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Abstract
Main conclusion Bioethanol from lignocellulosic biomass is a promising step for the future energy requirements.
Grass is a potential lignocellulosic biomass which can be utilised for biorefinery-based bioethanol production. Grass
biomass is a suitable feedstock for bioethanol production due to its all the year around production, requirement of
less fertile land and noninterference with food system. However, the processes involved, i.e. pretreatment, enzymatic
hydrolysis and fermentation for bioethanol production from grass biomass, are both time consuming and costly. Developing the grass biomass in planta for enhanced bioethanol production is a promising step for maximum utilisation
of this valuable feedstock and, thus, is the focus of the present review. Modern breeding techniques and transgenic
processes are attractive methods which can be utilised for development of the feedstock. However, the outcomes are
not always predictable and the time period required for obtaining a robust variety is generation dependent. Sophisticated genome editing technologies such as synthetic genetic circuits (SGC) or clustered regularly interspaced short
palindromic repeats (CRISPR) systems are advantageous for induction of desired traits/heritable mutations in a
foreseeable genome location in the 1st mutant generation. Although, its application in grass biomass for bioethanol is
limited, these sophisticated techniques are anticipated to exhibit more flexibility in engineering the expression pattern
for qualitative and qualitative traits. Nevertheless, the fundamentals rendered by the genetics of the transgenic crops
will remain the basis of such developments for obtaining biorefinery-based bioethanol concepts from grass biomass.
Abstract Grasses which are abundant and widespread in nature epitomise attractive lignocellulosic feedstocks for bioethanol
production. The complexity offered by the grass cell wall in terms of lignin recalcitrance and its binding to polysaccharides
forms a barricade for its commercialization as a biofuel feedstock. Inspired by the possibilities for rewiring the genetic
makeup of grass biomass for reduced lignin and lignin–polysaccharide linkages along with increase in carbohydrates, innovative approaches for in planta modifications are forging ahead. In this review, we highlight the progress made in the field
of transgenic grasses for bioethanol production and focus our understanding on improvements of simple breeding techniques
and post-harvest techniques for development in shortening of lignin–carbohydrate and carbohydrate–carbohydrate linkages.
Further, we discuss about the designer lignins which are aimed for qualitable lignins and also emphasise on remodelling of
polysaccharides and mixed-linkage glucans for enhancing carbohydrate content and in planta saccharification efficiency.
As a final point, we discuss the role of synthetic genetic circuits and CRISPR systems in targeted improvement of cell wall
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components without compromising the plant growth and health. It is anticipated that this review can provide a rational
approach towards a better understanding of application of in planta genetic engineering aspects for designing synthetic
genetic circuits which can promote grass feedstocks for biorefinery-based bioethanol concepts.
Graphic abstract

Keywords Grass biomass · Breeding techniques · Designer lignin · Genetic circuits

Introduction
The limited fossil fuel reserves and the constant rise in
demands for energy in both developed and developing
countries have generated the need for alternative energy.
For example, with the increase in population, China and
India have become more industrialised and simultaneously
are more dependent on foreign petroleum sources (Energy
Information Administration [EIA] 2015). Apart from the
population, the processes involving petroleum extraction and
its use have also imparted negative environmental effects
on most of the countries in and around the globe. In this
scenario, biofuel have been gaining much attention by the
governments around the world. Ethanol is one of the most
widely used biofuel as it is readily biodegradable, produces
less air pollutants as compared to fossil fuels and has an
abundant source for its production.
Ethanol can be produced from all the terrestrial plants,
plant-derived materials such as starch and sugar and animal manures. Feedstocks such as maize (Zea mays) and
sugarcane (Saccharum officinarum) which are starchy and
sucrose-containing biomass, respectively, offer advantages
in terms of carbon footprint as compared to fossil fuels (Bhatia et al. 2017). However, their simultaneous use as food
crops restricts their comprehensive availability as potential
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biomass for bioethanol production. Dedicated fast-growing
energy feedstocks such as rice stalk, energy cane, Miscanthus hybrids and switch grasses stand for a vision of low
carbon biorefining of biofuels, accessory chemicals and
other value-added products. The utilisation of various grass
feedstocks has been experimented in terms of biorefinery
concept for either low carbon balance or low-input/highbiomass yield (Feltus and Vandenbrink 2012; Abraham et al.
2016; Clifton-Brown et al. 2017).
The composition of grasses varies with species, but in
general it consists of ~ 5–18% of lignin, ~ 25–43% of hemicellulose and ~ 29–50% of cellulose (Zhao et al. 2015).
The general structure and composition of grass biomass
is as given in Fig. 1. Lignin in grass is biosynthesized
from three monolignols, i.e. p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol which are oxidatively coupled into lignin oligomers consisting of phenylpropanoid
subunits: p-hydroxyphenol (H), guaiacyl (G) and syringyl (S). The monolignols vary in their degree of methoxy
group substitutions which protects them from nonspecific
coupling reactions of radicals (Wong 2009). Different
species of plants exhibit altered linkages during radical
coupling. The linkages formed during radical coupling of
lignin monomers vary between species and form either
C–C– or C–O–ether linkages, with the later observed in

