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Abstract

Non-renewable fossil fuels such as bitumen, coal, natural gas, oil shale, and petroleum are depleting over the world owing
to unrestricted consumption. Biofuels such as biodiesel, biobutanol, bioethanol, and biogas are considered an eco-friendly
and cost-effective alternatives of fossil fuels. For energy sustainability, the production of advanced biofuels is required. The
advancement of genetic and metabolic engineering in microbial cells played a significant contribution to biofuels overpro-
duction. Essential approaches such as next-generation sequencing technologies and CRISPR/Cas9-mediated genome editing
of microbial cells are required for the mass manufacture of biofuels globally. Advanced “omics” approaches are used to
construct effective microorganisms for biofuels manufacturing. A new investigation is required to augment the production
of lignocellulosic-based biofuels with minimal use of energy. Advanced areas of metabolic engineering are introduced in
the manufacture of biofuels by the use of engineered microbial strains. Genetically modified microorganisms are used for

the production of biofuels in large quantities at a low-cost.
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Introduction

Bitumen, coal, natural gas, oil shale, and petroleum are
non-renewable fossil fuels that are key sources of energy
around the globe. Because of the unrestricted use of fos-
sil fuels, these resources become unsustainable (Westbrook
et al. 2019). Bioethanol which is synthesized from corn and
biodiesel which is prepared by esterification of vegetable
oils are considered first-generation biofuels (Sheng and
Feng 2015). Second-generation biofuels are prepared from
cellulose, lignin, and hemicellulose of agricultural wastes,
the wood of forestry, and municipal wastages (Yadav and
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Vivekanand 2019). Biofuels such as biobutanol, biodiesel,
bioethanol, and biogas are considered an eco-friendly and
fruitful alternative to fossil fuels. Essential approaches are
required for the mass production of biofuels globally (Xing
et al. 2012). Ineffective carbon uptake, the creation of growth
inhibitors during biomass pre-treatment, residual chemicals
in saccharification, inhibitory metabolites, and other indus-
trial growth conditions that limit microbial growth are bot-
tlenecks in biofuel production (Mukhopadhyay 2015). To
overcome the technological bottlenecks in the successful
conversion of biomass into biofuels, the industry is required
to develop novel enzyme technology for the efficient produc-
tion of biofuels through identifying microbial genes. Most
of the microorganisms from natural environments are not
culturable. Cultivation of microbes requires specific growth
conditions, trophic dependencies, and syntrophic relation-
ships which are the limitations for biofuel and biogas pro-
duction. Metagenomics approaches (Fig. 1) are used to over-
come traditional culture techniques and also used to identify
enzymes such as amylolytic enzymes, f-glucosidase, endo-
glucanase, lignases, and xylanase for biofuels production
(Xing et al. 2012). Production of biogas [methane (CH,),
carbon dioxide (CO,), hydrogen sulphide (H,S)] from
sewage and organic waste digester may be considered as
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Fig.1 Schematic representation of culture dependent and independ-
ent methods for identifying microbial enzymes for biofuel production
from environment. Hypervariable V1-V9 regions of the 16S riboso-
mal RNA gene are used to identify bacterial communities; whereas,
18S rRNA genes are used to identify fungal communities by next

an alternative source of renewable bioenergy in the rural
area of the world (Awe et al. 2017). In developed countries,
bioethanol is utilized as a gasoline additive, and biobutanol
is used as a petroleum substitute (Shanmugam et al. 2019).

Biomass is considered a renewable source of energy.
Biomass conversion produces biofuels such as biogas and
liquid biofuels. Resources of biomass include forest prod-
ucts such as bark, shrubs, sawdust, trees, wood, and wood
residues wastes from agricultural production, energy crops
such as alfalfa, grasses, soybean, sunflower, and starch crops
such as corn, barley, and wheat (Sarsekeyeva et al. 2015).
Anaerobic digestion (AD) of plant material by microbes is
the main source of biogas such as methane (CH,) and carbon
dioxide (CO,) production (Fig. 2). In biogas plants (BGPs),
renewable resources of agriculture such as grass, maize, and
sugar beet, and biodegradable organic wastes are used to
generate biogas by anaerobic digestion (Zhang et al. 2016).
Methane production is divided into several phases such as
hydrolysis of organic compounds such as carbohydrates, pro-
teins, and lipids, production of butyrate, propionate, other
short-chain volatile fatty acids (VFA), and alcohols, produc-
tion of acetic acid, and finally production of CH,. Bacteria
such as Clostridium bornimense, Fermentimonas caenicola,
Herbinix hemicellulosilytica, Herbinix luporum, Herbivo-
rax saccincola, Proteiniphilum saccharofermentans, Petri-
monas mucosa, and Proteiniborus indolifex are involved in
the process of hydrolysis and acidogenesis (Hahnke et al.
2016; Hassa et al. 2018). Clostridium acetobutylicum, C.
beijerinckii, C. saccharobutylicum, and C. saccharoperbuty-
lacetonicum are used to generate butanol (Jiang et al. 2017).
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generation sequencing. Bacterial artificial chromosomes (BAC), cos-
mid, and fosmid are used as a vector and E. coli as a host for clon-
ing of DNA fragment to construct metagenomic library. Sanger
sequence-based screening approaches are used to identify microbial
enzymes from metagenomic library of environmental samples

New generation sequencing technologies (NGS) are used
to identify the complex microbial environments and genetic
constituents of various species of microorganisms that
contribute significantly to biofuel production (Hassa et al.
2018). Metagenomic characterization of biomass degrad-
ing microorganisms from diverse ecological environments
may able to identify the enzymes in bioengineering (Bilal
et al. 2018) (Fig. 1). Genome editing of microbial cells by
CRISPR/Cas9 has been efficiently employed for the pro-
duction of biofuels (Javed et al. 2019). Advanced areas of
metabolic engineering and synthetic biology are introduced
in the production of biofuels through the use of engineered
microbial strains (Cheon et al.2016). Recently, CRISPR-Cas
has been utilized in biofuel (biobutanol) producing microor-
ganisms such as Saccharomyces cerevisiae and Clostridium
(Joseph et al. 2018; Raschmanova et al. 2018). Our goal
is to provide a complete overview of metagenomics and
CRISPR-Cas-based genome editing approaches for better
biofuels and biogas production. In this review, we discussed
the management of genome editing approaches to regulating
microbial strains in biofuels production and also microbial
diversity involved in biogas production using metagenomics
approaches.

