Lill H (1995) DNA-uptake in the
naturally competent cyanobacterium, Synecho-
cystis sp. PCC 6803. FEMS Microbiol Lett 129
(1):83–87. https://doi.org/10.1111/j.1574-
6968.1995.tb07561.x

252 Shubin Li et al.

https://doi.org/10.1016/B978-0-12-385075-1.00024-X
https://doi.org/10.1016/B978-0-12-385075-1.00024-X
https://doi.org/10.1186/s13068-018-1215-8
https://doi.org/10.1186/s13068-018-1215-8
https://doi.org/10.1093/dnares/dsu018
https://doi.org/10.1186/s13068-017-0727-y
https://doi.org/10.1186/s13068-017-0727-y
https://doi.org/10.1186/1754-6834-7-89
https://doi.org/10.1186/1754-6834-7-89
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/j.1574-6968.1995.tb07561.x
https://doi.org/10.1111/j.1574-6968.1995.tb07561.x


Chapter 17

Sorghum as Biofuel Crop: Interdisciplinary Methods to
Enhance Productivity (Botany, Genetics, Breeding, Seed
Technology, and Bioengineering)

Yuvaraja Arumugam, Menaka Chinnusamy, Kavipriya Chinnusamy,
and Senthil Kuppusamy

Abstract

Sorghum is a versatile crop cultivated since time immemorial. It fulfills the basic needs of mankind in the
contest of food, feed, fodder, nutrition, and pharmaceutical uses. Now it adds one more paramount
importance as a second-generation biofuel. It offers ethanol from grain, stem (sweet sorghum), and
biomass (lignocellulose), and the previous one is discouraging because of food versus fuel conflict. However
sorghum lignocellulosic biofuel are gaining momentum in order to conserve nature from depleting first-
generation fuel. This chapter describes interdisciplinary approaches/methods involving understanding the
genetics of biofuel traits, formulating suitable breeding strategies and seed enhancement techniques to
achieve higher productivity in marginal lands in order to avoid food vs. fuel conflict, and finally realization
of bioethanol by involving bioengineering process. Many reviews, worldwide researches, and policy papers
accepted that sorghum has tremendous potential to be used as a crop of biofuel production.

Key words Sorghum, Biofuel, Sweet sorghum, Lignocellulose, Ethanol, bmr, Pedigree breeding,
Biofuel syndrome

1 Botany, Genetics, and Breeding

1.1 Nomenclature Linnaeus was the first to classify Sorghum under the genus Holcus
(1753) but Moench created a separate genus Sorghum. The name
Holus sorghum (L.) was replaced as Sorghum vulgare by Person and
further the name was changed to the present name Sorghum bicolor
(L.) Moench by Clayton.

1.2 Sorghum as

Biofuel Crop

Sorghum is a versatile crop and has potential to use as food, fodder,
fuel and also fiber crop. The natural characteristics of sorghum
crops are highly suitable to use them as efficient biofuel crops
compared with other crops. Brazil was the pioneer country to
initiate biofuel production from sweet sorghum and currently
they have 400 ethanol mills and sweet sorghum cultivation in 1.8
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million hectares [1]. The rate of fossil fuel depletion is massive and
the consumption of fossil fuel needs to be declined. The risk of fuel
shortage in the near future can be solved by using naturally available
sources to produce energy, and biofuel from sorghum is an appro-
priate choice. The usage of biofuel will reduce GreenHouse Gas
emission and conserve fossil fuel.

l The rate of photosynthesis is high because of its C4 nature and so
results in increased biomass production.

l Sorghum is a short-day plant and grown in tropical, subtropical,
arid, and semiarid regions where the temperature is relatively
high and so suitable for almost all countries.

l The input requirement of the crop is low and grown well even in
marginal lands with low fertility.

l The crop is tall with thick stem and accumulates sugar in the
stalk but the ratio differs based on genotype [2].

l It is a hardy crop and well adapted to various abiotic stress
conditions such as drought, salinity, and water logging.

l The water requirement is very low compared with maize, sugar-
cane, sugar beet, and other biofuel crops. The crop is referred to
as “the camel among crops” due to its drought resistance
characteristics [1].

l Sugar mills can be converted to Sorghum ethanol producing
units and thereby eliminating the need to construct a separate
processing unit.

l The grain yield is comparatively low yet the ethanol production
is high.

l Lignocellulose biomass is high in sweet sorghum and recovery of
ethanol is worthy.

l According to the report of the United States Department of
Agriculture (USDA), the sweet sorghum produces 12–16 Btu
(British thermal units) for each unit utilized. (https://www.uky.
edu/Ag/CCD/introsheets/sorghumbiofuel.pdf).

1.3 Sorghum Origin

and Domestication

The lack of archaeological proof related to Sorghum cultivation has
made it challenging to track the ancient past of Sorghum [3]. The
words like “Dohan” in Hebrew text and “Darri or Durra” in
Turkish means millet but not exactly “Sorghum” and so the litera-
ture lack typical evidence to prove sorghum cultivation [4]. On the
basis of diversity observed, Vavilov placed Sorghum in African
Center of Origin and India as the secondary center of origin
[5]. But Murdock suggested Sudanic complex is the region where
sorghummight be originated. A different view in patterns of origin
was presented by Harlan as center and non-center. Sorghum comes
under non-center pattern of origin because limitless variability was
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observed around its region of origin [6]. According to Snowden
[7], race durra and bicolor originated from wild race aethiopicum,
race guinea from wild race arundinaceum, and race kafir from wild
race verticilliflorum.

The Guinea Corn (Var.guineense) was noticed in Central Sudan
and so Murdock [8] has specified people of western Sudan
“Negroes” were the first to cultivate sorghum during the year
5000–4000 BC. Based on the view it is assumed that first domesti-
cation of sorghum happened in the area stretching along the River
Niger. Mann [9] concluded that sorghum was first domesticated in
Northeast Africa.

1.4 Alternate

Hypothesis: Origin of

Sorghum Cultivation

A trait gained more importance during domestication was absence
or presence of abscission zone. The mutant devoid of abscission
zone that prevents shattering was selected because it has positive
correlation with yield. The progenitor of modern sorghum was race
virgatum (desert grass) and race arundinaceum (forest grass) by De
wet et al. [5]. But Snowden [7] suggests that race arundinaceum
may not be a direct ancestor.

Based on Sahara Pump theory, during the wet interpluvial
period there may be cultivation of four wild races in Sahara. Inter-
crossing between Races aethiopicum and verticilliflorum exist in
Savanna and also with arundinaceum during wet inter pluvial
period [10]. Stemler believes that domestication of sorghum hap-
pens late because of the nonexistence of tools to harvest whole
panicles and only after the invention of paleolithic stone tool
domestication happens. Domestication may happen at different
places at different times. As wild sorghum is seen in Sahara high-
lands and so domestication happens along Fertile Crescent of
Sahara. Harlan [6] interprets that race bicolor to be most primitive
in domestication. Snowden [7], De wet, and Hukaby [11] suggest
race guinea was the result of introgression between race arundina-
ceum and primitive bicolor but race guinea evolved without intro-
gression as by Harlan and Stembler [11]. Doggett concluded that
race durra evolved in Ethiopia and distributed to India and Arab
states.

1.5 Distribution The distribution of Sorghum is restricted to the old world and after
colonization of Europeans it reached Australia [12]. The cultiva-
tion Sorghum is predominant in Asia and African countries. The
statistics of the Food and Agricultural Organization of the United
Nation states that the USA stands first in production (11.5 million
metric tons) and followed by India (7.5 million metric tons),
Nigeria (7.4 million metric tons), and Mexico (6.1 million metric
tons).

l Sorghum bicolor sub sp. halepense—distributed in Mediterranean
region and includes mostly weedy species. Two distinct forms
based on phenotype were noticed and named as Mediterranean
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ecotype (small plant with narrow leaves) and Tropical ecotype
(large plant with broad leaves). The Mediterranean ecotype is
distributed across Asia Minor with chromosome number of
2n ¼ 40 and Tropical ecotype widely in Southern India and
South East Asia (2n ¼ 20).

l Sorghum bicolor sub sp. bicolor—The members were cultivated
sorghum, related weeds, and semi wild relatives and were pre-
dominant in Africa.

l Sorghum bicolour var. arundinaceum—consists of weedy sor-
ghum and distributed over Tropical and Sub—Tropical West
Africa.

l Sorghum bicolour var. aethiopicum—distributed in Nigeria,
Somalia, and Nile Valley and freely intercross with var.
arundinaceum.

l Sorghum bicolour var. verticilliflorum—seen in the South African
Coast and distribution overlaps with var. aethiopicum and var.
arundinaceum. They intercross readily in all possible
combinations.

l Race guinea—cultivated in areas that receives 1000 mm rainfall
annually and intercross with race kafir results in a complex that is
noticed in eastern Africa. This particular race is noticed in India
and Burma.

l Race kafir—An African cultivar complex and prominent in vari-
ous parts of Africa that includes Northern Nigeria, Ghana, etc.,

l Race durra—Predominant in Arabia and Asia Minor. The phe-
notypic study gives assumptions that durra is the selection of
Kafir.

l Race bicolor—Noticed in various parts of Asia, Africa and grown
mostly in India, South East Asia. They are developed out of var
aethiopicum selection.

The migration and trading are the prime factors that
distributed Sorghum from African subcontinent to other parts
of the world.

1.6 Classification

and Systematic

Position

The Sorghum was classified into 31 cultivated species and 17 wild
species by Snowden [7]. The classification is further refined by
Garber and Doggett. The classification is represented in the follow-
ing flow chart (Fig. 1).

1.7 Sorghum

Taxonomy [12]

Kingdom—Plantae
Sub-kingdom—Tracheobionta
Superdivision—Spermatophyta
Division—Magnoliophyta
Class—Liliopsida
Sub-class—Commelinidae
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Order—Cyperales
Family—Poaceae (grass)
Tribe—Andropogoneae
Sub-tribe—Sorghinae
Genus—Sorghum
Species—Sorghum bicolor

Sorghum

Section I Eu-sorghum 

(true sorghum)

Section II Para-sorghum

(other sorghum)

Sub-section 

Arundinacea 

(2n=20)

Sub-section 

Halepensia (2n=20, 40)

S.versicolor

S.introns

S.purpureosericeum

S.nitidum

S.plumosum

Series Spontanea 

(grass) 

S.sudanense

S.aethiopicum

S.virgatum

S.verticillifolium

S.stapfii

Series Sativa 

(grain) 

S.vulgare

S.subglabaesence

S.dochna

S.halepense

S.miliaceum

S.almum

S.propinquum

S.radolphianu

Fig. 1 Classification of sorghum races [13]
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Sub-species—Sorghum bicolor ssp.arundinaceum—common
wild sorghum

Sub-species—Sorghum bicolor ssp. bicolor—grain sorghum
Sub-species—Sorghum bicolor ssp. drummondii—Sudan grass

1.8 Races of

Sorghum and Its

Characteristics

Five races of sorghum are classified based on panicle nature, glume
coverage, shape, and color of the grain [9]. Characteristic feature of
each race is given in Table 1.

Other intermate races were Guinea-bicolor, Guinea-kafir,
Caudatum-bicolor, Guinea-durra, Kafir-bicolor, Kafir-caudatum,
Durra-bicolor, Durra-caudatum, Guinea-caudatum, and Kafir-
durra [13].

1.9 Biomass

Production

Sorghum is a hardy crop and well adapted to tropical and subtropi-
cal conditions. Therefore, they are cultivated in nearly 110 countries
in the world. The biomass production is high due to enhanced
photosynthesis rate. The biomass of 58.3–80.5 tons of fresh
stems/ha has been cultivated in a semiarid zone with sugary juice
of 12,000–20,000 L/ha [14]. The sugar get stored in the paren-
chymatous cell of the stalk and the ratio of reducing sugar is more in
sweet sorghum juice compared with sugarcane juice. The side-by-
side comparison of nitrogen consumption to produce equal levels
of ethanol reveals that sweet sorghum consumes relatively less
nitrogen. The comparison between sugarcane and sweet sorghum
is represented in Table 2.

1.10 Genetics of

Biofuel Syndrome

A group of traits responsible for biofuel production is called biofuel
syndrome [15]. In order to enhance the biofuel efficiency of crop
plants, the genetics of related traits must be understood. Central
dogma of life is the process by which trait expression in biological
organisms is realized. Sorghum harbors a number of useful traits for
the human kind, namely high yield, biotic and abiotic stress toler-
ance, quality of products, and industry oriented traits and bioetha-
nol yield. In sweet sorghum about 858 QTLs are related to yield,
low lignin, high biomass, ethanol yield, and stress tolerance.
[16]. The following is a list of genetics of biofuel syndrome traits
(Table 3).

1.11 Importance of

Mutant bmr Trait

The lignocellulosic feedstock consists of cellulose, hemicellulose,
and also lignin. The lignin possesses negative impact on ethanol
production. The breakdown of cellulose and hemi-cellulose was
retarded by lignin and also produce toxin substances during pre-
treatment which resist the growth of microorganism. Hence, a
sorghum mutant which possess reduced lignin content called bmr
(Brown midrib) mutant can be used as a solution to eliminate this
problem [25].
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1.12 Breeding

Methods

Most of the biofuel traits exhibit additive gene action and few are
non-dominant and epistasis and hence following breeding methods
are highly suitable to develop superior varieties and hybrids.

1. Pedigree breeding (Recombination)

2. Heterosis breeding (Hybrid breeding)

3. Population improvement (Half sib and full sib)

4. Marker Assisted Backcross Breeding (MABB)

5. Tissue culture and Genetics transformation methods
(Biotechnology)

Table 1
Detailed features of sorghum races

Races Characters

Bicolor l Medium size open panicle
l Thick glumes with obscure nerves
l Depressed and hairy tips of lower glumes
l Elliptical small grain
l Grain enclosed and tightly clasped by the glumes
l Short pedicle
l Highly pigmented glumes, seed and plant parts
l Fairly low yielding, medium height but tending to tiller profusely

Guinea l Panicles long, loose, glabrous and pendulous at maturity
l Sessile spikelets opening when mature exposing the grain
l Glumes involute, opening widely, hairy and awns
l Grains small to medium and biconvex
l Grain color light or only slightly pigmented
l Plants medium to tall and low yielding

Caudatum l Panicles medium large oblong, dense to slightly open, hairy with stout peduncle and
rigid primary branches

l Sessile spikelets obovate to elliptical
l Grains are turtle backed
l Grain chalky white or pigmented, most with a recessive spreader gene
l Plants medium to tall and generally high yielding

Kafir l Panicles erect, elongate, mostly semi compact and cylindrical
l Branches and sessile spikelets hairy but glumes at maturity almost glossy
l Glumes much shorter than grain
l Grain is broadly elliptical, flattened or biconvex
l Plants medium height and high yielding

Durra l Panicles stiff, dense and compact, ovate to oblong shaped or rhomboidal and covered
with dense velvety pubescence

l Peduncle often recurved but occasionally erect
l Panicle branches short, semi-erect and hairy
l Pedicellate spikelets large and persistent
l Glumes lightly pigmented
l Grain generally medium to large, biconvex, broad top and wedge shaped base
l Plants medium to tall and good quality
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Table 2
Comparison between sugarcane and sweet sorghum [14]

Character Sweet sorghum Sugarcane

Sugar concentration in the juice (as � Brix) 10.5–20.7 16–20

Sucrose (%) 69–74 70–88

Proportion of sugar present as reducing sugars (%) 5–19 4–8

Starch (%) 0.4–5.3 0.001–0.05

pH 4.9–5.5 5.2–5.4

Organic acids (%) NA 1.5–5.5

Aconitic acid (%) 3.6–4.8 1.0–2.1

Protein (%) 0.9–1.3 0.5–0.6

Table 3
Genetics of sorghum biofuels traits

Sl.
No Traits Genetics References

1. Sugar content Dominant/additive-2 QTLs [17]

2. Stem sugar, composition,
grain yield

QTLs with non pleiotropic effect [18]

3. Brix (glucose-6-phosphate
homology)

Chromosome 1 [19]

4. Sugar related traits Quantitative traits [20]

5. Sugar yield Quantitative trait and
vary with the genotype, environment, and genotype-
by environment

effects

[18, 19]

6. Main culm height QTLs [21]

7. Culm
Length, width and number

QTLs [22]

8. Number of nodes QTLs [23]

9. And stem diameter QTLs [20, 23]

10. Plant height Sorghum chromosomes 9 and 6 [19]

11. Leaf architecture 84 QTLs [16]

12. Root morphology 22 QTLs [16]

13. Brown midrib (low lignin
content)

bmr mutants bmr2, bmr6, and bmr12 and bmr19 [24]
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1.13 Genetic

Resources Suitable for

High Biomass

Anil Kumar and his colleagues [26] conducted a study to identify
high biomass sorghum suitable for cultivation in India. A total of
65 biomass sorghum genotypes bred from International Crops
Research Institute for the semiarid Tropics (ICRISAT), Indian
Institute of Millet Research (IIMR) and National Agriculture
Research System (NARS) and Tamil Nadu Agricultural University
(TNAU), Coimbatore. The biomass composition of IS 25302
reveals numerically higher cellulose and hemicellulose content
than ICSV 25333, though, the dry biomass recorded has marginal
differences for IS 25302 (18.9 t ha�1) and ICSV 25333
(19.2 t ha�1). The entries like IS 16529, IS 22879, IS 27246, IS
13762, IS 25301, and ICSV 25333 were best suited for Tamil
Nadu and Telangana, ICSSH 28, IS 17349, and ICSV 25333
were best suited for Madhya Pradesh, Gujarat, and Telangana in
terms of fresh biomass yield and dry biomass yield. The top ten
entries which are stable and showing best performance in terms of
fresh biomass yield, dry biomass yield, and grain yield were ICSV
25333, IS 13762, CSH22SS, IS 25302, IS25301, IS 27246, IS
16529, DHBM2, ICSSH 28, and IS17349. Thus, the lines like
ICSV 25333, IS 25302, IS22868, IS 13762, and IS 16529 are
stable performers both in terms of biomass accumulation and eco-
nomically viable for ethanol production.

Sorghum recombinant inbred lines (RIL) 236 were for ligno-
cellulosic biomass performance and determined hemicellulose, cel-
lulose, and lignin concentrations through detergent fiber analysis
(DFA). The results showed that RIL carrying the brown midrib
mutation had significantly high theoretical glucose recovery
(>200 g kg�1). Those carrying both mutations had high theoreti-
cal ethanol yield (>400 L ton–1) and high theoretical ethanol
production (>14,500 L ha�1). Lignin concentration was deter-
mined as the most reliable predictor (R2 ¼ 0.67) for glucose
recovery. Lignin and stem sugar concentrations (R2 ¼ 0.46 and
0.35, respectively) were good predictors for ethanol yield. Stover
yield traits (R2 ¼ 0.89) were most important determinants for
ethanol production [27].

1.14 Institutes for

Conservation of

Sorghum Germplasm

1.14.1 International

Crops Research Institute

for Semi-Arid Tropics

(ICRISAT), Hyderabad, India

(https://www.icrisat.org)

[28]

The Gene bank of International Crops Research Institute for Semi-
Arid Tropics maintains 41,816 Sorghum collections (Table 4). In
order to avoid duplication, a true representative core and mini-core
was created. The core collection of sorghum includes 2247 acces-
sions and the mini-core collection of sorghum possesses 242 acces-
sions. The Western and Central African country possess great
diversity for various traits and exclusive collection from that area
is 8020.
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1.14.2 Indian Institute of

Millet Research (IIMR),

Hyderabad, India (www.

millets.res.in) [29]

The diversity of various millets are conserved at IIMR and number
of sorghum accessions maintained were 6823 which includes col-
lections received under CRAB by the National Bureau of Plant
Genetic Resources (NBPGR), 58 accessions are received from
ICRISAT and 106 accessions are indigenous collections by IIMR.

1.14.3 National Bureau

of Plant Genetic Resources

(NBPGR), New Delhi, India

(www.nbpgr.ernet.in) [30]

Plant genetic diversity is of fundamental importance in the conti-
nuity of a species as it provides the necessary adaptation to the
prevailing biotic and abiotic environmental conditions and the
base collections of sorghum maintained was 26,118.