Types of biofuels

Biofuels are classified into primary and secondary biofuels.
Secondary biofuels are categorized into four generations
(Rodionova et al. 2017).
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Fig.2 Schematic representation of biogas and biofuels production
from the lignocellulosic biomass, oil crops, sugarcane/food waste
through pre-treatment, and anaerobic digestion. Sugar, fat, and pro-
teins are converted into organic acids and alcohols by acidogenesis;

Sources and application of biofuels

Biofuels are produced from biological materials such as
materials from livestock and waste plants. Primary biofuels
such as crop remains, fuel-wood, wood chips, and landfill
gas are mainly utilized in cooking, heating, and manufactur-
ing electricity whereas secondary biofuels such as biodiesel,
bioethanol, and biogas are used in vehicles and industry
(Rodionova et al. 2017; Doshi et al. 2016) (Fig. 2). Liquid
biofuels are ethanol, butanol, methanol, and biodiesel. In
2011, ten billion liters of bioethanol were produced from
corn and sugar beans which will be increased to 281.5 bil-
lion liters by 2020 (Sarsekeyeva et al. 2015). The global
annual growth rate of biofuel production is currently around
9%, although this is expected to drop to 7% by 2022 (https://
www.iea.org/reports/renewable-energy-market-update-2021/
transport-biofuels). Esterification of oils from vegetables,
microalgae, or other microorganisms produces biodiesel.
Gasoline is produced from triacylglycerides (TAGs) and
diacylglycerides (DAGs) (Georgianna and Mayfield 2012).

Different generations of biofuels

Bioethanol and butanol are the first-generation biofuels that
are produced due to the fermentation of starch of barley,

organic acids and alcohols are converted into hydrogen (H,), carbon
dioxide (CO,), and acetic acid (CH;COOH) by acetogenic bacteria.
Methanogenic bacteria are involved in the synthesis of biogas from
CH;COOH, CO,, and H,

potato, wheat, and corn and sugars of sugar beet and sugar-
cane. Bioethanol is produced from crop plants having a high
carbohydrate concentration by using enzymes of S. cerevi-
siae. Biodiesel is produced through the trans-esterification
of vegetable oils from sebaceous plants such as coconut,
palm, rapeseed, sunflower, and soybeans (Nigam and Singh
2011). Second generation biofuels such as biobutanol are
produced from lignocellulosic materials of wood, leaves,
and straw (Havlik et al. 2011). High oil content (around
60-70%) of green algae such as Chlorella vulgaris, Cha-
mydomonas reinhardtii, and Dunaliella salina are used for
biodiesel production. Microalgae become able to produce
more biodiesel than conventional crops (Azad et al. 2014).
Microalgal TAGs are involved in the manufacturing of third-
generation biofuels (Pr'ibyl et al. 2014). Hydrogen, acetone,
and methane are considered to be third generation biofuels.
First-generation biofuels have several disadvantages such as
low yield and high cost whereas second-generation biofuels
have several advantages such as economical, sustainable,
and eco-friendly. Due to their low cost, high energy, and
renewability, algae are considered to be the major source
of third-generation fuels. Due to its high energy, low cost,
less unhealthy, and better solubility, biobutanol is consid-
ered to be the best alternative to non-renewable fossil fuels
(Rathour et al. 2018). Fourth generation biofuels are derived
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from genetically engineered cyanobacteria (Sarsekeyeva
et al. 2015). Algal species such as Botryococcus braunni,
Chaetocero scalcitrans, Chlorella species, Isochrysisgal
bana, Nanochloropsis sp., Schizochytrium limacinum, and
Scenedesmus as well as other microbes such as Acinetobac-
ter calcoacetius, Arthrobacter sp. Bacillus anthracis, and
B. subtilis are identified as a source for fourth generation
biofuels synthesis (Dutta et al. 2014).

Microbiome involved in biofuel production

Microbes from different ecological habitats are involved in
the conversion of lignocellulosic biomass to biofuels (Pab-
bathi et al. 2021). The majority of cellulolytic microorgan-
isms belong to the phyla Actinobacteria, Bacteroidetes, Fir-
micutes, and Proteobacteria, and their cellulolytic enzymes
are important in the conversion of biomass to biofuels
(Prasad et al. 2019). Fungi such as Ceriporiopsis subver-
mispora, Pleurotus florida, Phanerochaete chrysosporium,
and Trichoderma reesei have enzymes such as lignin peroxi-
dases, laccases, and manganese peroxidases which are used
for the disintegration of biomass (Zabed et al. 2016; Zhao
et al. 2011). Bacterial species such as Acetovibrio, Bacillus,
Bacteroides, Clostridium, Cellulomonas, Erwinia, Rumi-
nococcus, Thermomonospora, Streptomyces, and Micro-
bispora, and fungal genera such as Aspergillus, Fusarium,
Humicola, Schizophyllum, Sclerotium, Schizophillum,
Trichoderma, and Penicillium are involved in the production
of hydrolytic enzymes such as cellulases, and hemicellulases
which are involved in the production of monomeric sugars
from biomass (Javed et al. 2019). Gram-negative bacterium
Zymomonas mobilis, anaerobic thermophilic bacteria such
as Clostridium thermohydrosulfuricum, Clostridium thermo-
saccharolyticum, Thermoanaerobacter mathranii, Thermoa-
naerobacter ethanolicus, and Thermoanaerobium brockii are
engaged in the conversion of monomeric sugars into ethanol
under anaerobic environment (Balat 2011). Bacterial species
belonging to the genus Clostridium have been found to be
involved in the production of 1-butanol through acetone-
butanol-ethanol (ABE) pathway (Cai et al. 2016). Bacteria
such as Escherichia coli and Klebsiella oxytoca and the yeast
Pichia stipites are used in ethanol production from pentoses
through genetic engineering approaches (Dellomonaco et al.
2010). Ethanologenic bacterium Z. mobilis is used for the
synthesis of ethanol from glucose and sucrose. Expression
of such as xylose isomerase, xylulokinase, transketolase,
and transaldolase genes from E. coli in Z. mobilis CP4
(pZB5) enhanced ethanol production from xylose (Colin
etal. 2011; Xia et al. 2019; Yang et al. 2016). In Z. mobilis
ATCC39676 (pZB206), expression of E. coli genes such
as araABD (L-arabinose isomerase, L-ribulokinase, L-ribu-
lose-5-P-4-epimerase), genes encoding for transketolase and
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transaldolase increased ethanol production from arabinose
(Colin et al. 2011; Xia et al. 2019). PDC and ADH genes
(pdc and adhB) from Z. mobilis were expressed in E. coli to
enhance ethanol production. E. coli and S. cerevisiae strains
have been used for the production of biofuel isoprenoids.
Two genes of Bacillus subtilis are involved in the conver-
sion of isoprenyl diphosphate (IPP) into isopentenol. The
expression of the Bacillus subtilis pyrophosphatase gene in
E. coli increased the isopentenol production (Dellomonaco
et al. 2010) (Table 1). Clostridium acetobutylicum and C.
pasteurianum are involved in the production of biodiesel
from glycerol (Yazdani and Gonzalez 2008).

Monomeric sugars are converted by a simultaneous pro-
cess of saccharification and fermentation (SSF) into ethanol.
Bioethanol is produced due to the fermentation of hexose
sugars at a lower temperature (30-32 °C) in which amylase
converts starch into dextrin whereas glucoamylase converts
dextrin into glucose. High-temperature tolerant microorgan-
isms e.g., Kluyveromyces marxianus is used in the sacchari-
fication process (Javed et al. 2019). Both C6-fermenting and
C5-fermenting microbes such as S. cerevisiae and Candida
shehatae are used for biofuel production from monomeric
sugars (das Neves et al. 2007). In consolidated bioprocessing
(CBP), bacterial species such as Clostridium thermocellum
and several fungal species such as Fusarium oxysporum,
Neurospora crassa, and Paecilomyces sp. are involved in
enzymatic hydrolysis and fermentation (Kang et al. 2014).
In S. cerevisiae, fatty alcohol was produced by the expres-
sion of the Mycobacterium marinum gene carboxylic acid
reductase, which is involved in the conversion of fatty acids
to fatty aldehydes (Zhou et al. 2016). In E. coli, expression
of genes such as 2-keto acid decarboxylase (aro10) and alco-
hol dehydrogenase (adh2) from S. cerevisiae and acyltrans-
ferases (ws/dgat) from Acinetobacter baylyi enhanced the
production of fatty acids with short chain alcohols such as
isobutanol and 3-methyl-1-butanol (Guo et al. 2014). Cell-
wall degrading enzymes are involved in the conversion of
lignocellulosic biomass into bio-alcohol (Tiwari et al. 2018).
The extremophilic bacterium such as Caldicelluloseruptor
bescii becomes more efficient to synthesize cellulolytic
enzyme as compared to Trichoderma reesei (Kanafusa-
Shinkai et al. 2013).

Biobutanol (or butyl alcohol) is synthesized by the fer-
mentation of sugars from biomass such as corn stover,
sugarcane bagasse, algal biomass, and food waste by
using anaerobic as well as aerobic bacteria through ace-
tone-butanol—-ethanol (ABE) fermentation. Anaerobe bac-
teria Clostridia are involved in butanol production through
acidogenesis where organic acids, carbon dioxide, and
hydrogen are produced as a by-product and solventogenesis
where acetone, butanol, and ethanol are produced. Clostridia
is a butanol-producing Gram-positive, and strictly anaerobic
bacterium (Karimi et al. 2015). ABE-producing Clostridia
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Table 1 Genetically modified microbial strains for biofuels production

Strain

Genetic modifications

Biofuels

References

Zymomonas mobilis CP4 (pZB5)

Zymomonas mobilis ATCC39676
(pZB206)

Escherichia coli

Clostridium saccharoperbutylace-
tonicum N1-4

Clostridium beijerinckii CC101-
SVé6

Clostridium tyrobutyricum

Escherichia coli

Expression of Escherichia coli
genes such as xylose isomerase,
xylulokinase, transketolase, and
transaldolase

Expression of Escherichia coli
genes such as araABD (L-arab-
inose isomerase, L-ribulokinase,
L-ribulose-5-P-4-epimerase),
genes encoding for transketolase
and transaldolase

Expression of pyrophosphatase
gene from Bacillus subtilis

Overexpression of genes such as
aldehyde/alcohol dehydrogenase
genes and thiolase genes

Overexpression of adhE2 and
ctfAB genes

Overexpression of genes such as
(scrB, scrA, scrK) and adhE2

Expression of genes such as

Ethanol from xylose

Ethanol production from arab-
inose

Isopentenol

Butanol

Butanol

Butanol production from sucrose
and sugarcane

Butanol from glucose

Colin et al. (2011), Xia et al. (2019)
and Yang et al. (2016)

Colin et al. (2011) and Xia et al.
(2019)

Dellomonaco et al. (2010)

Wang et al. (2017a, b)

Lu et al. (2017)
Zhang et al. (2017)

Atsumi et al. (2008)

thl, hbd, crt, bed, etfAB, and
adhE2 which are involved in the
conversion of Acetyl-CoA to
butanol
Escherichia coli Overexpression of ilvIHCD
operon
Synechococcus elongatus PCC
7942

Expression of two genes such
as pyruvate decarboxylase and
alcohol dehydrogenase II from
Zymomonas mobilis

Escherichia coli Expression of genes such as
2-keto acid decarboxylase
(aro10) and alcohol dehydro-
genase (adh2) from Sac-
charomyces cerevisiae and
acyltransferases (ws/dgat) from

Acinetobacter baylyi

Isobutanol Dellomonaco et al. (2010)