1.14.4 The Ramiah Gene

Bank, Tamil Nadu

Agricultural University,

Coimbator (www.tnau.ac.

in) [31]

The seeds of various agricultural crops were maintained and the
number of sorghum collections was 2429.

2 Seed Technological Intervention for Higher Productivity in Sorghum

2.1 Pre-sowing Seed

Treatment

Sorghum is cultivated as dryland crops, seed hardening is recom-
mended to increase productivity by overcoming the moisture stress
for sustained production under dryland. Moisture stress during
initial establishment affects the crop stand and so the productivity.
Sorghum seeds hardened with 2% potassium dihydrogen phosphate
increased the yield under dryland situation and increased the yield

Table 4
The sorghum accessions were characterized and classified as follows

Races Number of collections

Bicolor 163

Guinea 2702

Caudatum 1735

Kafir 8

Durra 694

Guinea—bicolor 171

Caudatum—bicolor 364

Durra—bicolor 174

Guinea—caudatum 726

Guinea—durra 21

Kafir—caudatum 5

Durra—caudatum 858
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up to 10% [32]. Pre-sowing hardening of seeds is one of the
methods which results in modifying the physiological and bio-
chemical nature of seeds so as to get the characters that are favor-
able for drought tolerance [33]. It is also the extensive
physiological reorganization induced by the dehydration process.
During the hardening process a number of physicochemical
changes occur modifying the protoplasmic characters and increas-
ing physiological activity of the embryo and associated structures.
Sorghum seeds hardened with aqueous solution of botanicals per-
formed significantly better than Control [34].

2.1.1 Principle When the dry seeds are soaked, the seed imbibes water and
expands. This permits the initial process of germination but the
further cell elongation and radicle emergence are prevented by
shade and sun drying them to original moisture content.

2.1.2 The Physiological

Basis for Seed Hardening

The influence results of the pre-sowing hardening treatment under
drought condition is due to the following physiological changes
that occurred in the seed on seed treatment.

l Greater hydration of colloids.

l Higher viscosity and elasticity of protoplasm.

l Increase in the physiological activity of the embryo and asso-
ciated structures.

l Increase in bound water content.

l Increase in intensity of photosynthesis.

l Increase in hydrophilic colloids and decrease in hydrophilic
colloids.

l Increase in temperature requirement for protein coagulation.

l More intensive respiration.

l Lower water deficit.

l Increase in water balance of plant.

l More efficient root system.

2.1.3 Beneficial Effects

of Seed Hardening

l Accelerate rapid germination and growth rate of seedlings.

l Hardened plants recover much more quickly from wilting than
those from untreated plants.

l Induces resistance to salinity as well as to drought condition.

l Seeds withstand higher temperature (80–105 �C) for prolonged
periods (24–28 h) without loss of viability.

l Flowering is slightly accelerated.

l Early emergence enables seedling to compete more effectively
with weeds.

l Hardened seeds perform better and result in more yields up to
10–15%.
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2.1.4 Methodology Seeds are soaked in 2% potassium dihydrogen phosphate solution at
seed to solution ratio of 1:0.6 for 16 h.When themoisture content of
seed rises to 30–35%, i.e., when the seeds are ready to put forth
radicle the soaking is stopped and the seeds are dried to original
moisture content of 10.12%.While drying to avoidmechanical injury,
it should be first dried under shade for 6–24 h and should be followed
by sun drying for 1–2 days to reduce the moisture content.

2.1.5 Flow Chart of

Sorghum Seed Hardening

Dry seeds of sorghum

Soaked in 2 per cent potassium dihydrogen phosphate 
for 16 hrs @ 1 : 0.6 seed to solution ratio

Shade drying 
(6-24 hrs)

Sun drying (1-2 days)

Hardened seed 

Sowing 

Better adaption in marginal and 
dry land 

Higher productivity 
(Biomass and yield) 
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3 Ethanol Production Process

The renewable biomass present in this world is lignocelluloses and
consists of cellulose, hemicellulose, and lignin. The prime source
for ethanol production is cellulose and hemicellulose. The overex-
ploitation of natural fossil fuels and GHG emissions creating threats
had alerted the people to focus on biofuels. The biofuel (Ethanol)
are produced from many crops yet Sweet sorghum play unique role
because of its own characteristics suitable to use them effectively as
biofuel crop.

The ethanol is produced from grains, sugar juice of sweet
sorghum stalk, and from feedstock. The utilization of grain and
sweet sorghum for ethanol production was not highly acceptable
because it may cause negative impact on food security, and there-
fore feed stock of sorghum can be used to produce ethanol without
compromising food [35].

3.1 Basic Steps in

Ethanol Production

3.1.1 Pretreatment

The step is carried out to make the cellulose more permeable to
breakage by hydrolysis. The polymer of sugar is made more reactive
and liable by various pretreatment techniques (heat and combina-
tion of chemicals) [36].

Cellulosic bioethanol is produced from lignocellulosic biomass
by pretreatment, hydrolysis, and fermentation. Some of the most
promising pretreatment methods require the application of chemi-
cals such as acids, alkali, salts, oxidants, and solvents. Thus,
advances in research have enabled the development and integration
of chemical-based pretreatment into proprietary ethanol produc-
tion technologies in several pilot and demonstration plants globally,
with potential to scale-up to commercial levels. Pretreatment
involves the use of physical processes (e.g., size reduction, steam-
ing/boiling, ultrasonication, and popping), chemical methods
(e.g., acids, bases, salts, and solvents), physicochemical processes
(e.g., liquid hot water and ammonium fiber explosion), biological
methods (e.g., white-rot/brown-rot fungi and bacteria), and sev-
eral combinations thereof to fractionate the lignocellulose into its
components [37].

3.1.2 Hydrolysis The enzymatic reaction in which pretreated cellulose is converted
from complex sugar to simple sugar. The enzyme is produced by
microorganism such as fungi (Yeast) and reduces the complex
nature of sugar [36].

Acid Hydrolysis There are two basic types of acid processes: dilute acid and con-
centrated acid, each with variations. Dilute acid processes are con-
ducted under high temperature and pressure, and have reaction
times in the range of seconds or minutes, which facilitates continu-
ous processing. Most dilute acid processes are limited to a sugar
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recovery efficiency of around 50%. For rapid continuous processes,
in order to allow adequate acid penetration, feedstocks must also be
reduced in size so that the maximum particle dimension is in the
range of a few millimeters.

The concentrated acid process uses relatively mild temperatures
and the only pressures involved are usually only those created by
pumping materials from vessel to vessel. The low temperatures and
pressures minimize the degradation of sugars. To recover the
sugars, the hydrolyzed material in the first reactor is soaked in
water and drained several times. The primary advantage of the
concentrated process is the high sugar recovery efficiency, which
can be on the order of over 90% of both hemicellulose and cellulose
sugars.

Using some assumed cellulose conversion and fermentation
efficiencies, ethanol yields from glucose can be calculated for corn
Stover (the above-ground part of the corn plant less the ears) as
shown in Tables 5 and 6.

Enzymatic Hydrolysis Enzymes are naturally occurring plant proteins that cause certain
chemical reactions to occur. For enzymatic processes to be effec-
tive, some kind of pretreatment process is thus needed to break the
crystalline structure of the lignocellulose and remove the lignin to

Table 6
Ethanol yields from xylose

Dry stover 1 tonne (1000 kg)

Hemicellulose content 0.29

Hemicellulose conversion and recovery efficiency 0.90

Ethanol stoichiometric yield 0.51

Xylose fermentation efficiency 0.50

Yield from xylose 66 kg ethanol ¼ 76 L (20 gallons)

Table 5
Ethanol yields from glucose

Dry stover 1 tonne (1000 kg)

Cellulose content 0.45

Cellulose conversion and recovery efficiency 0.76

Ethanol stoichiometric yield 0.51

Glucose fermentation efficiency 0.75

Yield from glucose 131 kg ethanol ¼ 151 L (40 gallons)
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expose the cellulose and hemicellulose molecules. Depending on
the biomass material, either physical or chemical pretreatment
methods may be used. Physical methods may use high temperature
and pressure, milling, radiation, or freezing—all of which require
high-energy consumption. The chemical method uses a solvent to
break apart and dissolve the crystalline structure. Due to the tough
crystalline structure, the enzymes currently available require several
days to achieve good results. Since long process times tie up reactor
vessels for long periods, these vessels have to either be quite large or
many of them must be used. But, their efficiency is quite high and
their byproduct production can be controlled; their mild process
conditions do not require expensive materials of construction, and
their process energy requirements are relatively low [38].

3.1.3 Fermentation The metabolic process in which simple sugar gets converted into
organic subtract (alcohol). However, 100% conversion is not possi-
ble and only 50–60% are converted to ethanol.

3.1.4 Thermochemical

Processes

There are two ethanol production processes that currently employ
thermochemical reactions in their processes. The first system is
actually a hybrid thermochemical and biological system. A micro-
organism that is capable of converting the synthesis gas is intro-
duced into the fermenters under specific process conditions to
cause fermentation to ethanol. The second thermochemical etha-
nol production process does not use any microorganisms. In this
process, biomass materials are first thermochemically gasified and
the synthesis gas passes through a reactor containing catalysts,
which cause the gas to be converted into ethanol. Ethanol yields
up to 50% have been obtained using synthesis gas-to-ethanol pro-
cesses. Some processes that first produce methanol and then use
catalytic shifts to produce ethanol have obtained ethanol yields in
the range of 80%. Unfortunately, like the other processes, finding a
cost-effective all-thermochemical process has been difficult.

3.2 Inhibitory

Compounds and Their

Impact on

Microorganisms

Many inhibitors are generated during the pretreatment of lignocel-
lulosic biomass, which can have a negative influence on ethanol
production. Inhibitors consist of different compounds, mainly
furan derivatives such as 5-hydroxymethyl-2-furaldehyde (HMF)
and 2-furaldehyde (furfural), weak organic acids (formic, acetic and
levulinic acids) and phenolic compounds. Phenolic compounds
interfere with the function and integrity of cell membranes
[39]. Acetic acid is often found in hydrolysates and comes from
acetyl side-chain groups in hemicellulose [40]. The removal of
inhibitory compounds thus increases the price of second-
generation bioethanol. It is possible that ethanologenic microor-
ganisms may become accustomed to living with inhibitor com-
pounds during preconditioning at specific inhibitor concentrations.
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3.3 Methods of

Ethanol Extraction

from Sorghum

Ethanol is being extracted from sink (grain), Stem (Juicy stem), and
entire plant as raw materials. Following are methods/procedure for
extraction of ethanol from respective plant parts

Sorghum

Steps 1. Grain to Ethanol

2. Stem (Sweet
sorghum)
to Ethanol

3. Biomass Waste
(Lignocelluloses) to
Ethanol

1. Cultivation under
high input
condition

Cultivation under
high input
condition

Cultivation at
marginal lands

2. Harvesting the ear
heads at biological
maturity

Harvesting the stem
at appropriate stage
(dough)

Harvest the entire
biomass

3. Threshing Transportation to
crushing mills
(immediately)

Drying the biomass

4. Drying the grains De-trashing Mill as fine powder

5. Cleaning Cleaning the stem Sieving

6. Wet milling Milling Pretreatment

7. Gelatinization Filtration Cellulose and lignin

8. Liquefaction Concentration Hydrolysis

9. Fermentation Fermentation Fermentation

10. Distillation Distillation Distillation

11. Dehydration Dehydration Dehydration

12. Ethanol Ethanol Ethanol

3.4 Pilot Plant Study A trial was conducted at a sugar factory at Karnataka with 356 tons
of sweet sorghum stalk. The efficiency was 50% which yields 39 L
ethanol/ton of crushed stalks [41]. Currently, India was focusing
on ethanol production. The policies and awareness need to be
created to enhance the effective utilization of renewable energy
and conserve nature.
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Chapter 18

Optimization of Micropropagation and Genetic
Transformation Protocols for Paulownia elongata: A Short
Rotation Fast Growing Bioenergy Tree

Richa Bajaj, Lani Irvin, Brajesh N. Vaidya, Lubana Shahin,
and Nirmal Joshee

Abstract

Various steps of micropropagation include selection of suitable explant, establishment of adventitious shoot
induction cultures, proliferation, rooting, and acclimatization of the resulting plantlets. A systematic
protocol is provided for the micropropagation and Agrobacterium tumefaciens-mediated genetic transfor-
mation of a fast growing, multipurpose tree, Paulownia elongata. Our studies show that optimum shoot
induction is on half leaf with petiole explant on MS medium supplemented with 25 μM thidiazuron and
10 μM indole-3 acetic acid. Micropropagation protocols provided here are applicable to explants collected
from the primed in vitro raised seedlings onMSmedium containing 2.5 μM6-benzylaminopurine (BAP) or
actively growing shoots collected from greenhouse or field growing plants. We also discuss a possible role of
“Python” script guided protocol optimization for higher and consistent multiplication of shoots that can be
very helpful for scaled up production in commercial settings. To facilitate future plant improvement and
gene editing possibilities, an A. tumefaciens based genetic transformation protocol and molecular identifi-
cation of transgenic plants using Polymerase Chain Reaction (PCR) and Reverse Transcriptase-PCR
(RT-PCR) techniques have also been optimized.

Key words Acclimation, Explant, Genetic transformation, Heat map, Organogenesis

1 Introduction

Paulownia species are fast growing semi-hardwood trees compris-
ing nine species and a few natural hybrids, native to China and
nearby countries [1]. The wood is light but strong, and is tradi-
tionally used to make musical instruments [2]. Wood flour of
Paulownia elongata has been used to develop a series of biocom-
posites that are strong and environmentally sound products with
acceptable engineering properties [3–5]. Paulownia trees can be
grown for substantial financial rewards in the form of honey, bio-
char, biocomposites, short rotation biomass for bioenergy, animal
feed, and timber production [3–9].
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Paulownia trees can be produced using seed, shoot, and root
cuttings employing conventional vegetative propagation methods
but plant tissue culture has many benefits [10]. These methods are
economically favorable but are prone to diseases, thereby hindering
planting success. Micropropagation techniques are useful for pro-
ducing disease free, higher quality clonal plant material in large
quantity. Earlier reports on the micropropagation of Paulownia
species have predominantly used shoot tip and nodal explants. We
present a protocol that is based on the use of entire leaf or half leaf
with petiole as explant that achieves high number of adventitious
shoots. We also used programming language “Python” to analyze
multiplication numbers in all the replicates in each treatment to
understand large variability that exists in in vitro micropropagation.
The heat maps generated using “Python” script may provide an
alternate method of comparison for shoot multiplication in all the
explants in various treatments at the same time. This can further
assist in tracing back the superior donor stock cultures providing
explants with higher shoot multiplication efficiency and the suitable
culture environment for raising stock plants.

2 Materials

Tissue culture facilities: balance, analytical balance, magnetic stirrer
with heating function, pH meter, refrigerators at 4 �C and �20 �C,
autoclave, laminar air flow cabinet, bacticinerator or glass bead
sterilizer to sterilize the stainless steel instruments, stainless steel
scalpels and forceps, electronic pipette, 0.22 μM syringe filters,
syringes, climatic chamber or culture room maintained at 26 �C,
beakers (100, 500, and 1000 mL), pipette or graduated cylinders
(100 and 1000 mL), parafilm, and 70% ethanol, magnetic stir bars,
baby food jars, magenta boxes and test tubes (see Note 1).

2.1 Plant Tissue

Culture Medium and

Growth Regulator

Stocks

1. Distilled water.

2. Full strength MS basal medium (see Note 2).

3. Stock solutions for 6-Benzylaminopurine (BAP), thidiazuron
(TDZ), indole-3-acetic acid (IAA), and indole-3-butyric acid
(IBA). Plant growth regulator stocks are prepared at 1 mM
concentration.

4. Agar Agar.

5. 1 M HCl and NaOH for adjusting pH.

2.2 Disinfection of

the Explants

1. Running tap water.

2. Disinfection solution Clorox (2.5% active ingredient).

3. Sterile distilled water.
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4. Sterile beakers (100 and 500 mL).

5. Proliferation medium contained in test tubes (15 mL medium
in each test tube).

2.3 Explant Excision

and In Vitro Culture

1. Paper towels moistened with distilled water and placed in glass
Petri dishes (15 cm in diameter). Wrap the Petri dish with
aluminum foil and autoclave.

2. Sterile distilled water.

3. Plant material.

4. Semisolid MS medium supplemented with TDZ and IAA, 3%
maltose, and 0.7% agar in petri dishes (90 mm).

2.4 Plantlet

Acclimatization

1. Tap water.

2. Free-draining potting mix (peat moss, perlite, polystyrene
granules, 2:2:1).

3. Fungicide.

4. Tray covered with transparent plastic film/lid.

2.5 Genetic

Transformation

1. Luria-Bertani (LB) medium.

2. Temperature controlled rotary shaker.

3. Acetosyringone.

4. Agrobacterium tumefaciens EHA105 transformed with binary
vector plasmid pq35SGR.

5. Antibiotics-Carbenicillin, Cefotaxime, Rifampicin, and
Kanamycin.

6. Agarose gel electrophoresis setup.

7. Tris–Boric acid–Acetic acid (TBA) buffer.

8. Fluorescent microscope to check GFP expression.

9. Loading dye (6�) (Promega, Madison, WI, USA).

10. “Forward” and “Reverse” primer pair for GFP gene

11. One Taq One-Step RT-PCR Kit.

12. TRIzol® reagent.

13. Gel documentation unit.

14. UV-Vis Spectrophotometer.

3 Methods

Figure 1 sums up in vitro response during five stages of Paulownia
micropropagation. Following is a description of methods used for
each step.
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3.1 Seed Sterilization

and Germination

1. Seeds of P. elongata were collected from Paulownia trees in
demonstration plot at Fort Valley State University,
Georgia, USA.

2. Wash seeds for 30 min in tap water with few drops of detergent
Tween-20 (Fisher Scientific, NH, USA) and 0.1% (v/v) Fun-
gigone (PlantMedia, OH, USA).

3. Rinse with tap water three times and then with 70% ethanol for
1 min.

4. Rinse again with tap water three times and then transfer to
laminar flow hood.

5. In laminar hood, wash seeds with 20% commercial bleach
CLOROX® and then rinse three times with autoclaved distilled
water.

6. Place the sterilized seeds in petri dishes with 1 mL sterile
distilled water.

7. Seal the petri dishes with Parafilm® (American National Can™,
CT, USA) and place them for germination under fluorescent
white lights at 26 �C with 16 h photoperiod.

Fig. 1 In vitro micropropagation of Paulownia elongata. (a) Half leaf with petiole explant in shoot induction
medium (SIM), (b) petiole with half leaf explant MS + 25 μM TDZ + 5 μM IAA + sucrose 30 g/L, (c) petiole with
half leaf explant B5 + 25 TDZ + 5 IAA + maltose 30 g/L, (d) entire leaf explant on MS + 25 μM TDZ + 10 μM
IAA + maltose 30 g/L, and (e) a healthy rooted plant for acclimatization, (f) acclimated plants in the
greenhouse

274 Richa Bajaj et al.



3.2 In Vitro Donor

Plant Culture and

Priming with BAP

1. Observe P. elongata seeds for germination as they begin to
germinate within a week in the presence of sterile water.

2. Prepare MS media [11] (M519, PhytoTechnology Labora-
tories, KS, USA), supplemented with 30 g L�1 sucrose,
2.5 μM BAP (see Notes 3 and 4), and 7 g L�1 agar and pH
adjusted at 5.8.

3. Sterilize media by autoclaving at 121 �C for 20 min (1.01 kPa
steam pressure) and move it to laminar flow hood. Dispense
40 mL medium in each baby food jar and let the media set
overnight.

4. Transfer 3 to 4, 2-week-old seedlings, to the medium prepared
in step 3 and allow to grow for 4–6 weeks.

5. After 4–6 weeks, use vigorously growing in vitro plants for
harvesting explants for micropropagation and genetic transfor-
mation experiments (see Note 5).