Ethanol Song et al. (2014)

Isobutanol and 3-methyl-1-bu-
tanol

Guo et al. (2014)

are involved in the fermentation of carbon sources, includ-
ing fructose, glucose, galactose, sucrose, xylose, mannose,
inulin, and glycerol (Visioli et al. 2014). Overexpression of
genes such as aldehyde/alcohol dehydrogenase genes and
thiolase genes in Clostridium saccharoperbutylacetonicum
N1-4 are used in the production of butanol (Wang et al.
2017a, b). Overexpression of adhE2 and ctfAB genes in C.
beijerinckii CC101-SV6 are used in the higher production
of butanol (Lu et al. 2017). Overexpression of genes such as
(scrB, scrA, scrK) and adhE?2 in C. tyrobutyricum are used
in butanol production from sucrose and sugarcane (Zhang
et al. 2017) (Table 1). Escherichia coli, Saccharomyces
cerevisiae, and Synechococcus elongatus are also involved
in production of 1-butanol (Cheon et al. 2016). Expres-
sion of genes involved in the conversion of Acetyl-CoA to
butanol such as thi, hbd, crt, bed, etfAB, and adhE2 in E. coli

enhanced the production of butanol from glucose (Atsumi
et al. 2008) (Table 1). Butanol manufacture in E. coli was
performed by a keto-acid-mediated pathway that utilized the
leucine biosynthesis operon (leuABCD) and norvaline bio-
synthesis (Shen and Liao 2008). Overexpression of ilvIHCD
operon in E. coli was used for isobutanol production through
the conversion of pyruvate to 2-ketoisovalerate. Clostridium
acetobutylicum and Clostridium beijerinckii are involved in
the production of butanol from glucose (Dellomonaco et al.
2010) (Table 1).

Role of Cyanobacteria in biofuel production
Cyanobacteria is a key resource of renewable biofuels
(Angermayr et al. 2009). Transgenic Synechococcus elon-

gatus PCC 7942 is used to synthesize ethanol by expressing
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two genes such as pyruvate decarboxylase and alcohol dehy-
drogenase II from Z. mobilis. The amount of ethanol produc-
tion was increased when the above mentioned genes were
expressed in Synechocystis sp. PCC 6803. (Song et al. 2014)
(Table 1). Isobutanol may be used in the place of gasoline.
Synechococcus elongatus PCC 7942 is used to produce
1-butanol. Five genes such as aldehyde/alcohol dehydroge-
nase (adhE?2), crotonase (crt), hydroxybutyryl-CoA dehy-
drogenase (hbd) from Clostridium acetobutylicum, modified
trans-enoyl-CoA-reductase (ter) from Treponema denticola,
and acetyl-CoA acetyltransferase or thiolase (atoB) from E.
coli were inserted into the genome of Synechococcus elon-
gatus to synthesize 1-butanol (Lan and Liao 2011). Trans-
genic S. elongatus was used to synthesize isobutyraldehyde
(Atsumi et al. 2009). Because of their rapid development,
high productivity, resilience to genetic alterations, cyano-
bacteria are a viable source of biomass for the generation of
biofuel (Sarsekeyeva et al. 2015).

Role of ‘Knallgas’ bacteria in biofuels production

Gram negative betaproteobacterium Ralstonia eutropha is
considered Knallgas bacteria. It is well-known for its ability
to produce polyhydroxyalkanoate (PHA) biopolymers from
a number of carbon sources such as sugars, lipids, and CO,.
Genetically engineered Ralstonia eutropha is used to syn-
thesize n-butanol, isobutanol, and terpene molecules under
chemolithoautotrophic conditions. Bio-based fuels are pro-
duced from CO,. Knallgas bacteria serve as a biocatalyst
for the use of CO, and are involved in the synthesis of high-
density biofuels (Brigham 2019). Rhodobacter capsulatus is
involved in hydrogen production (Silva et al. 2016) whereas
Rhodococcus opacus, is involved in the synthesis of triacyl-
glycerol (Kurosawa et al. 2015).

Role of thermophilic bacteria in biofuels production
from lignocellulose

Clostridium thermocellum is used to produce ethanol. To
improve the production of ethanol, Clostridium thermocel-
lum has been used as one of the co-cultured microbes with
other thermophilic bacteria such as Thermoanaerobacterium
thermosaccharolyticum, C. thermohydrosulfuricum, Ther-
moanaerobacter ethanolicus, Geobacillus stearothermophi-
lus, and Thermoanaerobacter brockii (Taylor et al. 2009).
Thermoanaerobacterium saccharolyticum is used for the
hydrolysis of cellulose to produce ethanol (Boonsayompoo
and Reungsang 2013). Geobacillus is used to produce etha-
nol through the metabolism of pentose and hexose sugars
(Raita et al. 2016). The presence of more carbon sources,
thermostable genes, and less risk of contamination make
thermophiles more suitable for the production of lignocel-
lulosic biofuels Jiang et al. 2017)
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Application of metagenomic approaches
to identify novel enzymes for biofuels
and biogas production.

Metagenomics has been used to find enzymes such as
lignases, xylanases, endoglucanases, amylolytic enzymes,
glucosidase for bioethanol, and lipolytic enzymes for bio-
diesel production (Wang et al. 2019).