3.3 Explant

Establishment and

Shoot Bud Induction

1. Prepare half leaf with petiole explants for multiple shoot induc-
tion (Fig. 1) (see Note 6). Number of regenerated shoots per
explant will be evaluated at this point through destructive
counting.

2. Prepare shoot induction media with basal MS supplemented
with TDZ (25 μM) and IAA (10 μM), supplemented with
30 g L�1 maltose as a carbon source (see Notes 3, 7, and 8).

3. Incubate cultures at 26 �C with 16 h photoperiod for a period
of 3 weeks. In 2–3 weeks, adventitious shoots are seen all over
the explants (Fig. 1b, c). Look at an isolated clump with
multiple shoots in Fig. 1d.

4. Weekly morphological changes and adventitious shoot induc-
tion is seen in scanning electron microscopic pictures (Fig. 2).

3.4 Shoot Elongation

and Rooting

1. Transfer shoot-forming explants for elongation to MS basal
medium for 7 weeks. Carry out destructive counting to evalu-
ate the total number of shoots produced per half leaf with
petiole explant. For destructive count use shoots with at least
two leaves.

2. Transfer elongated shoots (1–5 node long) to MS medium
with 5 μM IBA (seeNotes 3 and 9) for rooting. Root induction
will be visible within first week and well-rooted plants will be
ready for acclimation in 2 weeks (Fig. 1e) (see Note 10).

3.5 Acclimatization

and Transfer to the

Greenhouse

1. After 3 weeks, transfer plants with long and multiple roots to
trays with sterile potting mix moistened with autoclaved water
and a tightly fitting transparent cover.

2. Place trays in an incubator (ThermoFisher, MS, USA) for
14 days under 12 h photoperiod at 26 �C. After 4 days,
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Fig. 2 Chronology of shoot bud induction in half leaf with petiole explants of P. elongata. (a, b) Control explants
after 5-day incubation on MS basal medium. (a) Presents the petiole and (b) shows cut end of the leaf, (c)
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gradually crack open the lid to reduce humidity for remaining
duration and check for active root and shoot growth (see
Note 11).

3. Transfer actively growing hardened plants to the green house
(Fig. 1f).

4 Heat Map Analysis of Data

Tree species are usually less amenable to in vitro manipulations for
micropropagation. This recalcitrance depends on factors like plant
species, explant selection, season, environment of in vitro raised
donor plant, media formulation, and use of plant growth regula-
tors. For a commercial crop, consistency of results is paramount and
in the current research where in vitro raised plants were used to
obtain explants to initiate micropropagation, data analysis was car-
ried out using Python 3.6 to write a Python script to convert the
experimental data set into a heat map. When the script was run, the
excel file was read into a data frame and was normalized by filling up
the treatments. Then the explant types were extracted and each
explant type was converted into a heat map (Fig. 3). To make this
point, we have presented shoot number per explant data for two
types of explants (entire leaf and half leaf with petiole) on various
shoot induction media formulations. In each treatment, shoot
number in each explant can be seen and compared on a color
code basis.

5 Agrobacterium tumefaciens EHA105 Mediated Genetic Transformation

1. Introduce the binary vector intoA. tumefaciens strain EHA105
[12] by the freeze-thaw method of [13] (see Note 12).

2. Grow the Agrobacterium culture overnight in 20 mL LB con-
taining 20 mg L�1 rifampicin (Sigma-Aldrich, MO) and
50 mg L�1 kanamycin (Sigma-Aldrich, MO) on a rotary shaker
(170 rpm) at 28 �C. Bacteria codes for rifampicin and plasmid
pq35SGR contributes with kanamycin resistance.

3. Centrifuge overnight cultures of Agrobacterium-pq35SGR
(OD600 ¼ 0.6–0.8) at 3000 rpm for 15 min, resuspend the
pellet in 20 mL liquid MS medium, and place on a shaker
(100 rpm) at 28 �C for an additional 1 h prior to co-cultivation.

�

Fig. 2 (continued) petiole base after 5 day incubation on shoot induction medium, (d) close-up of petiole
surface showing areas of shoot bud formation, (e) cut end of the leaf after 5 day incubation showing callus
formation, (f) adventitious shoot buds at the base of petiole after 10 days of incubation on shoot induction
medium, (g) shoot bud formation in 10-day-old cultures at the cut end of leaf, (h) shoot bud proliferation after
15 day incubation on the shoot induction medium
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4. Use half leaf with petiole explants for transformation with
modifications.

5. Wound the explants by scratching and then submerge in bacte-
rial suspension with 100 μM acetosyringone for 30 min [14].

6. For agro-infection, bacterial density at OD600 of 0.6–0.8 was
ideal.

7. Co-cultivate explants for 72 h at 27 �C in dark. Check explants
for transient green fluorescent protein (GFP) expression using
Olympus BX 43 microscope equipped with epifluorescence
illumination and a camera (Olympus Inc., PA, USA).

8. Rinse the explants with liquid induction medium containing
250 mg L�1 carbenicillin and cefotaxime (Phytotechnology
Lab, KS) for 5 min and place explants on semisolidMSmedium
supplemented with 250 mg L�1 carbenicillin and 150 mg L�1

cefotaxime (Phytotechnology Lab, KS) for 60 days.

9. If bacterial growth persists, quarantine the explants in MS
medium containing antibiotics until cultures are free of bacte-
rial growth. Transfer the bacteria-free cultures to regeneration
medium (MS + 25 μM TDZ, 10 μM IAA, and 30 g L�1 malt-
ose) including 20 mg L�1 kanamycin.

Fig. 3 Heat maps for entire leaf and half leaf with petiole explant to show optimization of micropropagation
protocol. Arrow indicates one of the most suitable shoot induction medium on the basis of explant survival and
average number of shoots per explant
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10. Maintain cultures on regeneration medium for 5–7 weeks and
frequently screen for bacterial growth and shoot induction.
Once transgenic shoots are identified, allow explants to elon-
gate and root, harden and transfer to a greenhouse. The entire
process of generating a transgenic shoot has been presented in
Fig. 4a–f.

5.1 Molecular

Identification of

Putative Transgenic

Plants

5.1.1 Polymerase Chain

Reaction (PCR)

1. Isolate total genomic DNA from young leaves (100 mg) of
non-transformed and transgenic plants [15].

2. Resuspend DNA pellet in 50 μL of sterile nuclease-free water
and carry out DNA quantification using UV-Vis Spectropho-
tometer (DeNovix Inc., DE, USA).

3. Amplify enhanced green fluorescent protein (eGFP) gene using
forward primer EG-51 ( ATGGTGAGCAAGGGCGAG
GAGCTGT ) and reverse primer EG-32 ( CTTGTA
CAGCTCGTCCATGCCGAGA ) using thermal cycler
(BioRAD, CA, USA).

4. Polymerase Chain Reaction (PCR) cycle conditions: initial
cycle at 94 �C for 4 min, followed by 30 cycles at 94 �C for
30 s, 55 �C for 45 s, 72 �C for 45 s and a final extension cycle at
72 �C for 45 s.

Fig. 4 Successful transformation of Paulownia elongata explants with Agrobacterium tumefaciens EHA105. (a)
Agro-infection of leaf explant, (b) infection of internode or petiole explant, (c) shoot multiplication in a
co-cultivated explant, (d) same as “C” under UV light to show GFP expression in regenerated shoots, (e)
shoot bud cluster at a higher magnification, and (f) elongating GFP positive shoot
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5.1.2 Reverse

transcription—PCR [14]

1. Use leaf tissue (100 mg) from non-transgenic and transgenic
plants of P. elongata for RNA extraction along with 1 mL of
TRIzol® reagent (Ambion/Life Technologies™, MA USA).

2. Perform RT-PCR with 1 μg of RNA using One Taq One-Step
RT-PCR Kit (New England Biolabs Inc., MA). Suspend RNA
pellet in RNase-free water and incubate in water bath at 60 �C
for 15 min. Carry out RNA quantification using UV-Vis Spec-
trophotometer (DeNovix Inc., DE, USA) and store at�80 �C.

3. Perform reverse transcription in PCR tubes at 48 �C for
30 min, followed by initial denaturation at 94 �C for 1 min,
and 40 cycles of denaturation at 94 �C for 15 s, annealing at
65 �C for 30 s, and extension at 68 �C for 1 min. Final
extension at 68 �C for 5 min.

4. Negative control contains the same amount of RNA from the
leaf of wild-type P. elongata in the reaction but devoid of
enzyme.

5. Use same primers for RT-PCR that were used for PCR amplifi-
cation of genomic DNA.

6. Analyze PCR and RT-PCR products using 1.0% agarose gel.
Load samples and markers and run gel for 90 min at 75 V.

Observe gels in gel documentation unit (ProteinSimple, CA,
USA). Agarose gel electrophoresis results reveal presence/
absence of GFP transcript in wild-type and transgenic plants
derived through PCR and RT PCR amplifications (Fig. 5a, b).

The entire process of P. elongata micropropagation and
genetic transformation has been summarized in Fig. 6.

Fig. 5 Molecular testing of Paulownia elongata shoots. (a) PCR results for GFP, (b) RT-PCR results. Control: No
DNA or RNA template; WTPCR: Genomic DNA present but no enzyme (negative control); WTRT: RNA present
but no enzyme (negative control); PCR 1–3: Transgenic plants, RT 1–3: Transgenic plants; and M: Marker.
Arrows indicate amplified GFP gene
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Fig. 6 In vitro propagation and genetic transformation of Paulownia elongata

Optimization of Micropropagation and Genetic Transformation Protocols. . . 281



6 Conclusions

Paulownia species provide several environmental and economic
benefits. In vitro protocols described here provide clarity on explant
and medium selection, choice of plant growth regulators and their
concentration and carbon sources for P. elongata micropropaga-
tion. The heat map exhibits that more uniform response was
obtained with higher number of explant survival in the treatment
using MS medium supplemented with 25 μM TDZ, 10 μM IAA,
and 30 g L�1 maltose with higher shoot number reaching up to
146 in an explant. As per heat maps, we can see that for entire leaf
and petiole with half leaf explants, MS with 25 μM TDZ, 10 μM
IAA, and 30 g L�1 maltose provided the best results. The heat map
exhibits differences in terms of establishment and survival of
explants in shoot induction medium (SIM), general response
spread over replicates, and number of shoots produced. Heat
maps generated through Python can be useful to optimize micro-
propagation in a commercial setup identifying ideal stock material
to harvest explants and initiate cultures. Heat maps have an advan-
tage over graphical data representation as they show the results of
each explant (replicate) in the heat map. Careful analysis of heat
maps may help determine the maximum potential of a particular
treatment and explant combination so that one can trace back and
record the growing conditions, physiology, and genetics of the
donor plant of for the best results. This can aid the commercial
tissue culture industries as it can help them maximize the potential
of the plant and produce higher number of shoots. Using heat
maps as a tool for data analysis helps us understand the biological
significance of results. Also, through heat maps we can see consis-
tency in shoot numbers (high or low), thereby providing us a scope
for improvement. Trees are rather difficult to micropropagate and
transform. For the future improvement of the tree, a simple Agro-
bacterium tumefaciens mediated protocol has been included that is
supported by micropropagation protocols and can be translated to
other trees.

7 Notes

1. Media and glassware sterilization was done using autoclave at
121 �C, 15 psi and 30 min.

2. Media pH is adjusted to 5.8–6.0 before autoclaving.

3. Stocks of all plant growth regulators used in media preparation
were prepared at 1 mM concentration. Thidiazuron (Caisson
Laboratries, UT, USA), IBA (Sigma Chemical Corporation,
MO, USA), BAP (Sigma Chemical Corporation, MO, USA),
and IAA (Sigma Chemical Corporation, MO, USA) stocks
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were prepared by dissolving it in 1 N NaOH and then making
up the required volume by distilled water. Growth regulators,
antibiotics, and stock solutions are stored at 4 �C.

4. Stock solution of BAP: Dissolve 0.0225 g (22.5 mg) BAP
powder in a few drops of 1 N NaOH and add distilled water
to make up the volume to 100 mL. Store at 4 �C.

5. Within 2 weeks, about 80% seed germination is obtained upon
seed transfer to semisolid MS medium, devoid of plant growth
regulators.

6. On the basis of our micropropagation experiments, half leaf
with petiole explant and MS medium supplemented with TDZ
(25 μM), IAA (10 μM), and 30 g L�1 maltose was identified as
optimum treatment for regeneration in genetic transformation
experiments.

7. Stock solution of TDZ: Dissolve 0.022 g (22 mg) TDZ pow-
der in a few drops of 1 N NaOH and then use distilled water to
make up the volume to 100 mL. Store at 4 �C.

8. Stock solutionof IAA:Dissolve 0.017 g (17mg) IAApowder in a
few drops of 1 NNaOH and then use distilled water to make up
the volume to 100 mL. Adjust pH of the stock solution to
5.8–6.0. Filter sterilize IAA solution using filter sterilization
assembly (filter pore size 0.22 μM) and store at 4 �C.

9. Stock solution of IBA: Dissolve the 0.020 g IBA powder in a
few drops of 1 N NaOH and gradually add distilled water,
while stirring the solution, to make up the volume to
100 mL. Adjust the pH of the stock solution to 5.8–6.0 and
sterilize it using filter sterilization assembly (filter pore size
0.22 μM) and store at 4 �C.

10. Though the elongated shoots can root well in MS basal
medium, IBA-supplemented rooting medium helps in early
and strong rooting system.

11. Alternatively, acclimatization can be done in the greenhouse,
by covering the pots with a plastic cover. Relative humidity is
reduced by gradually removing the lid after a week.

12. Agrobacterium was transformed with a plasmid pq35SGR
(a binary plasmid harboring the β-glucuronidase and green
fluorescent protein/neomycin phosphotransferase II fusion
reporter gene) to transform P. elongata explants. Bacterial
culture plates (LB or 2 xYT) with or without antibiotics were
streaked using frozen glycerol stock ofA. tumefaciens EHA105
stored at �80 �C in LB medium. Bacterial suspension cultures
were initiated in 35 mL of LB medium with or without
30 mg L�1 of kanamycin and 20 mg L�1 of rifampicin by
adding 50 μL of vigorously growing overnight culture of
respective bacterial strain. The culture flask was incubated on
shaker at 27 �C for 48 h.
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Chapter 19

Economics of Biofuel Production: A Case of Sorghum
and Pearl Millet in India

M. Gopinath Reddy and B. Suresh Reddy

Abstract

Reduction of fossil fuels at an alarming rate has attracted increasing attention to blending biofuels
worldwide. India’s energy demand is expected to grow at an annual rate of 4–5 times over the next couple
of decades. With self-sufficiency levels in crude oil becoming a distant dream, there is growing interest to
look out for alternative fuels and the biofuels are an important option for policy makers in India. In this
context, this paper reviews the experiences in India in the last two decades with respect to biofuel cultivation
and its impact on land use, environment, and the livelihoods of rural communities. The objective of this
paper is to assess the economics of biofuel production using Sorghum and Pearl millet feedstocks in India
using a Life Cycle Analysis (LCA) approach. Baseline study was conducted during the year 2013 in the
Madhya Pradesh state of India covering five districts and 333 sample farmers to understand the farmers
perception about the various issues related to the production of biofuels using Indian staple food crops
Sorghum and Pearl millet. Empirical data from the multi-locational trials conducted during the years
2014–2015 and 2015–2016 in farmers’ fields was used to conduct the LCA analysis. Sorghum and Pearl
millet feedstocks which are rain-fed crops are considered for bioethanol production with different pretreat-
ment methods. Net Energy Ratio (NER), Net Energy Balance (NEB), Net Carbon Balance (NCB), and %
Carbon reduction were some of the key parameters used for analysis and the results are evaluated based on
the environmental impacts through the Life Cycle Assessment at 5% blending. Findings reveal that, dilute
alkali pretreatment process is most energy intensive due to consumption of alkali consumption. Whereas
dilute acid pretreatment has higher conversion efficiency than the other pretreatment processes which is due
to higher glucan and xylan conversion efficiencies.
The study concludes that Sorghum feedstock is more energy intensive than Pearl millet feedstock due to

higher water requirement and yield. Biofuels, either conventional or advanced, should not been couraged
without a comprehensive outlook on the overall impact that will ultimately have on the society, environ-
ment, or on the countries’ energy security. Efforts should be made toward encouragement of research and
development in the field as well as in formulating a comprehensive and effective biofuel policy for India.

Key words Biofuels, Sorghum, Pearl millet, Energy security, Sustainability, Clean energy, Food
security, Fodder security, India, Life cycle analysis
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1 Introduction

Depletion of fossil fuels at an alarming rate has attracted increasing
attention to blending biofuels worldwide. India’s energy demand is
growing at an annual rate of 4.2% with highest demand growth of
+129% in 2017 [1]. Depletion of fossil fuels at an alarming rate
coupled with ever-growing challenges due to anthropogenic
induced climate change has attracted increasing attention to blend-
ing biofuels worldwide. According to the International Energy
Agency (IEA), India will become the largest single source of global
oil demand growth after 2020 [2]. Hence, India needs energy
security along with environmental sustainability so that the
eco-capacity of the conserved and environmental uncertainty aris-
ing from events such as climate change is mitigated. Of the total
primary energy supplied to Indian economy in 2016, as much as
75% was from commercial fuels while 25% was from noncommer-
cial fuels. Out of the total commercial energy, coal constitutes
56.76%, followed by oil (29.28%), natural gas (6.2%), and carbon-
free hydro, nuclear, and other new renewable resources (7.4%)
[2]. Despite coal being the country’s major resource endowment,
the major source of India’s energy insecurity is the heavy and
growing dependence on oil imports. Of late, there have been
sharp rising trends in crude oil prices coupled with volatility.
India’s transportation fuel requirements are unique as it consumes
almost six to seven times more diesel fuel than gasoline, whereas in
the rest of the world, almost all the other countries use more
gasoline than diesel fuel. Biofuel is a nonpolluting, locally available,
accessible, and reliable fuel obtained from renewable sources. It is
seen by many as a “clean” form of energy as the amount of CO2

released, when it is burned, is generally equivalent to the amount of
CO2 captured during the growth of the crop that produced
it. Since biofuels can be produced from a diverse set of crops,
each country can also adopt its local/regional/country-specific
strategy in order to achieve comparative advantage. Globally liquid
fuels are produced from plantations, agricultural residues, weeds
and organic urban and industrial wastes. Despite their appeal as an
alternative to fossil fuels, biofuels are also subject of considerable
controversy. Biofuel production is not considered truly carbon-
neutral because the stages of production need nonrenewable
energy while transporting and processing. In India, the National
Policy on Biofuels [3] has an ambitious target of mainstreaming the
use of biofuels-bioethanol and biodiesel by 20% blending with
Petrol and High Speed Diesel (HSD) by 2017. The policy centers
around the plantations and production of Jatropha (Jatropha cur-
cas) on wastelands for the achievement of this target. However the
target could not be achieved and even today in 2020 only 5%
blending could be achieved. With self-sufficiency levels in crude
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oil becoming a distant dream, there is growing interest to look out
for alternative fuels and the biofuels are an important option for
policy makers in India [4].

The literature review projects a mixed picture about the eco-
nomic, environmental, and social viability of biofuels. Except for
the experiences related to jatropha, no literature is available with
reference to biofuel production from staple food crops in India.
Experiences from Europe and other South American countries,
however, provide learning opportunities with regard to policy,
technology barriers especially in terms of conversion, problems
associated with trade linkages, and most importantly long-run
economic viability. A strong synergy of rationales such as the pros-
pect of reduction in external dependence, better environment, and
creation of additional employment opportunities make a strong
case for promotion of biofuels in India. However, reviews [4–8]
suggest that it is difficult to achieve all of the objectives simulta-
neously and it would be a demanding task to couple capacity
expansion with environmentally substantial production, while at
the same time limiting biofuel burden on the state budgets. The
outlook for biofuels is also highly sensitive to possible changes in
government subsidies and blending mandates, which remain the
main stimulus for biofuels use. Over the past year, much uncer-
tainty has developed about how biofuel policies in several key
markets will evolve [2]. The important barriers for successful imple-
mentation of biofuels come from the farmers—the chief stake-
holders, and given the fact that India’s majority livelihoods are
linked and relinked to agriculture, caution must be exercised in
promoting biofuel production from food-based crops.

2 Objectives of the Study

CESS has looked into the socioeconomic and Life Cycle Analysis of
biofuel production through cultivation of Jowar and Bajra feed-
stocks in India with the following objectives.

2.1 Objectives of the

Study

1. To understand the existing scenario with reference to two
biofuel crops, Jowar (Sorghum bicolor) and Pearl millet (Pee-
nisettum glaucum), in the state of Madhya Pradesh.

2. To understand the socioeconomic aspects of sample farmers.

3. To assess the economics of Jowar and Pearl millet crop cultiva-
tion of the sample farmers.

4. To examine the drivers and barriers in cultivation of biofuel
crops.

5. To understand the awareness levels of sample farmers regarding
biofuel cultivation and its impact of food and fodder security.
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6. To conduct Life Cycle Analysis of Sorghum and Bajra feed-
stocks for biofuel production.

7. To contribute to the overall policy discourse on biofuels culti-
vation in India.

3 Research Methodology

The state of Madhya Pradesh in India has been selected for the field
study. The state of Madhya Pradesh is home to a total population of
72.6 million (2011 Census) and a schedule tribe population of 15.3
million (highest in the country). Schedule tribes constitute 21.1%
of the total population of M.P. (India—8.6%). Madhya Pradesh
ranks 20th in Human Development Index in India (2008–2009)
with a literacy rate of 70.6 (as against India’s 74.02%). Similarly, ST
literacy rate in Madhya Pradesh state constitutes 50.6% as against all
India ST literacy rate of 58.96%. The total geographical area of the
state works out to 307.56 lakh ha with a recorded forest area is
95,221 Sq km, constituting 31% of the geographical area of the
state and 12.44% of the forest area of the country. Madhya Pradesh
state consists of 50 districts, out of which 21 are tribal districts.
Jhabua, Dhar, and Mandla districts account for more than 50% of
tribal population, while Kharghone, Seoni and Chindwara, Sidhi
and Shadol districts for 30–50% population of tribal population.
There are 46 tribal communities inhabitingMadhya Pradesh, out of
which six communities, i.e., Bhils, Gonds, Kol, Korku, Sahariya,
and Baiga constitute 92.2% of the state ST population. There are
12 tribal communities with a population below 1000, out of which
3 are special primitive groups. Bhil is the most populous tribal
group (2011 census) with a population of 4,618,068 (37.7%),
followed by Gonds (35.6%). Over the last decade the tribal popula-
tion has increased by 3.1 million. Major livelihood sources of tribals
include farming, livestock rearing, casual labor, migration, and
collection of minor forest produce such as tendu (Diospyros mel-
anoxylon) leaves, fodder, and fuel wood.

Our study has undertaken the baseline study during the year
May 2013–2014 and empirical studies with sample farmers of
multi-locational trials during the year 2014–2015 Kharif season
(June to Oct) and 2015–2016 Kharif season. These different
rounds of studies have primarily focused on the socioeconomic,
ecological, food security, and livelihood dimensions of biofuel pro-
duction through the food crops such as sorghum and Pearl millet.

3.1 Study Area,

Sample, and Data

Analysis

Gwalior, Khargone, Dewas, Morena, and Bhind districts hosting
large areas of Sorghum and Pearl millet were selected for the study.
A total of ten villages (consist of more than 15,000 farmers of
which approx. 70% farmers cultivate biofuel crops) were selected
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from five districts where the trials of high biomass feedstocks were
conducted by Work Package I partners of the project (who are
responsible for the development of high biomass feedstocks). For
baseline survey stratified proportionate random sampling was used
covering 333 farmers belonging to different size classes in ten
villages. Similarly, in 2014–2015 kharif season, field survey was
done with all the 78 farmers in whose fields multi-locational trials
of high biomass varieties of Jowar and Bajra were sown. For the year
2015–2016 Kharif all the 83 farmers, in whose fields MLTs were
conducted, were selected for the data collection. The study used
both qualitative and quantitative methods. Personal interviews
were conducted with a structured interview schedule. The study
used an ex post facto research design which is a systematic empirical
inquiry in which the researcher does not have direct control or
influence over the variables because their manifestations have
already occurred. Participatory research tool Focused Group Dis-
cussions (FGDs) helped to understand the livelihoods, food and
fodder security issues of biofuels. Secondary data on land use,
fertilizer use, and demographic features of the district were col-
lected from the survey reports by the Directorate of Census, Mad-
hya Pradesh, Fertiliser News, and Ministry of Agriculture. The data
analysis was basically conducted in two ways. One was comparing
between the various size classes of large, medium, and small farm-
ers. The results of the study are discussed at two levels: one at the
household level and the other at the plot level. The data gathered
was analyzed using different statistical tools. Averages, frequency,
and percentages were used to analyze the various information
related to jowar and bajra cultivation.

4 Findings of the Study

4.1 Socioeconomic

Analysis: Findings of

Baseline Survey

The socioeconomic features, age group, literacy level, livestock
population, market distance, farming experience, social participa-
tion, caste composition, landholding, net income and borrowings,
awareness on biofuels cultivation, use of jowar crop for biofuel
production and its impact on food and fodder are some of the
important issues discussed so as to get insight into the issues of
jowar crop cultivation for biofuel production. Among the total
(333) sampled households, 58% belonged to other Backward Com-
munities1 (OBCs) followed by Other Castes (OCs) 17.40%, SC2s
15.3% and STs 9.33%. Out of the total sampled farmers, 29.10%
were not literate, followed by upper primary (23.10%), and tenth

1Backward communities can be defined as a social category which consists of all the socially, educationally,
economically and politically backward groups, castes, and tribes.
2Scheduled Castes (SCs) and Scheduled Tribes (STs) are officially designated groups of historically disadvan-
taged people in India.
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class (15.90%). This could be due to lack of proper educational
infrastructure in these villages. Majority (63.1%) of the sampled
households in the study area live in joint family system which is
quite contrary to the emergence of nuclear family system in other
parts of India. This will enable the better availability of family labor
in farming in general and biofuel production in particular. Primary
occupation in the study area was farming, followed by agricultural
casual labor. Similarly, livestock was predominantly secondary occu-
pation for many sample households. One of the major objectives of
the project was to utilize the existing wastelands in Madhya Pradesh
to cultivate high biomass producing jowar and bajra varieties.
Nearly 1.2 million ha [3] of culturable waste is present Madhya
Pradesh. The fertility level of these soils is very low to support the
cultivation of high biomass producing varieties which are generally
input-intensive. Moreover, at the national level there is a huge
difference in the areas reported under waste land by different
agencies. Given the lack of clarity on the exact area of waste land
available in India, the argument for promoting sorghum and pearl
millet production in these waste lands in future is a questionable
proposition. Majority (48.6%) of the sample plots are interestingly
having average soil quality as perceived by farmers and 25.3% of the
sampled plots are of good quality. This has implication for high
biomass jowar cultivation as soil fertility will directly affect crop
yield. Borewell is the major source of irrigation (46.4%) for sampled
households, followed by rainfall (27.3%), and canal irrigation.
Gross cropping area of various crops in Madhya Pradesh clearly
indicates that jowar and bajra occupy 2.1% and 0.8%, respectively.
However, the study sites of the baseline survey have considerable
area under sorghum and pearl millet, and interestingly soya bean
did not spread in the study villages. Jowar (around 35%) accounts
for the largest share of crop that is being cultivated among the
sampled households, followed by bajra (11.5%). This is due to the
fodder requirement of the region due to its strong milk economy.
Varietal diversity exists in the case of both jowar and bajra crops.
High-yielding varieties occupy a major area in case of both crops.
During kharif 2013–2014, the major area of the sample households
was under High-Yielding Varieties (HYV) jowar (253.12 acres),
followed by maize (112.75 acres) and cotton (106 acres). Interest-
ingly, the height of some of the traditional sorghum varieties grown
by farmers were of at least 12 feet and the price it fetches in the open
market is Rs. 2500/quintal. Farmers perceive that traditional white
sorghum fetches a better market price than other sorghum varieties.
It is observed that most of the sample households own buffaloes
followed by cows and bullocks. It is evident from the baseline study
that among the total sampled farmers, the majority (58.6%) had not
taken any loan, and those who accessed loans, the primary purpose
of loan is observed to be for the purchase of agricultural inputs
(21.9%) followed by 6.9% for consumption purpose and
irrigation (6%).
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Traditional and high-yielding varieties of jowar were yielding
well, doing well in the year 2012–2013, as compared with hybrid
jowar. During the years of lesser rainfall the hybrids do not perform
well. Moreover, hybrid jowar attracts certain pests and diseases,
thereby affecting the yield and income. Baseline survey findings
clearly indicated that the high biomass jowar and bajra varieties
being promoted in the project should be more fetching than the
existing cultivars of these staple food crops; they should also have a
comparative advantage simultaneously with other crops such as the
soya bean, wheat, and mustard. Otherwise the farmers might not
be inclined to adopt these varieties for biofuel production.

Farmers’ perception regarding biofuels and their cultivation
was also assessed in the present study. Nearly 92% of the sample
households did not have any awareness about the biofuels andmore
so about the production of biofuels from agricultural crops such as
jowar and bajra. As the probing got deeper, it was interesting to
observe that 38.44% of the households agreed that diversion of
jowar and bajra for biofuel cultivation will result in shortage of food
grains while 61.56% did not perceive a reduction in the food supply.
Similarly, majority of the households (51.96%) believed that the use
of jowar and bajra crops for biofuel production will affect the
fodder security of their animals.

4.2 Multi-locational

Trials (MLTs) of High

Biomass Varieties

MLTs were conducted during the year 2014–2015 Kharif and
2015–2016 Kharif. Two surveys of these MLTs were conducted
with an objective of addressing the suitability of High Biomass
Varieties (HBVs) of Jowar and Bajra feedstocks with regard to
crop economics, socioeconomic dynamics, and potential
up-scaling issues. Data of 2015 and 2016 MLT field trials shows
that there is inconsistency in the varieties being used in trials
vis-à-vis the varieties that are being used in treatment analysis.
Major findings of the 2014–2015 Kharif trials was that the average
income (includes both grain and fodder yield) was relatively lower
for the HBV varieties promoted in the project as compared to the
ones being cultivated in the previous year (base line survey period).
The value of Jowar dry fodder changed from village to village.
However, it generally ranged between Rs. 1–2/kg. In the case of
Bajra crop fodder, there was a wide difference observed during
2015–2016 Kharif and it varied between Rs. 1/kg in Bijoli to
Rs. 5/kg in Nahardonki of Gwalior region. The cost of fodder
has implications for biofuel production as it is this material that is
used as raw material. The lower the fodder price, the more eco-
nomical will be the biofuel production from these crops. From last
2 years (i.e., from 2014–2015), there is huge increase in market
price (went up to Rs. 4500/quintals in 2016) of traditional Safed
Jowar variety due to its utility for some industrial purpose. When it
comes to biomass yield, 2015-ICFPM-1 of Bajra crop and ICSSH-
28 and ICSV 93046 were performing much better than existing
varieties in 2015–2016 Kharif.

Economics of Biofuel Production: A Case of Sorghum and Pearl Millet in India 293



5 Drivers and Barriers for Bioethanol Production in India

5.1 Drivers There are several reasons for which biofuel production in general
and ethanol production in particular are being encouraged not only
in India but also across the world. First is the notion of energy
security. Energy security is a catch all term to mean increased
reliance on domestically produced fuels so as to be insulated from
the high volatility of oil prices by switching to biofuels. Secondly, if
a goodmarket for ethanol is developed, growing ethanol crops such
as corn or sugarcane more extensively will be profitable and result in
higher revenues, making farmers well off, thus contributing to
rural development. It also contributes to job creation and acts as
a support to the agricultural economy. Thirdly and finally, environ-
mental sustainability is also an important driver in the production
of biofuel crops. Biomass fuels such as ethanol are seen as better
than fossil fuels for two reasons: (a) they are renewable and hence
contribute to sustainable development and (b) they are seen as a
means of reducing GHG emissions.

5.2 Barriers The National Policy on Biofuels mandates a 20% blending of etha-
nol in petrol by the year 2017. The Ethanol Blending Programme
(EBP) can be a reality only when there is an adequate supply of
ethanol. One of the main reasons for the lack of adequate supply of
ethanol is due to a deficiency in growing biofuel crops in India.
According to the National Policy on Biofuels, biofuels have to be
produced without compromising the food security. It is based
solely on non-food feedstocks to be raised on degraded or waste-
lands that are not suited to agriculture, thus avoiding a possible
conflict of fuel vs. food security. Due to this constraint, India has
not been able to look beyond crops other than sugarcane for the
production of ethanol.

Another problem is the term wastelands itself. Those lands that
are declared as wastelands by the Government in reality are proba-
bly used by poor farmers for grazing their livestock or for growing
food crops for their sustenance. So allotting these lands for biofuel
crops may lead to dispossessing poor farmers of their lands.
Another problem with growing biofuel crops, especially sugarcane
in India, may actually be a bane instead of a boon. Production of
sugarcane on a large scale results in the consumption of a significant
amount of water. With water already being scarce in many parts of
the nation, biofuel crops may actually be a bane. Other barriers in
the non-realization of bioethanol blending in petrol in general
include the battle between the alcohol sector, medicinal sector,
and fuel sector for ethanol.
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6 Life Cycle Analysis of Jowar and Bajra Feedstocks

6.1 Life Cycle

Assessment

Methodology

“Cradle to Grave” approach (holistic approach that links the infor-
mation it collects from analysis to product development) of Life
Cycle Assessment designed an excel-based model that was used to
assess the renewability potential of the bioethanol feedstocks. This
model was designed based on the ISO 14040-Life Cycle Assess-
ment Standard [9] to design the system boundaries for a functional
unit of 1 ton/Day (TPD) of dry biomass feedstock plants. These
system boundaries included feedstock farming, transportation of
feedstock, ethanol production, ethanol transportation, ethanol
blending, and fuel combustion. Along with the baseline survey
data (of 2013) collected for feedstock with 333 farmers covering
five districts of Madhya Pradesh state of India, empirical data from
the 66 multi-locational trials of sorghum and pearl millet con-
ducted during the years 2014–2015 and 2015–2016 in farmers
fields were used to conduct the LCA analysis. Data from secondary
sources were also used to conduct the analysis.

Life Cycle Assessment as per the ISO-14040 has multiple steps.
They are (a) to define the goal and scope of the work, (b) inventory
analysis, (c) impact assessment which demands clear distinction and
definition of all the unit processes and their impact separately, and
(d) interpretation phase which validates the study and provides
concluding remarks for the product under study.

6.2 Approach To carry out a LCA for sorghum and pearl millet stalks as feedstock
and identifying their viability for biofuel production is the main
goal of this approach. As per the LCA methodology, it is important
to design a system boundary. The first step to any process design is
to develop a set of process flow diagrams (PFDs). Figure 1 contains
the PFDs used for this study. A typical ethanol production requires
separate saccharification of pentose and hexose sugars. In this study,
simultaneous saccharification and co-fermentation are considered.
Farming data was collected from the field surveys conducted by the
authors and the data from agro-India. High Biomass Variety (HBV)
was considered for this study and the data on these hybrids were
taken from International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) and Indian Institute of Millet Research. In
the present model analysis was carried out for both rain-fed and
irrigated crops. Lignocellulosic feedstock considered in this study
are a high biomass variety crops which yield high fodder and are
grown specifically for meeting bioethanol blending target. This
feedstock gives fodder which is considered as an additional market
value gained and hence it is important to holistic approach that
links the information it collects from analysis to product develop-
ment and analyze its life cycle inventory from the farming stage for
a better comparison and allocation. Certain inventory input values
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were either calculated for Madhya Pradesh region or collected from
secondary data sources. The model considers mass and energy
balances associated within the processes.

6.3 Process

Overview

Processes included in this study and their significance is explained in
this section:

l Farming: The feedstock is cultivated, harvested, and dried in this
process.

l Feedstock handling and storage: The feedstock is handled and
stored at the farm and transported using a tractor or truck.

l Size reduction: Size reduction is through a knife mill.

l Pretreatment: This process is carried out to separate lignin from
the cellulose and hemicellulose.

l Simultaneous Saccharification and co-fermentation: Hydrolysis
and fermentation is carried out to convert the glucose and xylose
to ethanol.

l Distillation: Steam distillation is employed to purify ethanol.

l Product purification: the product ethanol is purified using a
second distillation column to refine the ethanol and then the
ethanol is denatured.

l Product storage: Ethanol produced is directly shipped to the
nearest blending stations instead of storing.

l Wastewater treatment: Water is treated and the lignin is sepa-
rated from the wastewater.

l Lignin Combustion: Lignin combustion to produce process
steam and excess steam to produce electricity.

l Ethanol transportation to the blending station.

l Ethanol blending at the blending station.

l Ethanol blended fuel combustion.

Process overview is indicated in the process flow diagram
shown in Fig. 1.

6.4 Life Cycle

Assessment System

Life Cycle Assessment is an analysis to assess the impacts associated
with all the stages of the product formation from the raw materials.

6.4.1 Farming and

Transportation of the

Feedstock

Farming includes soil preparation, sowing, cultivation, and harvest-
ing. Soil preparation involves ploughing and leveling which can also
be mechanized. Water will be provided for the crop based on the
irrigation requirement and number of irrigations. Crop duration is
120 days and on attaining maturity the crop is harvested by cutting
down the stem and allowing the remaining plant to fertilise the soil.

Basis: As per ISO standards, Functional Unit ¼ 1 Tonne/Day
(TPD) of dry biomass feedstock.
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6.4.2 Land Requirement Table 1 indicates the land required for growing feedstock for a plant
capacity of one Tonne/day (TPD). It is calculated based on the dry
biomass yield [10].

Equation 1

Land requirement hectareð Þ ¼ Plant capacity TPDð Þ
Drybiomass yield Tonne

hectare

� �

6.4.3 Water Requirement Sorghum and Pearl millet are usually rain-fed crops. To estimate the
impact caused if the crop was irrigated, water requirement becomes
an important parameter. Water requirements for crops are given in
terms of depth of irrigation and number of irrigations (see Table 2).
Average values for kharif and rabi crops are considered for irrigation
depths [11]. The crop is irrigated at the flower primordial initiation
and flowering stages, i.e., 70–80 days after cultivation.

Equation (2): water requirement

Water requirement kLð Þ ¼ water depth mmð Þ � Area hað Þ
�Noof irrigations

6.4.4 Chemicals

Required

Chemical inventory was based on the empirical data collected by
CESS from farmers of Madhya Pradesh state (see Table 3). Fertilizer
and pesticide usage for sorghum and pearl millet crops was based on
farmer’s survey in Madhya Pradesh.

Table 1
Feedstock or biomass yield and land requirement

Feedstock Dry fodder yield (kg/acre) Land requirement (ha)

Sorghum stalk 4000 0.10

Pearl millet Stalk 2000 0.20

Table 2
Water requirement

Feedstock
Water depth
(mm)

One irrigation water requirements
(kL/ha)

No of
irrigations

Water requirement
(kL)

Sorghum
stalk

550 5500 1–2 550

Pearl millet
Stalk

300 3000 1–2 300

A depth of water (mm) requirement is converted to mm3/ha
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6.4.5 Diesel Requirement Land preparation is a one crop time activity where the ploughing is
done well in early showers. It is done using a cart or a tractor. By a
stakeholder interaction with a farmer, diesel requirement for land
preparation is 4–7 L/acre.

6.4.6 Electricity

Requirement

3 HP electric pump for irrigation is used in case of water drawn
from bore well (see Table 4). In case of rain-fed crops, electricity
requirement become nil in case of irrigation purpose. This pump
has a Total Dynamic Head (TDH) of 20–22 m [12]

Equation (3): Electricity requirement

Electricity requirement kWhð Þ ¼
water requirement

L
ha

� �
� power consumption

kWh
L

� �
�

water requirement
L
ha

� �
� power consumption

kWh
L

� �
� Area hað Þ

Equation (4): Power of an electric pump

Power consumption of apump ¼ 2:725� TDH
η

where η ¼ 0.63
1 Mega L of water to lift to 1 m of height uses 2.725 kilowatt-

hours (kWh) of electricity [13].