Microorganisms involved in hydrolysis
of lignocellulose

Lignocellulose which is made up of cellulose, hemicellulose,
and lignin, is the world’s most abundant renewable biofuel
resource. Plant cell walls include cellulose and hemicellu-
lose which are digested to produce glucose and galactose,
which serve as a carbon source for microbes engaged in bio-
fuel synthesis (Adegboye et al. 2021). Actinobacteria, Bac-
teroidetes, Firmicutes, and Proteobacteria are the most com-
mon cellulolytic bacterial phyla (de Gonzalo et al. 2016).
Actinobacteria, Proteobacteria (classes: Alphaproteobacte-
ria, Betaproteobacteria, Deltaproteobacteria, Gammaproteo-
bacteria), Firmicutes, Bacteroides, and Archaea were found
to degrade lignin (Bugg and Rahmanpour 2015). Tricho-
derma longibrachiatum, Aspergillus niger, and Ustilago
maydis have hemicellulose digesting enzyme endo f-1,4
xylanase. Several strains such as T. terrestris, Neurospora
crassa, Podospora anserine, Aspergillus nidulans, Myceli-
ophthora thermophila, and Sporotrichum pulyverolentum
have lytic polysaccharide monooxygenases (LPMOs) which
are involved in the cleavage of chitin and cellulose. Strep-
tomyces strains such as NWU339 and NWU49 which are
identified from the rhizosphere of maize use starch, xylan,
and cellulose as potential substrates for biofuel synthesis.
Amylase, cellulases, pectinase, and xylanase of Strepto-
myces fulvissimus CKS7 showed the highest production
of bioethanol (Adegboye et al. 2021). By employing plant
biomass as substrate, Aspergillus, Trichoderma, and Bacil-
lus sp. have been employed to synthesize enzymes (Sakhuja
et al. 2021).

Metagenomic approaches

To isolate novel enzymes from the environmental micro-
organisms by using metagenomic approaches, different
approaches are applied such as isolation of DNA from the
environment, identification of vector for gene cloning, con-
struction of a metagenomic library, and functional character-
ization of genes encoding novel enzymes from the metagen-
omic library (Fig. 1) (Wang et al. 2019). Highly purified and
large molecular weight DNA is an important factor for the
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preparation of metagenomic libraries (Gunawardana et al.
2014). Bacterial artificial chromosomes (BACs), cosmids,
fosmids, or yeast artificial chromosomes (YACs) are used
for cloning large DNA fragments in metagenomic library
preparations. Escherichia coli may be preferred for gene
cloning but it may not be applicable for cloning of enzymes
of microbes in extreme environments (Jung et al. 2012).
Agrobacterium tumefaciens, Bacillus subtilis, Burkholde-
ria graminis, Caulobacter vibrioides, Pseudomonas putida,
Ralstonia metallidurans, Sulfolobus solfataricus, and Ther-
mus thermophilus are considered as an alternative host for
library preparation (Wang et al. 2019). T. thermophilus has
been considered as a better host for metagenomic library
preparation for the discovery of genes having esterases and
xylanases as compared to E. coli (Leis et al. 2015).

Functional isolation of positive clones having
B-glucosidases has been isolated from plates contain-
ing esculin hydrate. Functional screenings have lower
efficiency and several limitations (Fang et al. 2010). Car-
boxymethyl cellulose, 4-methylumbelliferyl f-D-celloside
(MUC), AZCL (Azurine-Crosslinked Polysaccharides)-HE-
cellulose, and AZCL-B-glucan are used as a substrate for
screening of metagenomic library of endoglucanase. esculin,
arbutin, p-nitrophenylb-p-glucopyranoside, p-nitrophenyl-
p-p-cellobioside, and 4-methylumbelliferyl p-p-glucoside
(MUQG) are used as substrates for screening of a metagen-
omic library of f-glucosidase (Tiwari et al. 2018).

PCR primers are designed for DNA sequencing based on
DNA sequences of a gene of interest having enzymatic prop-
erties under extreme environmental conditions. Other DNA
sequence based approaches such as microarray, fluorescence
in situ hybridization (FISH), and RT-PCR are used to iden-
tify the clones of genes interests (Shang et al. 2018). Envi-
ronmental metagenomic communities are identified using
Next generation sequencing technologies such as Illumina
metagenome sequencing, and Oxford Nanopore Technolo-
gies (ONT) based MinlON (Wang et al. 2019). Metagenom-
ics approaches are used to identify the diversity of microbial
communities at different taxa and functional classification
of microbial genes in an environment (Simon and Daniel
2011). 16S ribosomal RNA (V1-V9 hypervariable regions)
is used for the identification of bacterial taxa; whereas, inter-
nal transcribed spacer (ITS), and 18S rRNA are used for
fungal identification (Morgan and Huttenhower 2012).

Metagenome-derived enzymes for biofuel synthesis

Metagenomics studies are responsible for the isolation of
lignocellulose-degrading enzymes. f-Glucosidase which is
used in the transformation of cellulosic biomass into glu-
cose has been isolated from different environmental condi-
tions such as alkaline polluted soil, hot spring, wastewater,
marine water, mangrove soil, and agricultural soil (Tiwari

et al. 2018). The marine microbial metagenomic library was
utilized for the identification of B-glucosidase (Bgl1A) (Fang
et al. 2010). Shotgun metagenomic analysis revealed that
Bacillus thermozeamaize, Caldibacillus debilis, and Geo-
bacillus thermoglucosidasius have carboxymethylcellulose
and glycosyl hydrolases (GHs) which are involved in the
degradation of lignocellulose (Lemos et al. 2017). Microbes
having lignocellulolytic enzymes have been isolated from
corn stover, rice straw, sugarcane bagasse, and wheat straw
by using functional metagenomic approaches (Rattanachom-
sriet al. 2011).

Enzymes played a crucial role in industrial biofuel pro-
duction. Metagenomics approaches are used for screening
the biomass-degrading microbial novel enzymes such as
carboxyl- hydrolases (esterases, lipases), polysaccharide-
modifying enzymes (x-amylases, cellulases, xylanases,1,4-
a-glucan branching enzymes), oxidoreductases, dehydroge-
nases, and oxygenases from environmental samples. These
novel enzymes are capable of producing biofuels under a
wide range of pH, temperature, or ionic conditions (Xing
et al. 2012).