Table 3
Fertilizer/pesticides requirement for Sorghum and Pearl millet crops

Feedstock
Urea
(kg/acre)

Di-ammonium phosphate
(DAP) (kg/acre)

Potash
(kg/acre)

Complex
(kg/acre)

Herbicides
(L/acre)

Pesticides
(L/acre)

Sorghum
stalk

71.3 60.1 41.3 117.8 1.0 1.5

Pearl
millet
Stalk

45.2 20.0 6.0 0.0 1.0 1.5

Area converted from bigha to acre. 1 acre ¼ 2.49 bigha (Easy Calculations.com 2017)

Table 4
Power consumption for irrigation

Feedstock Power consumption (kWh)

Sorghum 52.71

Pearl millet 57.47
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6.4.7 Seed Requirement Based on the literature, seed requirements are 10 and 7 kg/ha for
Sorghum and Pearl millet, respectively [14, 15]. Seed requirement
for feedstock sorghum and pearl millet is seen in Table 5.

6.4.8 Labor Requirement Labor requirement in Madhya Pradesh is 36.13 and 45.08 Man-
days/ha for Sorghum and Pearl millet feedstock respectively
[16, 17]. Assumption of 8 working h is considered per day (see
Table 6).

6.4.9 Transportation of

Feedstock

A certain underlying assumptions for making this feedstock viable
and to avoid the risk due to expensive transportation, farm to plant
distance is 50 km as suggested by CESS. Transportation of the
feedstock is usually by a 40 HP tractor from the farm to the plant.
Through farmer’s survey, an average carrying capacity of a 40 HP
tractor is 5 ton which consumes 4 km/L of diesel in loaded condi-
tion and 7 km/L in unloaded condition. The feedstock can be
collected and transported once in 5 days to divide the transporta-
tion inventory.

Equation (5): Fuel consumption for transportation

Fuel consumed ¼ Cp � distance
� �

= C t �mileageð Þ
where Cp is the capacity of the plant (TPD)

Ct is the capacity of the vehicle (Tonnes)
Distance in km
Mileage in km/L

Table 5
Seed requirement for feedstock

Feedstock Seed requirement (kg)

Sorghum 1.01

Pearl millet 1.42

Table 6
Labor requirement for farming

Feedstock Labor requirement (Man-hour)

Sorghum 29.2

Pearl millet 73.0
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7 Ethanol Production

Dry biomass feedstock is fed to a knife mill where the straw is
debaled (opening of compressed bale) and size reduced to
10 mm. The crushing capacity of a knife mill is 360 kg/h with
the power consumption of 10.53 kWh/Tonne [18]. The crushed
biomass feedstock is sent to the pretreatment reactor through a
level ground conveyor of 100 TPH capacity (power capacity of
3.75 hp) connecting 300 ft. distance [19]. The composition of
dry Sorghum and Pearl millet stalk is in Table 7.

Production of cellulosic ethanol via biological conversion con-
sists of three critical steps:

l Pretreatment of biomass

l Hydrolysis of sugar polymers to sugar monomers and

l Fermentation of sugar monomers to ethanol

7.1 Pretreatment The recalcitrant and heterogeneous structure of the biomass poses a
fundamental challenge to depolymerization of cellulose during
enzymatic hydrolysis process. Enzyme accessibility is restricted by
the lignin and hemicellulose which makes enzyme irreversibly bind
to lignin thus slowing down the process [20]. Pretreatment meth-
ods are aimed at enhancing the susceptibility of lingo-cellulosic
biomass to enzymes, thereby degrading the hemicellulose and lig-
nin. Cellulose in the form of glucan and hemicellulose in the form
of xylans and converted to pentose and hexose sugars in this model
for ethanol production. Pretreatment of both Sorghum and Pearl
millet feedstocks are explained in this section.

The following are the major pretreatment techniques used in
agro-based feedstocks:

l Dilute acid

l Steam explosion

Table 7
Feedstock composition

Component Sorghum stalk (%) Pearl millet stalk (%)

Cellulose 35.9 41.0

Hemicellulose 26.0 20.9

Lignin 7.5 18.3

Ash 0.7 6.0

Moisture 15.0 10.0

Others 14.9 3.9
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l Hot water

l Dilute alkali

l Alkali hydrogen peroxide

7.1.1 Dilute Acid (DA) The biomass consisting of cellulose, hemicellulose, and lignin is
treated with 1% w/w sulfuric acid at 180 �C and 11 bar in a reactor
for 15 min. Sulfuric acid acts as a catalyst. High and low pressure
steam is fed into the reactor for maintaining the water in liquid
stage. At this stage, some of the cellulose is hydrolyzed to glucose.
A fraction of lignin is converted to soluble lignin. However, most of
the hemicellulose gets hydrolyzed in this process [20].

7.1.2 Steam Explosion Biomass is heated at high pressure of 15 bar at temperature of
180�C for 15 min and is flashed into a tank where the rapid
expansion of steam causes rupture of the biomass structure. This
process is highly effective on feedstock with large particle sizes,
thereby reducing the energy requirement for size reduction [20].

7.1.3 Hot Water In an auto catalyzed hot water pretreatment process, acetic acid
released from hemicellulose and self-ionization of water at elevated
temperatures act as dilute acid for breaking the cellulose and hemi-
cellulose sugars. Thus, feedstock undergoes hydrolysis [20].

7.1.4 Dilute Alkali In this process, alkali swells the cellulose, thereby increasing the
surface area promoting the separation of carbohydrates from lignin.
This treatment also removes acetyl groups of hemicellulose result-
ing in higher lignin removal during dilute alkali pretreatment com-
pared to other pretreatments [20].

7.1.5 Alkali Hydrogen

Peroxide

It is an advanced method developed by the Indian Institute of
Chemical Technology (IICT)-Hyderabad and Indian Institute of
Technology (IIT)-Delhi has a Work Package-2. This process is
effective for higher digestibility and prevents the formation of
inhibitors. 1% (w/w) of alkali and hydrogen peroxide is added to
the biomass feedstock at 550 �C and atmospheric pressure for 4 h.
This pretreatment method eliminates the formation of furfural and
hydroxymethy furfural (HMF) which inhibits the hydrolysis.

The reaction conditions of all the pretreatment processes car-
ried out in this study are in indicated in Table 8.

Under the above reaction conditions, the following reaction
stoichiometry is attained where hydroxy methyl furfural (HMF)
and furfural are fermentation inhibitors.

Glucanþ 0:111H2O ! 1:111Glucose

Xylansþ 0:136H2O ! 1:136Glucose

Lignin ! Soluble Lignin
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Xylose ! 0:64Furfuralþ 0:36H2O

Glucose ! 0:7HMFþ 0:3H2O

A summary of the pretreatment reaction conversion is men-
tioned in Table 9 [20].

7.2 Simultaneous

Saccharification and

Co-fermentation

The pretreated biomass was hydrolyzed using the enzymes cellulase
and hemicellulase for cellulose and hemicellulose, respectively. The
enzyme loading of 15 Filter Paper Unit/gram (FPU/g) of cellulose
was considered for dilute acid, steam explosion, dilute alkali, and
hot water treatment (see Table 10). Cellulose and hemicellulose
hydrolysis can be done by Simultaneous Saccharification and
Co-Fermentation (SSCoF) reactor which is proven successful in a
pilot-scale study [21–23].

Glucose is hydrolyzed by Saccharomyces Cerevisiae. Zymomo-
nas mobilis is an organism tested for co-fermentation of glucose and
xylose [24]. Reaction conditions, conversions, and inventories are
considered by work done by Deepak Kumar [20].

Table 8
Pretreatment conditions

Conditions Units
Dilute
acid

Steam
explosion

Hot
water

Dilute
alkali

Alkali hydrogen
peroxide

Temperature �C 180 180 180 180 55

Pressure Bar 11 11 11 11 1.0135

Residence time Min 15 15 15 15 240

Solid loading % 20 30 20 20 20

Acid/alkali
loading

% w/w 1 0 0 1 1

Table 9
Pretreatment conversion

Dilute acid
(%)

Steam
explosion (%)

Hot water
(%)

Dilute alkali
(%)

Alkaline hydrogen
peroxide (%)

Cellulose to
glucose

13.04 5.00 0.43 0.29 50.00

Xylan to xylose 60.26 70.00 70.00 0.72 22.50

Lignin to soluble
lignin

5.00 5.00 5.00 25.00 15.00

Xylose to furfural 5.00 15.00 2.50 0.01 0.00

Glucose to HMF 5.00 15.00 2.50 0.01 0.00
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Under the above reaction conditions, the following reaction
stoichiometry is attained.

Glucanþ 0:111H2O ! 1:111Glucose

Xylansþ 0:136H2O ! 1:136Glucose

Glucose ! 0:489CO2 þ 0:511Ethanol

Xylose ! 0:489CO2 þ 0:511Ethanol

Based on the stoichiometric balances, following conversions of
ethanol under different pretreatment conditions is shown in
Table 11 and their inventory is in Tables 12, 13, and 14 for
Sorghum and Pearl millet stalks, respectively.

The Life Cycle inventories are shown below. Chilled water,
cooling water are used to dissipate heat during all the post heating
process operations. Chemically treated water is used in processes for
feedstock processing, dilutions, and cleaning operations. DAP is
used as a nutrient source for Z. Mobilis growth [5].

Table 10
Reaction conditions

Parameters Units
Dilute
acid

Steam
explosion

Hot
water

Dilute
alkali

Alkali hydrogen
peroxide

Temperature �C 35 35 35 35 55

Enzyme
loading

FPU/g
cellulose

15 15 15 15 15 FPU/g biomass

Time Days 5 5 5 5 0.25

Table 11
Conversion of ethanol from feedstock

Conversion
Dilute acid
treatment (%)

Steam
explosion (%)

Hot water
(%)

Dilute
alkali (%)

Alkaline hydrogen
peroxide (%)

Cellulose to
Glucose

79.0 70.0 78.5 84.8 67.5

Xylan to
xylose

80.0 80.0 80.0 80.0 64.1

Glucose to
ethanol

95.0 95.0 95.0 95.0 80.0

Glucose to
CO2

95.0 95.0 95.0 95.0 80.0

Xylose to
ethanol

70.0 70.0 70.0 70.0 80.0

Xylose to CO2 70.0 70.0 70.0 70.0 80.0
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7.3 Distillation and

Steam Production

Followed by the SSCoF process, the slurry is stored in a beer well
for 4 h to allow settling. Ethanol is distilled using two distillation
columns D1 and D2. The ethanol vapors from the first column are
enriched in the second distillation column. In the process of

Table 13
Life cycle inventory for sorghum stalk-ethanol production

Inventory Dilute acid
Steam
explosion Hot water

Dilute
alkali

Alkaline hydrogen
peroxide

Electricitya 179.29 168.35 164.80 164.00 175.47

Steam 1892.17 1169.76 1904.67 1835.54 1836.0

Steam (High
pressure)

134.47 179.96 133.10 132.46 132.5

Cooling water 160,159.29 116,523.16 180,642.23 157,850.48 157,886.5

Chilled water 233.72 258.33 266.21 264.92 265.0

Chemically treated
water

28,417.84 28,718.62 28,278.43 28,081.93 28,088.3

Water 1920.99 1257.71 1901.50 1892.31 1892.7

Sulfuric acid 65.95 0.00 0.00 15.45 15.5

Ca Hydroxide 32.02 0.00 0.00 0.00 0.00

DAP 0.32 0.29 0.32 0.32 0.32

Cellulase 83.88 87.66 95.71 95.25 95.27

Yeast 0.96 1.16 0.95 0.95 0.97

Sodium hydroxide 0.00 0.00 0.00 49.52 49.53

Gasoline 2.56 2.32 2.54 2.52 2.52

Hydrogen peroxide 0.00 0.00 0.00 0.00 49.53

All units in kg
aUnits in kWh

Table 12
Ethanol yield from different pretreatment and feedstocks

Ethanol
yield

Dilute acid
treatment (%)

Steam
explosion (%)

Hot water
(%)

Dilute alkali
(%)

Alkaline hydrogen
peroxide (%)

Sorghum
stalk

25.26 22.90 25.00 24.88 24.89

pearl millet
stalk

25.62 27.86 25.26 25.55 25.89

Ethanol yield is calculated as output ethanol (kg) to that of the input dry biomass feedstock (kg)
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enriching, an azeotrope of ethanol and water is formed in the
distillation column D1 is separated using a molecular sieve to
produce anhydrous ethanol which upon denaturing is ready for
blending with gasoline.

The bottom effluent from the first distillation D1 column has
lignin and non-fermentables. The bottom effluent is passed
through pneumapress that further separates solids and liquids.
Lignin rich solids are combusted in Fluidized Bed Combustor
(FBC) for steam generation. A liquid rich stream containing water
is evaporated, the evaporated condensate is recycled as process
recycle water and the concentrate is sent to FBC for combustion.
Steam produced from lignin fraction is more than the steam
requirement of the plant. The excess steam is utilized for power
generation which can be sold to the grid. The underlying assump-
tion is that 1 kL of ethanol gives 15.6 m3 of spent wash; 1 m3 of
spent wash gives 35 m3 of biogas; 1 m3 of biogas gives 2.5 kWh of

Table 14
Life Cycle Inventory for Pearl millet stalk-ethanol production

Inventory Dilute Acid
Steam
explosion Hot water

Dilute
alkali

Alkaline hydrogen
peroxide

Electricitya 181.86 204.79 166.49 168.40 182.07

Steam 1919.30 1422.96 1924.19 1884.83 1909.9

Steam (High
pressure)

136.40 218.92 134.47 136.02 137.8

Cooling water 162,455.52 141,745.27 182,494.03 162,089.01 164,246.2

Chilled water 237.07 314.25 268.94 272.04 275.7

Chemically treated
water

28,825.27 34,934.93 28,568.32 28,835.97 29,219.7

Water 1948.53 1529.95 1920.99 1943.12 1969.0

Sulfuric acid 66.90 0.00 0.00 15.87 16.1

Ca hydroxide 32.48 0.00 0.00 0.00 0.00

DAP 0.32 0.35 0.32 0.32 0.33

Cellulase 85.09 106.63 96.69 97.80 99.11

Yeast 0.97 1.41 0.96 0.97 0.33

Sodium hydroxide 0.00 0.00 0.00 50.85 51.52

Gasoline 2.60 2.82 2.56 2.59 2.63

Hydrogen peroxide 0.00 0.00 0.00 0.00 51.52

Ethanol produced 324.76 353.09 320.16 323.85 103.75

All units in kg
aUnits in kWh
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electricity and the same is calculated for different pretreatments for
Sorghum and Pearl millet feedstocks in Tables 15 and 16,
respectively.

8 Ethanol Transportation

Bioethanol transportation from plant to blending station is by
diesel driven tankers of 40 HP. The distance from the plant to the
blending and distribution station is 100 km. Truck capacity is
18,000 L with loaded and unloaded mileage of 6 and 7 km/L
[6, 25].

9 Blending

Blending of E5, E10, or E15 can be carried out in the model.
However, 5% blending of ethanol with gasoline by volume is con-
sidered under this report.

10 Combustion

Combustion of the ethanol-blended fuel in comparison to pure
gasoline in an IC engine is considered in this study.

Table 16
Ethanol production and by-product from Pearl millet feedstock

Product Dilute acid
Steam
explosion Hot water Dilute alkali

Alkaline hydrogen
peroxide

Ethanol (L) 324.76 353.09 320.16 323.85 328.16

Electricity
(kWh)

443.29 481.97 437.03 442.06 447.94

Table 15
Ethanol production and by-product from Sorghum feedstock

Product Dilute acid
Steam
explosion Hot water Dilute alkali

Alkaline hydrogen
peroxide

Ethanol (L) 320.16 290.26 316.92 315.39 315.46

Electricity
(kWh)

437.03 396.21 432.59 430.50 430.60
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11 Results

The results are evaluated based on the environmental impacts
through the Life Cycle Assessment at 5% blending. Net Energy
Ratio (NER), Net Energy Balance (NEB), Net Carbon Balance
(NCB), and % Carbon reduction are essential in analyzing LCA.
These parameters are calculated as below.

11.1 Net Energy

Ratio

It is the ratio of energy returned on energy invested. A fuel under
study is considered renewable only if the NER is greater than
one [26].

NetEnergy Ratio ¼ EnergyOutput from ethanol production
Energy Input for ethanol production

11.2 Net Energy

Balance

It is the difference between the output energy to that of the input
energy [26].

NetEnergy Balance ¼ EnergyOutput� Energy Input

11.3 Net Energy

Balance/kL of

Bioethanol

It is the net energy output/kL of bioethanol produced [26].

NetEnergy Balanceperkilo litre of bioethanol
GJ
kl

� �

¼ NetEnergy Balance
Quantity of ethanol

11.4 Net Carbon

Balance

It is the difference between the output and input carbon
emissions [26].

NetCarbonBalance ¼ OutputCarbon emissions
� InputCarbonEmissions

11.5 Net Carbon

Balance/kL of

Bioethanol

It is the net carbon emission output/kL of bioethanol
produced [26].

NetCarbonBalanceperkilo litre of bioethanol
tCO2e

kl

� �

¼ NetCarbonBalance
Quantity of ethanol

11.6 % Carbon

Emission Reduction

It is the net quantity of Greenhouse Gas emissions avoided by using
biofuel when compared to the use of fossil fuel [26].
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Percent carbon reduction ¼
1� Total Carbon Input

Quantity of Ethanol produced

� �
Emission factor of petrol

0
@

1
A%

NER, NEB, NCB without allocation for Sorghum and Pearl
millet feedstocks are estimated and presented in Tables 17, 18, 19,
and 20, respectively.

Sorghum and Pearl millet feedstock is a rain-fed crop and hence
rain-fed Sorghum feedstock is considered for bioethanol produc-
tion with dilute acid pretreatment in inferring the study as follows:

l The net energy ratio of bioethanol production from Sorghum
stalk by dilute acid pretreatment is 2.629, which implies that the
total energy output for the production of bioethanol is 2.629
times that of the input energy consumed during its production.

l The net energy balance of 1853.5 GJPY is the delivered energy
after subtracting the energy required for the production of
ethanol.

Table 17
Energy renewability indicators of Sorghum feedstock-ethanol

Pretreatment

Net energy ratio
Net energy balance
(GJPY)

Net energy balance/kL of
ethanol (GJ/kL)

Rain fed Irrigated Rain fed Irrigated Rain fed Irrigated

Dilute acid 2.629 2.492 1853.5 1790.9 17.5 17.0

Steam explosion 2.332 2.213 1549.1 1486.5 16.2 15.5

Hot water 2.421 2.303 1738.1 1675.5 16.6 16.0

Dilute alkali 1.908 1.834 1402.6 1340.0 13.5 12.9

Alkaline hydrogen peroxide 1.855 1.785 1358.9 1296.3 13.1 12.5

Table 18
Energy renewability indicators of Pearl millet feedstock-ethanol

Pre-
treatment

Net energy ratio
Net energy balance
(GJPY)

Net energy balance/kL of
ethanol (GJ/kL)

Rain fed Irrigated Rain fed Irrigated Rain fed Irrigated

Dilute acid 2.469 2.339 1805.4 1737.1 16.8 16.2

Steam explosion 2.374 1841.3 1909.6 1841.3 16.4 15.8

Hot water 2.279 2.167 1679.1 1610.9 15.9 15.2

Dilute alkali 1.829 1.757 1371.7 1303.5 12.8 12.2

Alkaline hydrogen peroxide 1.788 1.720 1351.8 1283.5 12.5 11.9
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l 17.5 GJ/kL of ethanol is the net energy balance/kL of ethanol
produced implying that the extra energy delivered/kL of etha-
nol produced.

l The net carbon balance/kL bioethanol is �0.76 tCO2e which
means that for every kL of bioethanol 0.76 tCO2e of emissions
would be reduced.

l The % carbon emission reduction by using bioethanol with
respect to the use of petrol is �42.45%, thus signifying that
bioethanol is a carbon-negative fuel. This inference has occurred
due to the fact that the energy consumed in the farming and
chemicals have played a significant role in increasing the carbon
emissions. These emissions can be reduced significantly by
reducing the inventory like water and acid/alkali used.

Rain-fed Pearl millet feedstock for bioethanol production
with dilute acid pretreatment infers the following:

Table 19
Environmental impact of Sorghum feedstock-ethanol

Pretreatment

Net carbon balance
(tCO2e/year)

Net carbon balance/kL of
bioethanol (tCO2e/kL)

% Carbon
reduction

Rain fed Irrigated Rain fed Irrigated Rain fed Irrigated

Dilute acid �80.62 �98.41 �0.76 �0.94 �42.45 �49.80

Steam explosion �98.88 �117.66 �1.03 �1.23 �53.57 �61.68

Hot water �90.07 �108.86 �0.86 �1.04 �46.51 �53.93

Dilute alkali �111.09 �129.88 �1.07 �1.25 �55.03 �62.48

Alkaline hydrogen peroxide �129.71 �148.49 �1.25 �1.43 �62.40 �69.86

Table 20
Environmental impact of Pearl millet feedstock-ethanol

Pretreatment

Net carbon balance
(tCO2e/year)

Net carbon balance/kL of
bioethanol (tCO2e/kL)

% Carbon
reduction

Rain fed Irrigated Rain fed Irrigated Rain fed Irrigated

Dilute acid �103.15 �123.63 �0.96 �1.17 �50.69 �58.59

Steam explosion �102.28 �122.76 �0.88 �1.05 �47.19 �54.45

Hot water �133.15 �133.63 �1.05 �1.26 �55.17 �63.18

Dilute alkali �133.00 �153.48 �1.24 �1.44 �62.34 �70.26

Alkaline hydrogen peroxide �151.24 �171.72 �1.40 �1.59 �68.63 �76.44
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l The net energy ratio of bioethanol production from Sorghum
stalk by dilute acid pretreatment is 2.47, which implies that the
total energy output for the production of bioethanol is 2.47
times that of the input energy consumed during its production.

l The net energy balance of 1805.4 GJPY is the delivered energy
after subtracting the energy required for the production of
ethanol.

l 16.8 GJ/kL of ethanol is the net energy balance/kL of ethanol
produced implying that the extra energy delivered/kL of etha-
nol produced.

l The net carbon balance/kL bioethanol is �0.96 tCO2e which
means that for every kL of bioethanol 0.96 tCO2e of emissions
would be reduced.

l The % carbon emission reduction by using bioethanol with
respect to the use of petrol is �50.69%, thus signifying that
bioethanol is a carbon-negative fuel. This inference has occurred
due to the fact that the energy consumed in the farming and
chemicals have played a significant role in increasing the carbon
emissions. Pearl millet feedstock would be more promising if the
inventory was reduced either in the form of chemical consump-
tion or water consumption.

The above inferences indicate that Pearl millet feedstock is less
energy intensive than Sorghum feedstock in terms of NER and
NEB. The technology needs further modification aiming at reduc-
ing the chemical consumption and thereby reducing the overall
emissions.

12 Comparative Analysis of Second-Generation Biofuels to First-Generation Biofuel

A comparison of the Net Energy Ratio of first-generation molasses
feedstock with second-generation rice straw is in Table 21 [25].

As seen in the Table 21 first-generation molasses and second-
generation rice straw have higher percent carbon reduction poten-
tial in comparison to current study. The LCA system boundary
designed is subjected to the individual study and hence not com-
parative. The energy invested in the life cycle assessment is a
boundary set by the assessor and is not a standard tool to compare
the renewability of one feedstock with respect to another.

13 Allocation Approach

The allocation approach is given to the life cycle assessment in order
to decide the exact impact of these inventories in the environment.
For instance, if the stalk is utilized instead of the grain which is the

Economics of Biofuel Production: A Case of Sorghum and Pearl Millet in India 311



major output of a crop, major burden is allocated to the major
producers in terms of the grain nutrient equivalent or energy
equivalent. The burden in the form of allocation is distributed in
Table 22.

In the farming stage, the bioethanol feedstock yield accounts to
70% of the total plantation and costs 18% of the price invested in
cultivating the crops. Ethanol production considered at the standa-
lone distillery, all of the process utilities are accounted (85% alloca-
tion) as a major constituent and the rest 15% offered for lignin and
biogas as by-products not allocated in the mass and energy alloca-
tions. All the other stages of ethanol production do not have any
by-products which deliver a market value for distributing the bur-
den and reducing the overall burden of this process.

Incorporating the allocation, the results in the NER vary to a
certain extent and the same are explained for Sorghum and Pearl
millet stalk with dilute acid treatment as in Tables 23 and 24.

Table 21
Comparison of first-generation and second-generation feedstocks

Feedstock Net energy ratio % Carbon reduction

Molasses 4.57 75

Rice straw 3.32 68

Sorghum straw 2.629 �42.45

Pearl millet Straw 2.469 �50.69

Table 22
Mass, Energy, and market price allocation

Process
Without
allocation (%)

Mass
allocation (%)

Energy
allocation (%)

Market price
allocation (%)

Farming 100 70 70 18

Transportation 100 100 100 100

Production of ethanol 100 85 85 90

Transportation 100 100 100 100

Blending 100 100 100 100
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14 Conclusions

Achieving energy security in the country through alternate meth-
ods is an important area being focused upon by the Indian policy-
makers. However, any attempt to promote the use of major staple
food crops such as jowar and bajra for biofuel production has a
long-lasting impact on the food, fodder, and nutritional security of
millions of people and livestock in India. Empirical evidence from
baseline survey and MLTs has clearly indicated that existing vari-
eties cultivated by farmers were much better in terms of overall yield

Table 23
Allocation for dilute acid treated Sorghum stalk ethanol production

Process
Without
allocation

Mass
allocation

Energy
allocation

Market price
allocation

Farming 545.24 381.7 381.7 98.1

Transportation 10.01 10.01 10.01 10.0

Production of
ethanol

642.40 546.04 546.04 578.2

Transportation 1.64 1.64 1.64 1.6

Blending 1.31 1.31 1.31 1.3

Total energy 1200.61 940.68 940.68 689.3

NER 2.49 3.18 3.18 4.3

All units except NER are in GJPY

Table 24
Allocation for dilute acid treated Pearl millet stalk ethanol production

Without
allocation

Mass
allocation

Energy
allocation

Market price
allocation

Farming 632.71 442.9 442.9 113.9

Transportation 10.01 10.01 10.01 10.0

Production of
ethanol

651.59 553.85 553.85 586.4

Transportation 1.67 1.67 1.67 1.7

Blending 1.33 1.33 1.33 1.3

Total energy 1297.30 1009.75 1009.75 713.3

NER 2.34 3.01 3.01 4.3

All units except NER are in GJPY
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(grain and fodder) as compared with the High Biomass Varieties
promoted by the SLABs project. Farmers clearly perceived the
threat to fodder security due to diversion of jowar and bajra straw
to biofuel production. Cultivation of high biomass jowar and bajra
varieties on a large scale could pose a serious threat to the existing
rich diversity in these crops. Hence, even for trying out these crops
at the research level, it is essential to have a dialogue with the
farmers of drylands where these two crops are predominantly
grown. The voice of small and marginal farmers and women should
be heard before moving further to utilize these crops for biofuel
production. More importantly, we should learn from our earlier
experiences of jatropha cultivation [7, 8]. The production of feed-
stocks for biofuels would put additional pressure on agricultural
resources such as land and water.

LCA analysis revealed that though the sorghum and pearl
millet are rain-fed crops, farming contributes to near 30% of the
energy input in the ethanol production cycle. The highest contri-
butors of GHG emissions are pesticides and fertilizers. Reduction
in the use of pesticides and fertilizers has a good impact on energy
savings. Sorghum feedstock is more energy intensive than pearl
millet feedstock due to low grain and fodder yield. Ethanol pro-
duction from second-generation biomass in terms of pretreatment
processes is very energy-intensive because the biomass is separately
pretreated. Dilute acid pretreatment has higher conversion effi-
ciency than the other pretreatment processes. Alkali hydrogen per-
oxide process is more promising with comparative yields.
Reduction of process water by 70–80% can reduce the environmen-
tal impact significantly. Second-generation ethanol production can
be combined with first-generation ethanol plants/distilleries to
reduce the energy consumption in the distillation column. In
first-generation ethanol production, the energy used for cultivation
and farming are not accounted as ethanol produced from the
by-products. Whereas, in the second generation, the additional
burden comes at the farming stage which can be negotiated in the
ethanol production stage by intensifying the process inventories by
better enzymes and advanced processes.

Biofuels, either conventional or advanced should not be blindly
encouraged without a comprehensive outlook on the overall impact
that will ultimately have on the society, environment, or on the
countries’ energy security. Efforts should be made toward the
encouragement of research and development in the field as well as
in formulating a comprehensive and effective biofuel policy for
India.
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15 Note

Indo-US Bilateral Joint Clean Energy Research and Cellulosic
Biofuels Systems (SALBS) was initiated in the USA and India
with multiple partners in Consortium in each country. The Con-
sortium was led by the University of Florida (UF) in America and
the Indian Institute of Chemical Technology (IICT) in India. The
Centre for Economic and Social Studies (CESS) was associated
with the work package component of Sustainability, Marketing,
and Policy, and looked into the socioeconomic and Life Cycle
Analysis of biofuel production through cultivation of Jowar and
Bajra feedstocks in India.
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Chapter 20

Biofuels and Sustainability

N. Eswaran, S. Parameswaran, and T. S. Johnson

Abstract

Energy security and climate change have cascading effects on the world’s burgeoning population in terms of
food security, environment, and sustainability. Due to depletion of fossil fuels and undesirable changes of
climatic conditions, increase in air and water pollution, mankind started exploring alternate and sustainable
means of meeting growing energy needs. One of the options is to use renewable sources of fuel–biofuel. In
this chapter the authors have reviewed and presented sustainability impact on production of biofuels.
Authors further reviewed state-of-the-art gene editing technologies toward improvement of biofuel crops.
The authors recommend a phased transition from first-generation biofuel, and an acceleration toward use of
technology to drive adoption of second-generation biofuels. Key aspects of technology and application of
resource management models will enable these crops to bridge the global energy demand before we can
completely transition to a more sustainable biofuel economy.

Key words Biodiesel, Biofuels, CRISPR/Cas-9, Microalgae, Sustainability

1 Background

Energy security and climate change have cascading effects on the
world’s burgeoning population in terms of food security, environ-
ment, and sustainability. Increase in demand for petrol and diesel as
transportation fuels is bound to occur. The world will face deple-
tion of non-renewable natural resources, along with undesirable
changes in climatic conditions such as global warming and increase
in air and water pollution. Increased GHG emissions due to burn-
ing of fossil fuels will lead to undesirable changes in air quality and
water [1]. In the worst-case scenario the accumulated CO2 and
other GHGs might pollute water bodies. These developments have
led mankind to explore sustainable methods to produce renewable
energy to meet the growing future energy demand. Biofuels are the
most sought sources of renewable energy, and attracted the atten-
tion of researchers as a promising sustainable energy source [1–
3]. Biofuels are derived from solid biomass through chemical and
biological processes.
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Biofuels are fuels derived from plant sources [4]. For the pur-
pose of this article, authors have considered biodiesel, bioethanol,
and other lignocellulose-based fuels under biofuel throughout the
article. First-generation biofuels are sourced from edible feedstock
such as soybeans, corn oil, palm oil, sunflower, safflower, rapeseed,
and coconut, peanut, or from animal fat. Currently, 95% of the
world’s demand for biodiesel is met from edible oil sources
[5]. Top contributors of biodiesel sources are rapeseed (84%),
sunflower oil (13%), palm oil (1%), soybean oil, and others (2%)
[5]. The fatty acid composition of edible oils from different plant
seeds differs. The physical and chemical properties of biodiesel are
very similar to that of diesel, enabling use in diesel engines with
little modification. Bioethanol is produced by fermentation of
lingo-cellulosic stock. In the United States bioethanol is derived
mainly from corn starch, in Brazil from sugarcane, in EU from
sugar beet and wheat, in China from corn oil, and in India from
sugarcane [6]. In the Europe, biodiesel production is mainly from
rape seed oil, Malaysia and Indonesia rely on palm oil, while India,
Pakistan, African, South-east Asian countries have explored Jatro-
pha and Pongamia as biofuel crops [6].

First-generation biofuels have sustainability challenges, and
research focus leads to biofuels obtained from alternate feedstock
beyond edible crops. The “second-generation biofuels” are derived
from a wide range of feedstocks, such as nonedible plant oils,
lignocellulosic feedstock, secondary agriculture waste, and waste
materials. Nonedible plants widely identified as suitable biofuel
feedstock are Jatropha (Jatropha curcas), castor bean (Ricinus com-
munis) karanja (Pongamia pinnata), Jojoba (Simmondsia chinen-
sis), mahua (Madhuca indica), sugarcane (Saccharum officinarum),
neem (Azadirachta indica), polanga (Calophyllum inophyllum)
[7, 8]. Different types of lignocellulosic feedstock used for biofuels
production include waste from food crops, wheat straw and corn
husks, secondary agricultural waste, wood chips, and sugarcane
bagasse. Third-generation biofuels are mainly microbial sources,
and are a promising alternative beyond second-generation biofuels.
The microorganisms are different types of algae, yeast, fungi, and
bacteria. Extensive recent work on third-generation biofuels has
been given impetus as nonedible oil, high oil content with rapid
biomass production (Ref. [3] and references cited thereof). Algal-
derived biofuels are in the forefront as a major source due to high
oil (20–80%) that is convertible to fuel equivalents such as kerosene
oil as well as biodiesel [9]. Microalgae biomass is of high research
priority due to easy cultivation, rapid growth, and high lipid con-
tents. From an environmental angle, algae are viewed as safer
alternative to engineered crops for biodiesel production [9].
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2 Sustainability Impacts of Biofuels on the Environment

Biofuels are a promising source of renewable bioenergy and helps to
reduce our dependence on petroleum and other fossil fuels. Biofuel
production has increased in the past decade and is expected to
significantly increase in developing nations such as Brazil, India,
and China [6]. In 2018, biofuels contributed to 3% of the world’s
fuel for road transport. Efforts to expand biofuels to more than a
quarter of the transportation fuel requirement by 2050 are under-
way (https://en.wikipedia.org/wiki/Biofuel). Biofuel production
and use can have numerous social, economical, and environmental
impacts. Different biofuels have different impacts that are depen-
dent on factors such as feedstock used, feedstock production, and
biofuel extraction process [6]. The major economic, social, and
environmental impacts which could be advantageous and disadvan-
tageous are elaborated in the following section.

2.1 Food Security Food crops have been commonly used in first-generation biofuels
feedstock. They consume a large share of arable land, labor, and
natural resources to produce the biomass. The opportunity cost to
direct threat to food security needs to be considered when edible
crop use is diverted for biofuels production. The threat can be a
direct food-fuel competition when a food crop is directly used for
biofuels production, and it can be indirect when the feedstock
production for biofuels is competing with food production for
inputs such as land, labor, water, and fertilizers. The food–biofuel
competition can lead to the spike in food prices due to high fossil
fuel prices, globalized trade, etc. [10]. The increase in food prices
can affect the complete well-being of humans, especially of the poor
at the household level such as security, health, and good life
[6, 10]. An additional aspect of first-generation biofuel production
is that feedstock cultivation requires the application of phosphorus
(P) fertilizers [11]. Since phosphorus is needed for food produc-
tion, biofuel production can severely affect the global food produc-
tion and its security which can lead to increase in food prices and
have a negative impact on future welfare [11]. Second-generation
biofuels, which are derived from nonedible feedstock, secondary
agricultural residues, and wastes such as animal fat and waste
cooking oil, are expected to buffer the impact on food prices and
global food supply. However, the food security issue cannot be
entirely resolved with development and promotion of second-
generation biofuels, even if they use nonedible feedstock because
of indirect land-use changes and because of the potentially huge
market demand for renewable energy in comparison to agriculture
which increases demand for land, labor, and resources [12]. Yield
decline in crops over a period of time will lead to increase in grain
prices. Sometimes yield loss occurs due to adverse weather
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conditions and/or biotic factors (http://www.etipbioenergy.eu/
sustainability/food-vs-fuel-debate). The price hike also could be
due to higher agriculture input prices and increase in access to food
availability to poorer nations. In addition, experts have also pointed
out that increased biofuel production has also a role in hike in food
prices, shifting land away from food production triggering compe-
tition for land use [13].

2.2 Biodiversity Loss Large-scale cultivation of monocultures can be particularly harmful
to biodiversity [10]. Large-scale cultivation biofuel crops will have
direct link to habitat destruction, invasive alien species, pollution,
and climate change [10]. Of these, habitat destruction is said to be
the greatest threat to biodiversity [6, 10]. Palm oil is having wide
demand in the world market. Malaysia is one of leading countries
producing palm oil in large quantity. Sensing the demand for
biodiesel, Malaysian government has supported large-scale cultiva-
tion of oil palm. As a result, rampant destruction, logging, and
burning of tropical rain forests occurred to make way for oil palm
cultivation thus creating environmental imbalance [14]. Rampant
use of chemicals and fertilizers also leads to pollution of water
bodies. Moreover, palm oil wastage also created water pollution
[14]. Another threat is the growth of non-native feedstock which
can become invasive species and have negative impacts on the
ecosystem and ecosystem components such as soil regeneration,
carbon sequestration, natural chemical cycles, pollination, and pro-
tection against flood [15]. The feedstock that have become invasive
are Jatropha in countries such as Australia and Africa and hence in
some parts of Africa Jatropha cultivation has been banned
[6, 10]. Soto et al. [16] have reported that several farmers in the
state of Chiapas, Mexico, who initially took up cultivation of Jatro-
pha, discontinued later because of lack of profitability of the crop
commercialization and the presence of pests and diseases that infect
Jatropha plants which in turn leads to loss in yields.

2.3 Air Pollution Atmospheric pollutants emitted during biofuel’s life cycle produc-
tion to combustion such as particulate matter (PM), nitrogen
oxides (NOx), sulfur dioxide (SO2), ammonia (NH3), carbon mon-
oxide (CO), volatile organic compounds (VOC), and ozone (O3)
impact human health [6, 17]. These pollutants are emitted during
biomass production (agricultural phase and agricultural burning),
harvest, transport and biomass conversion to biofuels in biorefi-
neries. For example, pollutants emitted during sugarcane burning
are PM2.5 and PM10, polycyclic aromatic hydrocarbons, and NOx

[6, 17]. Major health risks from the short-range production and
dispersal of pollutants are implied for high-density populated cities
compared to rural areas [17]. The air quality life cycle assessment
(LCA) of these air pollutants is different from the LCA of GHG
emissions [6, 17]. In a counter argument, use of biofuels may have
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a positive effect on air quality. The city of São Paulo, Brazil, motor
vehicles shift to use of ethanol, leading to the use of gradual
phaseout of older, more polluting, and less energy-efficient
vehicles [10].

2.4 Water

Requirement and

Pollution

First-generation biofuels consume large amounts of water, and
high direct water use during feedstock production [6]. Increased
risk of water scarcity in countries facing water shortage is a real
concern, and evaluating biofuels type based on its water consump-
tion pattern and feedstock conversion to oil is needed. First-
generation biofuels are considered more water consumers through-
out their growth phase. However, different biofuels have different
water usage requirements depending on the type of feedstock,
geographical location, and agricultural practices. For example,
Jatropha demands high water requirements in regions where
intense irrigation practices are observed, such as India. But in
countries like Africa, it is considered a conservative water user
compared to natural vegetation. Biofuel expansion might result in
excessive water usage which might result in added pressure on
water resources in arid and semi-arid regions [6]. Evaluation of
impact on water pollution, through fertilizer, agrochemicals, and
industrial effluent from biofuel production and processing are criti-
cal factors from a public health hazard ecosystem function
[6, 10]. Biofuel production from microalgae minimizes the threat
to water use. Microalgae culture is feasible in fresh and marine
waters, municipal waste waters, recycled and treated effluent, indus-
trial waste waters and animal waste waters as long as there are
adequate amounts of nutrients and microelement needed to sup-
port microalgae growth.