Metagenomic approaches are used to isolate the enzymes
such as lignin peroxidase, manganese peroxidase, xylanase,
and versatile peroxidase from environmental DNA libraries
(Fang et al. 2011). Xylanase of soil derived metagenomic
library showed enhanced activity in lower temperatures and
reduced alkaline environment (Hu et al. 2008). The alka-
line xylanase from a metagenomic library of microbiome
derived fungus-growing termites showed stability over a
wide range of pH. (Liu et al. 2011). Cellulose which is used
for the production of biofuel is usually degraded by enzymes
such as endoglucanases, exoglucanases, and -glucosidases.
Cellulases are used in the production of bioethanol (Ilm-
berger and Streit 2010). Cellulases such as 2p-Glucosidase,
3 Endoglucanase, 5 endoglucanases, 2 p-glucosidases, and 1
p-Cellobiohydrolase are obtained from metagenomic librar-
ies from the guts of earthworms (Beloqui et al. 2010; Wang
et al. 2009). Endoglucanase is derived from the metagenome
of the compost soils (Pang et al. 2009). Exo-glucanase which
is used in the degradation of xyloglucan and oligoxyloglucan
is obtained from ruminal microbial metagenomes (Wong
et al. 2010). The enzyme glycosyl hydrolase was obtained
from the metagenomic library of cow rumen (Palackal et al.
2007). Thermophilic bacteria such as Caldicellulosiruptor
danielii, Caldicellulosiruptor morganii, and Caldicellulo-
siruptor naganoensis NA10 use lignocellulose as a substrate
(Lee et al. 2018). Xylose isomerase, xylulokinase, xylose
transporter, ribulose-phosphate 3-epimerase genes in Her-
bivorax saccincola A7 are involved in xylose metabolism
(Aikawa et al. 2018). Clostridium clariflavum possesses
polysaccharide-degrading enzymes. Without pre-treat-
ments, Caldicellulosiruptorbescii demonstrated disintegra-
tion of plant biomass (Brunecky et al. 2018). Algoriphagus
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ratkowskyi, Flavobacterium beibuense, Halomonas merid-
ian, Joostella marina, and Pseudomonas putida showed deg-
radation of lignocellulose in a saline environment (Cortes-
Tolalpa et al. 2018).

Microbial communities in biogas production

Bacteria are involved in several phases of biogas forma-
tion including hydrolysis, acidogenesis, and acetogenesis,
whereas archaea are involved in methanogenesis (Fig. 2).
Clostridium belong to Firmicutes is involved in the hydroly-
sis of biopolymers such as cellulose, starch, proteins, and
lipids into oligo- and monomers which are converted into
volatile fatty acids such as acetate, propionate, and butyrate
by acidogenic bacteria of phyla Firmicutes, Chloroflexi,
Bacteroidetes, and Proteobacteria. During acetogenesis,
volatile fatty acids are converted into acetate, CO,, and H,
by Syntrophomonas, Syntrophobacter, Pelotomaculum, and
Thermoanaerobacter. Methanomicrobiales, Methanosar-
cinales, and Methanobacteriales which belong to phylum
Euryarchaeota under Archaea are involved in hydrogeno-
trophic methanogenesis (CO, and H,), acetoclastic pathway,
and methylotrophic pathway. Thermophilic BGPs are pre-
dominated by Methanothermobacter and Methanosarcina
as well as Thermotogae and Synergistetes. Mesophilic BGPs
are predominated by class Clostridia, Bacteroidetes, Bacilli,
Spirochaetes of the bacterial community as well as Metha-
nomicrobiales, Methanosarcinales, and Methanobacteriales
of an archaeal community (Jiinemann et al.2017) (Table 2).

Omics approaches to understand
the composition and functional relationship
of bacteria and archaea in biogas plant

Bacteria and archaea are the predominant microbial com-

munities in the biogas plant (Table 2). In biogas plants
(BGP), the richness and abundance of the microbial

Table 2 List of predominant microbial community in biogas plants

population are influenced by temperature, fed substrates,
pH, and reactor and fermentation pattern (Abendroth et al.
2015; Yu et al. 2014). The composition of microbial com-
munities in biogas plants is determined by 16S rRNA gene
amplicon sequencing. This BGP is operated under meso-
philic (35-45 °C) or thermophilic (45-60 °C) conditions
by using sewage sludge, manure, and agricultural wastage
(Maus et al. 2017).

Composition of bacterial communities in mesophilic
BGP

Firmicutes are the predominant phyla in BGP. Among
phylum Firmicutes, the classes Clostridia and Bacilli
are highly abundant in the mesophilic condition of BGP.
Phyla such as Acidobacteria, Proteobacteria, Spirochaetes,
Tenericutes, Verrucomicrobia, and Chloroflexi are also
reported in BGP which is operated under mesophilic con-
dition (Stolze et al. 2016). Degradation of complex car-
bohydrates such as amylose, amylopectin, cellulose, and
xylan is carried out by mainly bacterial species belonging
to the genus Clostridium. Acetoanaerobium sticklandii and
Butyrivibrio proteoclasticus belong to Clostridia are also
involved in the degradation of proteins (Hassa et al. 2018).
Bacteria belong to Thermoanaerobacteriaceae, Costridi-
aceae, and Syntrophomonadaceae families are considered
as a syntroph which are involved in the breakdown of syn-
trophic fatty acid (Schniirer 2016). Bacterial genera such
as Syntrophus, Pelobacter, Smithella, Syntrophorhabdus,
and Syntrophobacter belong to phylum Proteobacteria are
associated with methanogenic Archaea (Qiu et al. 2008).
Bacteroidetes, Porphyromonadaceae, and Marinilabiaceae
are predominant in mesophilic BGP. Bacteroidetes are
involved in the production of acetate and propionate from
sugars (Moset et al. 2015).

Type of biogas plant Predominant microbial community

References

Mesophilic
flexi

Bacteroidetes, Porphyromonadaceae, Marinilabiaceae
Clostridia, Bacteroidetes, Bacilli, Spirochaetes, (Bacteria) Methanomicrobiales, Methanosarcina-

les, Methanobacteriales (Archaea)
Thermophilic

Firmicutes, Thermotogae, Bacteroidetes, Clostridium thermocellum,

Lachnospiraceae, Halanaerobiaceae

Defluviitoga, Clostridium cluster I1I, Tepidanaerobacter

Agricultural
riales spp. Methanosarcina sp.