2.5 Cost Economic feasibility of biodiesel is directly linked to the availability
of low-cost feedstock. Key challenge with large-scale biodiesel pro-
duction in comparison to petroleum is the high costs associated
with biodiesel production. First-generation biofuels feedstock from
edible oils has a high exposure (nearly 70–95% of the total biofuel
production cost) to raw materials. Waste cooking oils that are not
suitable for human or animal consumption can mitigate the cost of
material for biofuel conversion, but have lower transesterification
yield, with additional esterification reaction prior to economic
biofuel extraction process [18]. Current costs associated with
microalgal biomass is more due to technology and capital needed
relative to crops cultivation. Centrifugal harvesting (mechanical),
chemical flocculation, b, prior to biofuel extraction. Oil recovery
technology from microalgae is in industrial process development.
Present methods yield ~30% extraction from algal biomass, while
70% oils is sequestered in the algal biomass making the process
economically challenging. Algal biomass, when applied to
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alternative use with biofuel in nutrient feedstock (animal, fish, etc.),
pharmaceutical ingredients, cosmetics, toiletries, and fragrance
products, makes biofuel production from algal biomass more com-
mercially attractive [19].

2.6 Rural

Development

Cultivation of biofuel crops and transfer of manufacturing pro-
cesses can enable rural development, by employment generation
and opportunities for additional income generation. Increase in
biofuel production is expected to increase jobs associated with
feedstock production, feedstock supply, and skilling of personnel
for oil extraction. Small-scale biofuel projects (e.g., Jatropha oil in
Mali for rural electrification) have contributed positively to the
energy security of remote rural areas [6, 10]. Biofuel production
will augment income generation and contribute to poverty allevia-
tion by jobs expansion in the allied sectors.

2.7 Impact on Land Competition for land used for the biofuel feedstock in a biodiverse
habitat is a major debate. Replacement of biodiverse habitats with
monocultures feedstock production reduces available land and
imbalance in ecosystems and potential loss biodiversity. For exam-
ple, with increased worldwide biodiesel demand,Malaysian palm oil
policy supports large-scale cultivation of oil palm. This has led to
huge environmental imbalance with rampant tropical forest
destruction, logging, and burning to make way for oil palm culti-
vation [14]. It has created huge environmental imbalance. More-
over, palm oil wastage also created water pollution that affected
aquatic biodiversity. The other pollutants such as palm oil mill
effluents, fertilizers, and pesticides have also impacted environ-
ment. Policy development and implementation should factor envi-
ronment while seeing higher production. Common biofuel
feedstocks ranked from low to high soil erosion hazards are cassava,
soybean, sugar cane, sorghum, corn, sugar beet, winter wheat, oil
palm, and winter rapeseed [10]. While first-generation biofuels
impact soil erosion negatively, Jatropha feedstock, for example,
can stabilize soil and reduce soil erosion if grown on degraded
lands [6]. Agricultural residues such as corn stover, wheat straw,
and rice straw are bulk residues from food processing. Use of these
sources for energy generation is key for renewable energy. Crop
by-product utilization ensures sustainable practice and minimizes
food fuel and land competition. Agricultural residues generation is
dependent on cultivation practice; excessive erosion and removal of
little or no residue may prevent the soil from drying up and nega-
tively affecting the land for the next planting season [20]. The main
advantages of algal biofuels are the high yield per acre which is up to
10 times higher than with other biofuels and the fact that algae do
not compete for arable land.
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2.8 GHG Emissions Greenhouse gas (GHG) emissions such as carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O) are emitted during
whole life cycle of the biofuels. The nature of GHG emissions differ
from biofuel feed stock and manufacturing process. The choice of
the feedstock crop used has an impact due to the CO2 fluxes
associated with tillage and the N2O fluxes associated with nitrogen
fertilizer use. Hence there are cases where the GHG emissions are
much lower than conventional fossil fuels, and there have been
several occasions where the GHG emissions can be very high. The
main advantages of the biodiesels produced from nonedible oils as
compared to fossil fuel are lower particulate matter, carbon mon-
oxide, hydrocarbons, nitrogen oxides and smoke emission, higher
compression ratio associated with higher injection pressure, and
higher diffusion combustion [21]. The biofuels produced from
microalgae are considered carbon neutral. The burning process of
biofuel produces CO2 which is in turn utilized by the algae in
biomass cultivation. This helps in reducing GHG emissions
[19]. Microalgae can provide several different types of renewable
biofuels such as methane, biodiesel, and biohydrogen. Biohydro-
gen that can be developed from both microalgae and cyanobacteria
has the advantage of being a completely environmentally clean fuel.
But the presence of oxygen tends to generate lower yields of
hydrogen, so genetic engineering will be necessary to maximize
hydrogen production while adjusting the hydrogenase’s tolerance
to oxygen [22].

3 Land-Use Impact in Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is defined as the compilation and
evaluation of the inputs, outputs, and potential environmental
impacts of a product system throughout life cycle from the extrac-
tion of raw materials through production and use to waste manage-
ment [23]. LCA is currently the most widely used method to assess
the environmental sustainability of biofuels and critical in policy-
making purposes [24]. An LCA study is spread over four separate
but overlapping phases, viz. (A) goal and scope definition,
(B) inventory analysis, (C) impact assessment, and
(D) interpretation. In impact assessment, relevant impact cate-
gories are energy balance, global warming potential, and land-use
impact. Land-use impact is the land-use changes (LUC) that arise
due to land competition with food production. Impact on biodi-
versity and impacts on quality of the soil and in turn the land for
subsequent crops. Land-use impact focuses on the impact of the
new use of land for production of energy crops against a reference
system such as natural vegetation of the land [25]. Hence the
displacement of food crops by the energy crops triggers the LUC
mechanisms. There are two types of LUCs: direct land-use changes
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and indirect land-use changes. Direct land-use changes take place
when there is introduction of a new cropping system in a site where
this form of cultivation has not taken place before. The emissions
caused by the conversion process can be directly linked to the
biofuel load and thus be allocated to the specific carbon balance
of that biofuel. Indirect land use occurs when land that was for-
merly used for the cultivation of food, feed, or fiber is now used for
biomass production, shifting the original land use to an alternative
area that may have a high carbon stock resulting in significant
greenhouse gas emissions from land conversion. This also causes a
reduction of the area available for food and feed production and
therefore leads to a reduction of food and feed supply on the world
market. Consequently, food prices will increase if the demand for
food persists. The increase in price will create a need to convert
formerly unused area for food production [24, 26]. The quantifi-
cation of GHG emissions also depends on whether the effects from
land use change (LUC) have been considered or not. If the effects
from LUC are considered, then the GHG emissions due to biofuels
will be very high and harmful to the environment. Studies that have
considered such LUC effects have shown that carbon debt is gen-
erated due to soil carbon loss that releases significant amounts of
GHG, and spans several decades [6, 10]. The LUC not only
impacts the availability of land but also affects the quality of soil.
The concept of soil quality is linked to the ability of soil to function
effectively in a variety of roles. Because of its impact on human
health and environment quality, degradation of soil quality due to
land-use changes is a major global concern. Hence soil quality
status due to LUC should be considered while evaluating the
LCA of biodiesel production from any biofuel crop [26].

Although LCA is standardized, its application to biofuels often
is inconclusive, with high variability and uncertainty of output
results. The analysis can be significantly improved by multiparame-
ter analysis on variability, and by quantifying the influence of vari-
able impacting the result of the model. Some LCA do not consider
LUC for estimating GHG emissions and some include it. Jingura
et al. [25] have reported the consolidated analysis of 10 LCA con-
ducted for Jatropha biodiesel production including nine from Asia
and one from Africa. The analysis was based on energy balance,
GHG balance, land-use impact, and other environmental impacts
such as acidification and eutrophication. Jatropha cultivation can be
carried out through conversion of lands such as existing cropland,
abandoned agricultural land, natural vegetation, degraded natural
vegetation, and wasteland. Hence depending on which land is used
the land-use impact will vary. Land-use impact considers ecosystem
structural quality (ESQ) and ecosystem functional quality (EFQ).
Changing wasteland into Jatropha plantation leads to increase in
ESQ because Jatropha plantations have higher storage capacity in
terms of biomass, structure, and biodiversity than wasteland and a

324 N. Eswaran et al.



decrease in EFQ due to less control over water, material, and
nutrient fluxes than wasteland. But the overall analysis shows that
Jatropha is suitable for cultivation on wastelands due to the compe-
tition between food and biofuel crops. Jatropha is also said to have a
positive effect on land use since Jatropha can grow onmarginal land
[25]. Factors to be considered during assessment of environment
and economic aspects are represented in Fig. 1.

4 Involvement of Genomics for Biofuel Sustainability

In the last few decades, new plant breeding strategies have been
applied to improve oil yield, biomass yield, tolerance to biotic and
abiotic stress. Biodiesel derived from edible oil crops has direct
competition for food vs. fuel, while nonedible crops have disadvan-
tages such as increased cultivation cost, low oil yield, and unsuitable
oil composition. The traditional breeding strategies for crop
improvement require time that is not economically practical
[27]. Recent sequencing and multi-omics technologies along with
genetic engineering could be a key link to address the gap in global
energy crisis [28]. Genomic technologies have been scaling up in
throughput, cost of generating sequence data has been diminish-
ing, time taken to obtain sequence data is reducing, and quality of
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Fig. 1 Factors to be considered during assessment of environment and economic aspects of biofuel
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data is improving [29]. The state-of-the-art technologies enable
the direct determination of population scale genomic information
in a rapid and cost-effective manner [30, 31]. Genomic technolo-
gies accelerate discovery of sequence diversity and enable lower cost
development for molecular markers for breeding [32]. Genome
sequencing can rapidly provide information on express sequence
tags (ESTs) [33], and can be readily applied to breeding population
to develop genetic linkage maps [30, 32], identify quantitative trait
loci (QTL), and develop defined molecular markers (such as SNP,
SSR, ISSR) for breeding and population development
[30, 32]. Genomic tools enable detailed profiling of stress physiol-
ogy and understand the genome-wide gene expression changes,
with sensitive measurements, with minimal sequence information.
NGS tools such as de novo transcriptomics and differential gene
expression analysis with RNA-seq provide powerful capabilities to
understand oil-biosynthetic pathways [34–36].

The information can be applied with advanced genetic engi-
neering tools to target genetic modification in the biofuel crops and
enhance desired traits [34]. The application of such technologies in
oil plants is at their initial stages to enhance oil content or improved
oil composition [37]. Most of the GM oil crops have been evalu-
ated either at laboratory or greenhouse levels, and it is not clear
how they would respond under field conditions [2]. In this section
we have reviewed contemporary crop improvement strategies such
as CRISPR-Cas9 technologies. The basis for including genomic
technologies is that the classical technologies are proving to be
time-consuming. Progress has been made in first-generation bio-
fuels using the classical breeding tools, whereas developments in
molecular marker technologies have been applied to yield improve-
ment in second-generation biofuels. Toward understanding path-
way engineering the transcriptomics approach is being evaluated.
These methods can enable third-generation biofuel systems and
applied to understand pathways and modify them. These technol-
ogies are still at development phase that genomics can accelerate.
The objective of applying genomic technologies is to make biofuel
production a sustainable option that can offer benefit to environ-
ment and end user. The readers are requested to consult various
review articles published on the traditional plant breeding methods
and genetic engineering methods.

5 Crop Improvement Using CRISPR/Cas9 Gene Editing System

Currently new genetic engineering techniques are being tried out
for crop improvement which uses site-specific nucleases (SSNs).
These are enzymes which lead to single- or double-stranded DNA
breaks which can be used for targeted mutagenesis. There are three
such SSN-based genome editing which are currently in use, namely
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the zinc finger nuclease (ZFN), transcription-like effector nucleases
(TALENs), and, the recently developed, clustered regularly inter-
spaced short palindromic repeats that are associated with the
RNA-guided Cas9 double-stranded DNA-binding protein
(CRISPR/Cas9) [38]. In this review we will be discussing the use
of CRISPR/Cas9 as the gene editing system for improvement of
crops which are used for biofuel production. The RNA-guided
genome editing technology is constantly advancing including
options for various genetic manipulations like generating knock-
outs, making precise modifications, multiplex genome engineering,
and activation and repression of target genes. These systems rely on
sequence-specific nucleases (SSNs) to produce double-strand
breaks (DSBs) at specific locations within the genome. DSB is
repaired by the cell using a mechanism of non-homologous end
joining or homologous repair. CRISPR/Cas9 has been used in
several biofuel crops for many agronomic traits such as improving
crop yield, oil yield, increasing resistance against plant diseases, and
for tolerance against several abiotic stresses such as salinity and
drought [39, 40].

With the aim to validate CRISPR/Cas9 system as a tool for
editing both endogenous and exogenous genes, to create gene
knockouts, for targeted mutagenesis, to create specific mutations
at multiple loci, the use of multiple guide RNAs for complex
genome editing, especially the deletion of large DNA fragments
and to get highly efficient and stable mutations which are repro-
ducible over generations, many studies have been reported in sev-
eral edible and nonedible biofuel crops such as soybean [41–44],
maize [45–48], cotton [49–52], Jatropha [53], oilseed rape
[54, 55], oil palm [56], and barley [57]. List of biofuel crops in
which CRISPR/Cas9 system has been validated is given in Table 1.
Several studies have described applications of CRISPR systems for
the enhancement and development of important agronomic traits
in crops. CRISPR/Cas9 method of gene editing has been adopted
in nearly 20 crop species (including few biofuel cops) so far [39, 40,
58] for various traits including yield improvement, flowering, fatty
acid composition, plant disease resistance, and for abiotic stress
such as drought and salinity. List of biofuel crops in which
CRISPR/Cas9 system has been used for gene editing for different
agronomic traits is given in Table 2. CRISPR/Cas9-based studies
in a few of these biofuel crops, which are useful for biofuel sustain-
ability, will be discussed in this review.

5.1 Maize (Zea mays) Shi et al. [59] utilized CRISPR/Cas9 genome editing to create new
allelic variants of ARGOS8 gene in maize. The auxin-regulated
gene involved in organ size (ARGOS) gene families are negative
regulators of the ethylene response and modulate ethylene signal
transduction. It has already been shown in the past that overexpres-
sion of this gene reduced ethylene sensitivity and improved grain
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Table 1
List of biofuel crops in which CRISPR/Cas9 system has been validated

Sr.
No Crop Target gene Aim

Transformation
method References

1. Glycine max
(Soybean)

GmFT2a
(Glyma16g26660) and
GmFT5a
(Glyma16g04830)
flowering genes

Use of multiple guide
RNAs for complex
genome editing,
especially the deletion
of large DNA
fragments

Agrobacterium-
mediated
transformation

[44]

2. Glycine max
(Soybean)

Green fluorescent protein
(GFP), glucosyl-
transferase
(Glyma07g14530),
Glyma01g38150,
Glyma11g07220,
miR1514 and
miR1509

CRISPR/Cas9 system
can be used for
knockout and
different mutations in
genes

Agrobacterium-
mediated
transformation

[43]

3. Glycine max
(Soybean)

GmFEI2 and GmSHR CRISPR/Cas9 system is
a powerful tool for
editing both
endogenous and
exogenous genes in
soybean hairy roots

Agrobacterium-
mediated
transformation

[41]

4. Glycine max
(Soybean)

ALS1Acetolactate
synthase

To use Streptococcus
pyogenes Cas9-guide
RNA (gRNA) for
targeted mutagenesis,
gene integration, and
gene editing in
soybean

Particle
bombardment

[42]

5. Zea mays
(Maize)

Zmzb7IspH protein CRISPR/Cas9 system is
a robust and efficient
tool for genome
modification in both
euchromatic and
heterochromatic
regions

Agrobacterium-
mediated
transformation

[48]

6. Zea mays
(Maize)

PSY1 CRISPR-Cas9 is an
effective tool for the
targeted gene
mutagenesis in maize

Agrobacterium-
mediated
transformation

[47]

7. Zea mays
(Maize)

MADS
(GRMZM2G059102),

MYBR
(GRMZM2G091201)

AP2
(GRMZM2G050851)

RPL
(GRMZM2G024838),

The utility of the tRNA-
processing system-
based strategy as an
efficient multiplex
genome editing tool

Agrobacterium-
mediated
transformation

[46]

(continued)
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Table 1
(continued)

Sr.
No Crop Target gene Aim

Transformation
method References

PPR
(GRMZM2G087226)

8. Zea mays
(Maize)

Liguleless1 (LIG1) gene,
male fertility genes
(Ms26 and Ms45), and
acetolactate synthase
(ALS) genes (ALS1
and ALS2)

Targeted mutagenesis,
precise gene editing,
and site-specific gene
insertion

Biolistic
transformation

[45]

9. Gossypium
hirsutum
(Cotton)

Cloroplastos alterados
1 (GhCLA1) andvacuolar
HC-pyrophosphatase
(GhVP)

Targeted mutagenesis of
cotton genome

Agrobacterium-
mediated
transformation

[51]

10. Gossypium
hirsutum
(Cotton)

GhPDS, GhCLA1, and
GhEF1

Fast and efficient
method to validate
the functionality of
sgRNAs in cotton

Agrobacterium-
mediated
transformation

[50]

11. Gossypium
hirsutum
(Cotton)

Green fluorescent protein
(GFP)

To understand the
efficacy of the
CRISPR/Cas9
system to target a
gene

Agrobacterium-
mediated
transformation

[49]

12. Gossypium
hirsutum
(Cotton)

GhMYB25-like A and
GhMYB25-like D

Targeted mutagenesis Agrobacterium-
mediated
transformation

[52]

13. Jatropha
curcas
(Jatropha)

Fatty acid, protein and
toxin Biosynthesis
genes

Gene editing approaches
in Jatropha

Agrobacterium-
mediated
transformation

[53]

14. Brassica
napus
(Oilseed
rape)

BnSPL3-A5/BnSPL3-
A4/BnSPL3-C3/
BnSPL3-C4/BnSPL3

Simultaneous
mutagenesis of
multiple gene
homologs

Agrobacterium-
mediated
transformation

[55]

15. Brassica
napus
(Oilseed
rape)

BnaRGA, BnaDA2, and
BnaFUL gene families

Specific mutations at
multiple loci

Agrobacterium-
mediated
transformation

[54]

16. Elaeis
guineensis
(Oil
Palm)

Isoflavone reductase
(IFR) and
methallothionine-like
protein (MT)

CRISPR-Cas9 is an
effective tool for
genome editing in oil
palm

Agrobacterium-
mediated
transformation

[56]

17. Barley – Gene knockouts in
barley using CRISPR

Agrobacterium-
mediated
transformation

[57]
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Table 2
CRISPR/Cas9-based genome editing in edible and non-edible biofuel crops

Sr.
No. Crop

Transformation
method Target gene Target trait References

1. Zea mays
(Maize)

Agrobacterium-
mediated
transformation

ZmIPK1A, ZmIPK, and
ZmMRP4

Phytic acid synthesis [61]

2. Zea mays
(Maize)

Biolistic-
mediated
transformation

ARGOS8 Increased grain yield
under drought stress

[59]

3. Glycine max
(Soybean)

Agrobacterium-
mediated
transformation

GmPDS11 and
GmPDS18

Carotenoid biosynthesis [87]

4. Glycine max
(Soybean)

Agrobacterium
rhizogenes-
mediated hairy
root
transformation

Rj4 Cloning and
characterization of
Rj4 gene that inhibits
nodulation by many
strains of
Bradyrhizobium
elkanii

[72]

5. Glycine max
(Soybean)

Polyethylene
glycol (PEG)-
mediated
protoplast
transformations

Avr4/6 Functional genomics in
Phytophthora sojae for
control of the
pathogen in Soybean

[73]

6. Glycine max
(Soybean)

Agrobacterium-
mediated
transformation

GmFT2a Delayed flowering time [74]

7. Glycine max
(Soybean)

Agrobacterium-
mediated
cotyledon node
system.

Fatty acid sesaturase
2 GmFAD2

Enhancement of fatty
acid composition

[69]

8. Glycine max
(Soybean)

Agrobacterium-
mediated
transformation

Omega-6 desaturase
2 (FAD2-2)

Enhancement of fatty
acid composition

[70]

9. Glycine max
(Soybean)

Agrobacterium-
mediated
transformation

SQUAMOSA
PROMOTER
BINDING
PROTEIN-LIKE
(SPL) transcription
factors of the SPL9
family (GmSPL9a,
GmSPL9b, GmSPL9c,
and GmSPL9d)

Altering plant
architecture

[75]

(continued)
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yield under drought stress conditions [60]. Here the researchers
employed CRISPR/Cas9 system and created variants of the
ARGOS8 (ARGOS8-v1 and ARGOS8-v2) gene which were used
for creating hybrids and evaluated in the field in many locations.
The results showed that the hybrids showed improved yield under
drought conditions. This proves the usefulness of CRISPR/Cas9
system which can be used to induce drought resistance in maize and
can also be extended to other crops [59]. Seventy-five percent of
maize seed phosphorus is made up of phytic acid which is anti-
nutritional and an environmental pollutant. In another study, Liang
et al. [61] have reported targeted knockout of genes (ZmIPK1A,
ZmIPK, and ZmMRP4) involved in phytic acid synthesis encoding

Table 2
(continued)

Sr.
No. Crop

Transformation
method Target gene Target trait References

10. Camelina
sativa

Agrobacterium
floral dip
transformation

FAD2 Fatty Acid
Desaturase 2

Enhancement of fatty
acid composition

[64]

11. Camelina
sativa

Agrobacterium
floral dip
transformation

Delta -12- Desaturase
2 (CsFAD2-1,
CsFAD2-2, CsFAD2-
3)

Reduced levels of
polyunsaturated fatty
acids and increased
accumulation of oleic
acid in the oil

[65]

12. Camelina
sativa

Agrobacterium-
mediated
transformation

CRUCIFERIN C
(CsCRUC-G1,
CsCRUC-G2, and
CsC)

RUC-G3;

Altering seed protein
profile

[67]

13. Camelina
sativa

Agrobacterium-
mediated floral
vacuum
infiltration
method

CsDGAT1 and
CsPDAT1

Alter seed oil
production to
produce unusual
lipids

[66]

14. Jatropha
curcas
(Jatropha)

Agrobacterium-
mediated
transformation

Cytokinin metabolic
genes JcCYP735A

Understanding
cytokinin genes in
Jatropha and their
involvement in
growth

[68]

15. Gossypium
hirsutum
(Cotton)

Agrobacterium-
mediated
transformation

Gh14-3-3d Resistance against
Verticillium dahlia
infestation

[62]

16. Gossypium
hirsutum
(Cotton)

Agrobacterium-
mediated
transformation

CLCuD-associated
begomoviruses
(CABs)

Resistance against
Cotton leaf curl
disease (ClCuD)

[63]
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enzymes that catalyze three steps in the phytic acid biosynthetic
pathway in maize. Using the CRISPR.Cas9 system, the researchers
could successfully create mutations at the target site in transgenic
maize which can be used to reduce the phytic acid levels.

5.2 Cotton

(Gossypium hirsutum)

Cotton verticillium wilt, called “cotton cancer” (pathogen damage
by Verticillium dahlia) is a destructive disease, annually leading to
severe economic losses. Resistance to Verticillium dahliae infesta-
tion was reported through gene editing of Gh14-3-3d gene. By
using the CRISPR/Cas9 system, mutations were created which
could be stably transmitted to the next generation. The resulting
plants showed a high resistance and can be used as a germplasm to
breed disease-resistant cotton cultivars [62]. Cotton leaf curl dis-
ease (ClCuD) is another major disease affecting cotton cultivation
in India, Pakistan, and Africa leading to huge economic losses. This
is induced by begomoviruses (family Geminiviridae). All CLCuD-
associated begomoviruses (CABs) induce typical symptoms of leaf
curling (upward and downward), vein swelling, venation, and
stunted growth. Iqbal et al. [63] using the CRISPR/Cas9 system
proposed a multiplex type of sgRNA which could be designed to
allow simultaneous editing of multiple begomoviruses in just one
go instead of a single species. They proposed multiplex sgRNA
cassette targeting intergenic region (IR) and Rep of the CABs. To
minimize the change of resistance, breaking the IR region is tar-
geted since this region is conserved among all members of the plant
virus family geminiviridae. The above-proposed theory will be first
confirmed in the model plant N. benthamiana and then will be
tested in cotton [63].

5.3 Camelina

(Camelina sativa)

Camelina Sativa, an allohexaploid, is an oil seed crop and has
gained attention as a biofuel crop due to its adaptable nature to
grow in regions with limited rainfall and soil fertility. However, its
wider-scale application as a biofuel crop is yet to be pursued due to
its high content of polyunsaturated fatty acids, particularly linolenic
acid (18:3), which accounts for 30–40% of seed oil from most
Camelina cultivars. This makes the Camelina oil susceptible to
oxidation and its food products more prone to rancidity. To address
this issue, Jiang et al. [64] using the CRISPR/Cas9 system created
mutations in the FAD2 (Fatty acid desaturase 2) gene in C. sativa.
FAD2 is the gene involved in the synthesis of polyunsaturated fatty
acids such as linoleic acid. The mutations were stable and were
inherited in subsequent generations. The seeds obtained had an
increase in oleic acid from 16% to over 50%. The increase was
associated with concomitant decrease in the polyunsaturated fatty
acids, linoleic acid (i.e., a decrease from 16% to less than 4%) and
linolenic acid (a decrease from 35% to less than 10%). A similar
study was carried out by Morineau et al. [65] where heritable
mutations were obtained in three isologous CsFAD2 genes
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(CsFAD2-1, CsFAD2-2, CsFAD2-3) using CRISPR/Cas9 system.
The results obtained were similar to Jiang et al. [64] where an
increase in oleic acid from around 10–62% is associated with a
decrease in linoleic and linolenic acid. Such studies help in the
enhancement of the fatty acid composition in C. sativa, which
will be useful in biofuel production. In order to address seed lipid
oil composition in C. sativa, Aznar-Moreno and Durette [66]
using CRISPR/Cas9 system introduced mutations in three
CsDGAT1 or CsPDAT1 homeologous genes important for triacyl-
glycerol (TAG) synthesis in developing seeds. Analysis of lipid oil
composition revealed that many lines produced reduced oil and
altered fatty acid composition. This proved that endogenous
genes involved in biosynthetic pathway can be altered for produc-
tion of unusual lipids [66]. Utilization of camelina oil in feed,
biofuel, or industrial feedstock applications requires increased
value of the coproduct after oil extraction such as seedmeal coprod-
uct to increase the underlying economic feasibility of production.
However, the low value of the seed meal discourages profitability.
The nutritional quality of the seed meal depends on the presence of
specific seed storage proteins and their amino acid composition
[67]. Hence in a study using the CRISPR/Cas9 gene editing
technology, three homeologous genes encoding the seed storage
protein CRUCIFERIN C (CsCRUC) have been targeted to create
mutations. The results indicated significant changes in the seed
amino acid content with an increase in the levels of alanine, cyste-
ine, and proline, and decrease in the levels of isoleucine, tyrosine,
and valine. The CsCRUC knockout seeds showed significant alter-
ation in the fatty acid profile, but the total oil content remained
unchanged. This will help in making the seed meal more nutritious
for animal feed in turn making production of Camelina more
profitable for biofuel production since its coproducts will also be
effectively used [67].

5.4 Jatropha

(Jatropha curcas)

Cytokinins (CKs), which are known to be involved in many
biological processes such as flower bud development, floral sex
determination, and seed yield, are directly regulated by isopentenyl
transferase (IPT), cytochrome P450 monooxygenase, family
735, subfamily A (CYP735A), and cytokinin oxidase/dehydroge-
nase (CKX). Endogenous CKs containing N6-(2-isopentenyl)-ade-
nine (iP), trans-zeatin (tZ), cis-zeatin (cZ), dihydrozeatin (DZ),
and their conjugates are known as isoprenoid CKs. The major
derivatives are generally iP- and tZ-type CKs. However, the roles
of CK biosynthesis genes IPTs and CYP735A and catabolism gene
CKXs in Jatropha are not clear. Using the CRISPRCas9 system in
J. curcasJccyp735a knockout mutants were obtained. Jccyp735a
transgenic plants showed significant decrease in tZ, tZR, cZ, and
cZR levels and significant increase in iP and iPR levels. The mutant
plants also showed severely retarded growth and were
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approximately a quarter the height of the wild-type plants. These
results will be useful to conduct more detailed and elaborate func-
tional studies of cytokinin metabolic genes and improving agro-
nomic traits of Jatropha by genetic engineering of cytokinin
metabolism [68].

5.5 Soybean (Glycine

max)

Soybean oil is used extensively in the food industry for cooking,
baking, and frying, but it is also utilized for biodiesel production
and industrial applications. Oleic acid present in soybean seed oil is
monounsaturated, and linoleic and linoleinic acids are polyunsatu-
rated fatty acids. Presence of higher ratio of polyunsaturated fatty
acids is known to be harmful and can lead to unstability of soybean
oil. Do et al. [69] using CRISPR/Cas9 system created mutations in
the Fatty Acid Desaturase 2 (GmFAD2) gene in soybean. The
enzyme helps in the conversion of oleic acid to linoleic acid. The
fatty acid profile of the CRISPR-edited plants showed a dramatic
increase in oleic acid to over 80% and a decrease in linoleic acid to
1.3–1.7%. A similar study was carried out by Amin et al. [70] where
they reported that CRISPR-edited plants carrying mutations in the
FAD2 gene showed a significant increase in oleic acid to 65% and a
drop in linoleic acid to 16%. Increase in the monounsaturated fatty
acid component in seeds improves stability of soybean oil quality.
For biodiesel production unsaturated fatty acid are desirable since
they have good temperature properties and helps in maintaining
the oil in liquid form. But monounsaturated is preferred over
polyunsaturated since too much polyunsaturated fatty acids can
form polymers under heat which can block the fuel system of a
vehicle. Hence reducing linoleic and linolenic acids and increasing
oleic acid will be useful in biodiesel production in soybean [71].

Rj4 is a dominant gene in soybeans (Glycine max) that restricts
nodulation by many strains of Bradyrhizobium elkanii and Bradyr-
hizobium japonicum. B. elkanii is a weak symbiotic partner of
soybeans because of its low nitrogen-fixation efficiency. Further,
the strains also produce a compound called rhizobitoxine which
induces chlorosis in the host plant. Thus cultivars of soybean har-
boring the Rj4 allele are desirable for growing in areas where the
B. elkanii is dominant, and the Rj4 gene will restrict the nodula-
tion. Hence to understand the molecular basis of theRj4-mediated
nodulation restriction for improvement of soybean cultivars, Tang
et al. [72] mapped the Rj4 locus on soybean chromosome 1 and
also validated the gene using complementation tests and CRISPR/
Cas9-based gene knockout experiments. Another plant pathogen
called Phytophthora sojae, which is an oomycete pathogen, causes
“damping off” of soybean seedlings as well as stem and root rot of
the plants. This causes a huge damage to the soybean crop. To
address this issue, Fang and Tyler [73] used CRISPR to disrupt the
pathogen virulence gene (Avr4/6) in Phytophthora sojae. They also
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validated the contribution of Avr4/6 to recognition by soybean
R gene loci, Rps4 and Rps6. These results provide new pathways
for better control of this pathogen.

Flowering has considerable effects on the life cycle of soybean,
which is an indication of the transition from vegetative growth to
reproductive growth. Hence to understand the functions and
molecular mechanisms of photoperiod responses, Cai et al. [74]
created CRISPR knockout of the soybean flowering time gene,
GmFT2, which was stably heritable in the subsequent T2 genera-
tion, with homozygous GmFT2amutants exhibiting late flowering
under both long-day and short-day conditions. Such studies will
help in improving soybean breeding. Plant architecture influences
grain yield in soybean, but the knowledge on understanding plant
architecture to increase grain yield is very limited. The parameters
that are related to high-yield cultivars are stem growth habit, node
number, plant height, internode length, branch number, leaf size,
and shape. In order to have more understanding on alteration of
plant architecture for higher yield, Bao et al. [75] using CRISPR/
Cas9 system created mutants of four genes (GmSPL9a, GmSPL9b,
GmSPL9c, and GmSPL9d) encoding SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) transcription factors of the
SPL9 family in soybean. In T4 generation, higher-order mutant
plants carrying various combinations of mutations showed
increased node number on the main stem, and branch number
consequently increased total node number per plants at different
levels. These results provide more knowledge on the regulation of
plant architecture that can be useful in future to improve yield in
soybean [75].

6 Use of CRISPR Gene Editing Tool in Cyanobacteria and Microalgae

Microalgae and cyanobacteria have emerged as the third-
generation biofuel feedstock and production of other commercially
important biomolecules, and thus genetic engineering of these
organisms is gaining rapid attention, and efforts have been channe-
lized into using genetic engineering techniques. However, gene
targeting has been difficult in the past for these organisms since
they are not recombinogenic. With the advent of newly developed
CRISPR system which uses nucleases, it has been possible to intro-
duce mutations and breaks in the gene of interest [76]. Recently
the CRISPR system has been successfully validated and tested in
different strains of cyanobacteria such as Synechococcus elongatus
UTEX 2973, Synechocystis 6803, and Anabaena 7120 [77, 78]
and in different species of microalgae such as Chlamydomonas
reinhardtii, P. tricornutum, and Nannochloropsis oceanic [79–
82]. List of CRISPR studies conducted in microalgae and cyano-
bacteria is given in Table 3. The abovementioned species and strains
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are industrially important ones used for biofuel production. Hence
CRISPR can help us in producing superior industrial species and
strains for better and faster biofuel production.

Apart from just validating, there are a few studies conducted in
cyanobacteria and microalgae where using CRISPR system a useful
trait has been targeted for better understanding and improvement
of the strain. Li et al. [83] explored the possibility of engineering
cyanobacteria S. elongatus PCC 7942 by CRISPR/Cas9-assisted
simultaneous glgc knockout and gltA/ppc knock-in, which

Table 3
List of CRISPR studies conducted in cyanobacteria and microalgae (after [76])

Sr.
No. Organism Gene Aim References

Cyanobacteria

1. Synechococcus
elongatus

UTEX 2973

nblA Genome editing using CRISPR/Cas9-based [77]

2. Synechococcus
elongatus

PCC 7942

glgc/GmR gene Increase of succinate production [83]

3. Synechococcus
UTEX 2973

psbA1, nblA Genome editing using CRISPR/Cpf1-based
nucleases

[78]

4. Synechocystis 6803
Anabaena
7120

nblA, nifH Genome editing using CRISPR/Cpf1-based
nucleases

[78]

Microalgae

1. C. reinhardtii
CC503

FKB12 gene First application of CRISPR/Cas9 in microalgae [79]

2. P. tricornutum
CCMP2561

CpSRP54
gene/Shble

First application of CRISPR/Cas9 in diatoms [80]

3. C. reinhardtii
CC-124

MAA7,
CpSRP43
andChlM

Targeted gene knockout and knock-in via NHEJ
in Chlamydomonas

[81]

4. C. reinhardtii
CC-4349

ZEP and
CpFTSY

Production of two-gene knockout mutant
leading to improved photosynthetic
productivity

[86]

5. C. reinhardtii
CC-400

PEPC1 and
RFP

To enhance production of lipids in
Chlamydomonas

[85]

6. N. oceanica
IMET1

Nitrate
reductase
gene/HygR

Targeted gene knockout in Nannochloropsis [82]

7. N. gaditana
CCMP1894

ZnCys TF
BSD

Doubled lipid production by knockout and
attenuation of ZnCys in Nannochloropsis

[84]
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increased the succinate production by 11-fold as compared to wild-
type cells. This result shows that the manipulation and understand-
ing of metabolic pathways in cyanobacteria can be easily studied for
improving the strain. Ajjawi et al. [84] identified 20 transcription
factors as putative negative regulators of lipid production by using
RNA-seq analysis of Nannochlorposis gaditana during nitrogen
deprivation. Further using the CRISPR system, they created muta-
genesis of 18 out of the 20 transcription factors. Knocking out of a
homolog of fungal Zn (II) 2Cys6 encoding gene can lead to the
conversion of carbon into lipids. The lipid production increased
from 20% to 40–55% without affecting the growth conditions
[84]. A similar study was also carried out by Kao et al. [85] where
the researchers have successfully reported the increase in lipid pro-
duction in microalgae,C. reinhardtii. The gene phosphoenol pyru-
vate carboxylase (CrPEPC1) encodes proteins that are essential for
controlling the carbon flux that enters the TCA cycle and plays a
crucial role in carbon partitioning of substrates in competition with
lipid synthesis. Using CRISPR system, the CrPEPC1 gene was
downregulated in C. reinhardtii. The modified strains showed
lower chlorophyll color but increased biomass concentration and
lipid accumulation rate [85]. Microalgae are versatile organisms
capable of converting CO2, H2O, and sunlight into fuel and
other value added commercially important chemicals for domestic
and industrial consumption. Thus improving the photosynthetic
productivity and biomass is very important for industrial applica-
tions. To address this issue, Baek et al. [86] using CRISPR/Cas9
system created CpFTSY (signal recognition particle receptor pro-
tein, chloroplast) and ZEP (zeaxanthin epoxidase) a double gene
knockout in C. reinhardtii and the resultant double mutant strain
produced zeaxanthin and showed improved photosynthetic pro-
ductivity. The truncated antenna size of the double mutant showed
a higher productivity per chlorophyll (Chl) in high light
(HL) conditions. Furthermore, growth of the double mutant line
under HL conditions was dramatically better than that of the wild
type and the single gene ZEP knockout mutant. This shows the
double mutant strain could lead to higher biomass accumulation
under HL growth conditions with greater photosynthetic activity
[86]. Such studies in cyanobacteria and microalgae will expand the
way to improve the yield, titer, and productivity of biofuels from
these organisms.

7 Conclusion

If biofuels have to be sustainable, one has to keep in mind the three
Es, viz., economy, energy, and environment. Large-scale opera-
tions—be it cultivation, manufacturing, and refinery—have to be
sustainable. National policy-makers have to consider conservation
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of forest (or land) and carbon generation while framing policies for
large-scale cultivation. Alternate measures such as promotion of use
of secondary agriculture waste and perennial grasses as feedstock
play vital role in making biofuels a sustainable option. Switch to
biofuel from petrochemical energy sources had several technologi-
cal and socioeconomic complexities. In summary, we have provided
an argument in favor of a composite strategy to manage the transi-
tion to a sustainable biofuel fuel-based economy. Use of a single
policy or model looks inadequate to address all the challenges
related to a sustainable biofuel strategy. Third-generation biofuel,
with genetic engineering and industrial process, currently has the
most attractive long-term prospects to meet sustainable biofuel
goals. However, in the interim use of rational allocation of land
use for second-generation biofuel crops is a key element to drive
biofuel adoption and meet current demand. We strongly recom-
mend the use of genomic technology to accelerate crop develop-
ment of second-generation biofuel sources, while technical hurdles
that resolve microalgal production of biofuels and extraction is
established. Second-generation biofuel crops such as Jatropha, Pon-
gamia, and Castors can be enhanced for field performance and
genetic gain for oil production. Genomic tools such as gene edit-
ing, molecular markers, and molecular breeding should be a key
parallel focus to develop plant-based biofuel crops. Given the heavy
negative environmental and socioeconomic cost associated with
competing demand of first-generation biofuel sources, a strong
policy push to dis-incentivize the use of food crops for biofuels
should be considered.

Overall, we recommend a phased transition from first-
generation biofuel, and an acceleration toward use of technology
to drive adoption of second-generation biofuels. Key aspects of
technology and application of resource management models will
enable these crops to bridge the global energy demand, before we
can completely transition to a more sustainable microalgae-based
biofuel economy.
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