Acidobacteria, Firmicutes, Proteobacteria, Spirochaetes, Tenericutes, Verrucomicrobia, Chloro-

Methanothermobacter, Methanosarcina, Thermotogae, Synergistetes

Methanoculleus, Methanosarcina, Methanobrevibacter, Methanomicrobiales spp. Methanobacte-

Stolze et al. (2016)

Moset et al. (2015)
Jiinemann et al. (2017)

Jiinemann et al.2017
Akinosho et al. (2014)
Stolze et al. (2016)
Maus et al. (20164, b)
Ziganshin et al. (2013)
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Composition of bacterial communities
in thermophilic BGP

Bacterial phyla such as Firmicutes, Thermotogae, and Bac-
teroidetes are predominant in thermophilic BGP. Bacteria
belong to class Clostridia showed higher abundance in ther-
mophilic BGPs as compared to mesophilic BGP. Clostrid-
ium thermocellum is considered a key cellulose degrader of
thermophilic BGPs (Akinosho et al. 2014). In thermophilic
conditions of BGP, Lachnospiraceae and Halanaerobiaceae
showed higher abundance (Stolze et al. 2016). The spe-
cies belong to Lachnospiraceae family are involved in the
degradation of complex plant content. Herbinix hemicel-
lulosilytica T3/55T and Halocella cellulolytica which are
isolated thermophilic BGP are involved in the degradation
of cellulose. They engage in the manufacture of end prod-
ucts such as acetate, ethanol, lactate, H,, and CO, (Koeck
et al. 2015). In thermophilic biogas plants, bacterial genera
such as Defluviitoga, Clostridium cluster I1I, and Tepidan-
aerobacter were found to be more abundant (Maus et al.
2016a, b).

Composition of bacterial and archaeal communities
in agricultural BGP

Methanoculleus, Methanosarcina, and Methanobrevibac-
ter showed higher abundance in agricultural BGP. They
can grow in both mesophilic and thermophilic conditions.
Hydrogenotrophic methanogenic Archaea such as Metha-
nomicrobiales spp. and Methanobacteriales spp. can survive
in toxic ammonia containing the environment. Methanosar-
cina sp. are able to survive in high ammonia or salt concen-
trations (Ziganshin et al. 2013).

Bacterial species in biogas reactors are involved in the
digestion of carbohydrates and energy conversion. Bacterial
genes involved in cellulose degradation such as cellobiose
phosphorylase, glucosidase, and cellulase/cellobiase are pre-
dominant in agricultural BGPs (Maus et al. 2016b). Bacterial
genes involved in the metabolism of nitrogen, phosphorus,
and aromatic compound were found in higher abundances
in wastewater sludge with higher amounts of aromatic com-
pounds, nitrite, organic contaminants, and phosphate (Luo
et al. 2016). Bacterial genes involved in acetoclastic metha-
nogenesis were more abundant in biogas reactors fed sewage
sludge, whereas, bacterial genes involved in the hydrogeno-
trophic pathway were overexpressed in biogas reactors given
agricultural leftovers and manure (Stolze et al. 2015). In the
acetoclastic pathway, the predominant genes are acetyl-CoA
synthetase and acetyl-CoA decarbonylase/synthase complex,
whereas, formate dehydrogenase and formylmethanofuran
dehydrogenase are highly abundant in the hydrogenotrophic
pathway (Luo et al. 2016).

In agricultural BGP fed with cow and chicken manure and
maize silage, methyl-coenzyme-M-reductase of hydrogeno-
trophic archaeal species showed higher abundance (Giillert
et al. 2016). Whole metatranscriptome sequencing analyses
of BGP digesting maize silage, barley, and cattle manure
were revealed that taxa Anaerobaculum (Synergistetes),
Clostridium cluster I1I (Firmicutes), Cellulosibacter (Fir-
micutes), Defluviitoga (Thermotogae), Methanoculleus (Eur-
yarchaeota), and Tepidanaerobacter (Firmicutes) showed
transcriptional activities (Maus et al. 2016b). In agricultural
BGPs, Methanobacterium, Methanosaeta, and Methanocul-
leus showed higher expression of methanogenesis enzymes.
Firmicutes are involved in the degradation of cellulose,
whereas, Bacteroidetes are mostly involved in the digestion
of polysaccharides. Firmicutes are involved in the synthesis
of enzymes such as xylanases, xylosidases, and cellulases
(Hassa et al. 2018).

Application of genome editing of microbial
cells mediated by CRISPR/Cas9-in biofuel
synthesis

Several genome editing technologies such as Zinc Finger
Nucleases (ZFNs), Transcription Activator-Like (TAL)
Effector Nucleases (TALENSs), and clustered regularly
interspaced short palindromic repeats (CRISPR) system are
available in the advanced field of genetic engineering. There
are various drawbacks to ZFNs and TALENS, including the
lack of an effective cloning vector for delivery mechanisms,
off targeted effects, cytotoxicity, and low efficiency for mul-
tiple-gene targeting. To overcome the drawbacks of ZFNs
and TALENSs, the CRISPR/Cas9 system has evolved (Javed
et al. 2019; Shanmugam et al. 2019).

An overview of CRISPR/Cas9 system

Several bacterial and archaeal strains have the CRISPR-Cas
system (Grissa et al. 2007). CRISPR-Cas genome editing
tools consist of Cas protein (Cas9, Cpfl/Cas12a) having
enzymatically active nuclease domains, and single guide
RNA (sgRNA) which is the chimera of endogenous bacte-
rial CRISPR (crRNA) and trans-activating crRNA (tracr-
RNA). Cas protein induces double-strand break (DSB)
in DNA strands which are located upstream of the proto-
spacer adjacent motif (PAM). This DSB has been repaired
by non-homologous end joining (NHEJ), and the homol-
ogy directed repair (HDR) pathway (Jiang et al. 2013). The
CRISPR consists of tiny repeated DNA sequences flanked by
small spacer DNA segments from bacteriophage or plasmid.
CRISPR associated genes such as Cas9 have been involved
in the unwinding of DNA double helix through its nuclease
or helicase activity (Rodriguez 2016). Cas9 was originally
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obtained from the bacterium Streptococcus pyogenes. Using
Cas9 nuclease, single guide RNA (sgRNA) along with crR-
NAs and trans-activating RNA (tracrRNA) are involved in
breaking unique DNA sequences (Louwen et al.2014). For
the improved production of biofuels, CRISPR/Cas9-medi-
ated site directed mutagenesis in the genome of microbial
cells is used (Ulaganathan et al. 2017) (Table 3). Genome
editing enhances the microorganisms to survive in a highly
toxic environment such as fermentation process inhibitors
and specific growth inhibitors such as phenolic compounds
and furan derivatives (Tkalec et al. 2014).

Genome editing of target genes in microorganisms
for biofuels production

CRISPR-Cas9 genome editing has been utilized in C.
saccharoperbutylacetonicum N1-4 strain for the produc-
tion of butanol (Wang et al. 2017a, b). The genome edit-
ing technology has been applied in phosphotransacetylase
(pta) and butyrate kinase (buk) genes of C. saccharoperbu-
tylacetonicum for the production of acetate and butyrate.
The mutation in the above mentioned genes was created by
using an open reading frame (ORF) of Cas9 from S. pyo-
genes under the influence of lactose inducible promoter
(bgall) and transcribed sgRNA from a small RNA promoter
of C. beijerinckii (Wang et al. 2016). Overexpression of
acetoacetyl-CoA thiolase (#hl), and alcohol dehydrogenase
(adhE2) genes of C. acetobutylicum, and formate dehydro-
genase (fdhl) gene of Candida boidinii in E. coli EMJ50
strain induce biobutanol synthesis (Shanmugam et al. 2019).
SpCRISPR-dCas9 is used to synthesize the biobutanol
from lignocellulose through carbon catabolite repression
(CCR) of C. acetobutylicum DSM792 and C. pasteurianum
ATCC6013 via suppression of kinase/phosphorylase (hprK)
gene (Bruder et al. 2016).

A frameshift mutation at codon 41 in the NADH dehy-
drogenase enzyme of Z. mobilis results in enhanced etha-
nol production which favored growth in aerobic conditions
(Ulaganathan et al. 2017). Point mutations in the alcohol
dehydrogenase enzyme of C. thermocellum, are used for
the enhancement of ethanol tolerance (Brown et al. 2011).
Single amino acid alteration in ADH3 (G416 T, T966 G,
T201 A), ASG1 (G1248 A, G1248 T, A1979 G, G2881C),
GIS4 (G1322C, G295 A), and SKS1 (G821 T, C617 A)
enhanced tolerance of S. cerevisiae in an acetic acid environ-
ment (Gonzéilez-Ramos et al. 2016). The enhanced produc-
tion of bioethanol by S. cerevisiae depends on its tolerance
towards inhibitors. Single amino acid alterations (E145G,
G14C, K219E, L18 P, L361 F, L606, P195 T, P511T, V355
M,V522 G, Q649 L) in RpoD protein of Z. mobilis enhanced
its furfural tolerance (Ulaganathan et al. 2017). The produc-
tion of bioethanol generates high temperature that inhibits
the development of ethanol-producing microorganisms.
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Enhanced thermotolerance and increased production of
ethanol by Z. mobilis and S. cerevisiae may be due to its
single amino acid alterations in the pyruvate kinase and
NADH dehydrogenase genes (Caspeta et al. 2014). S. cerevi-
siae developed thermostability due to the deletion of Dfg5
glycosyl phosphatidylinositol-anchored membrane protein
(Nasution et al. 2015). Replacement of amino acids of cel-
lulases in Bacillus sp. strain KSM-64 (N179K and D194K),
C. cellulovorans (E116D and V192 A), C. phytofermentans
(E158 V, N144I, N291 K, andV245 G), C. thermocellum
(8329 G), Humicola insolens (C313S), and Melanocarpus
albomyces (5290 T, G4C/M70C/S290 T) enhanced their
heat tolerance (Chokhawala et al. 2015). Hemicellulases
such as Endo-1, 4-f-xylanase is involved in the production
of ethanol through a breakdown of -1, 4-xylosidic bond in
xylan processing xylo-oligosaccharides (Dumon et al. 2012).
Thermotolerance of Aspergillus usamii A. niger, B. subtilis,
and Yarrowia lipolytica is enhanced through substitutions of
amino acid in xylanases. Xylanases activity of Thermomyces
lanuginosus and Geobacillus stearothermophilus enhanced
through amino acid alterations (Ulaganathan et al. 2017).

Multiplex automated genome engineering (MAGE)
method has been applied to create different mutations in
a specific gene without alterations of other genes (Bao
et al. 2016). Combinatorial approaches of CRISPR Ena-
bled Trackable genome Engineering (CREATE) along with
MAGE are used to synthesize isopropanol in E. coli (Liang
et al. 2017). CRISPRIi system which consists of L-rhamnose
inducible dCas9 expression cassette and sgRNA has been
applied for the production of n-butanol in E. coli strain
BW25113 through blocking the synthesis of acetate, suc-
cinate, lactate, and ethanol by supressing the expression of
endogenous genes such as pta, frdA, ldhA, and adhE (Kim
et al. 2017) (Table 3).

Conclusion

Biofuels are considered a renewable energy source in the
world due to the decline of fossil fuels. Microbial enzymes
are utilized in the production of bioethanol, biofuels, and
biodiesel from biomass. For the production of biofuels,
metagenomic technology is employed to identify the novel
enzymes from environmental sources. Advanced “omics
approaches such as metagenomics, metatranscriptomics,
metaproteomics, and metabolomics are used to identify the
microbial communities in biogas. Each technique has its own
set of constraints when it comes to producing biofuels and
biogas. A new investigation is required to strengthen the
production of lignocellulosic-based biofuels with the least
use of energy. Microorganisms that have been genetically
modified using the CRISPR/Cas9 genome editing technique
could be utilized to produce large amounts of biofuels.
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Synthetic biology and metabolic engineering approaches in
Cyanobacteria, Clostridia, Escherichia coli, S. cerevisiae,
and Zymomonas mobilis are used for the synthesis of bio-
fuels. Genetic and metabolic engineering advancements in
microbial cells contributed greatly to the overproduction of
biofuels for long-term energy conversion sustainability.
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