Planta (2019) 250:395–412

397

Fig. 1  Composition of grass biomass depicting the chemical organisation rooting the recalcitrant nature of biomass

most of the species (Parthasarathi et al. 2011). Although
phenolics and β-hydrogen form most of the bonding in G,
S and H monolignons, β-aryl ether (e.g. β–O–4) linkage is
predicted to form up to 80% of the bonding motifs found in
lignin (Ralph et al. 2006). A detailed understanding of the
depolymerisation of lignin monolignons has been elaborated by the authors in Mohapatra et al. (2017). Hemicellulose in grass is generally composed of xylan that consists of a backbone of β-1,4-linked xylopyranosyl residues
along with miscellany side chain groups such as arabinose,
acetyl, glucuronic acids, ferulic acid, and p-coumaric acid
(Scheller and Ulvskov 2010). In grass biomass, distribution pattern of xylan containing ferulic acid esters attached
to O-5 of arabinofuranosyl residues, α-galactopyranosyl,
and α-arabinofuranosyl residues linked to O-2 of xylopyranosyl, O-2 of glucuronosyl, and O-2 of arabinofuranosyl residues, respectively, influences the degradability
by enzymes (Biely 2012). Further, cellulose exists both
in crystalline and amorphous forms, as an unbranched
homopolymer of β-d-glucopyranose moieties linked via
β-1,4-glycosidic bonds. The cellulose chains (20–300) collectively form microfibrils, which bind together to form
cellulose fibres. While the hydrogen bonds in between
the microfibrils determine the straightness of cellulose
chain, the inter-chain hydrogen bonds possibly introduce

crystallinity or amorphous characteristics into the structure of cellulose (Ebringerová and Heinze 2000).
Understanding the composition of grass biomass can
be beneficial for the development of customized biomass
for biorefinery concepts. Developments in the biomass can
either be conducted through breeding techniques or by in
planta genetic modifications in the lignin and polysaccharides to form more valuable lignins and easily fermentable
sugars, respectively. Implementation of breeding techniques
in the era of genomics seems to be quite unforeseen. However, these techniques hold a strong significance in developing grass biomass that can be utilised for bioethanol
production. As an example, identification of a number of
quantitative trait loci(QTL) in grass sp. (Lolium sp.) for
water-soluble carbohydrates (WSC) have been observed
to help develop molecular markers which can discriminate
between alleles conferring different types of WSC and thus
be valuable tools for breeding of plants with high WSC (Farrar et al. 2012). Apart from the conventional and molecular
marker-assisted breeding techniques, genetic engineering
also plays an important role in the improvement of grass
biomass for bioethanol production. Modification of targeted
genes for restructuring the cell wall components either to
increase or decrease their quantity or to confer conformational changes in their linkages can offer potential biomass

13

398

for bioethanol production from grasses. Further moving a
step ahead, recently developed synthetic genetic circuits,
which combine a regulatory and coding DNA, have been a
topic of great interest. These circuits can be used to obtain
desired functions by incorporating judiciously designed
DNA parts in the genome of the biomass for accelerating its
development (de Lange et al. 2018).
With these insights, the present review compiles the available scientific data on recent developments in breeding techniques and the post-harvest effects on grass biomass that significantly affect bioethanol production from grass biomass.
Further, we emphasise the developments in engineering of
lignin, xylan in hemicellulose, cellulose and mixed-linkage
glucans in grass biomass and map a course forward for harnessing these in planta modifications to genetic circuits and
CRISPR systems for a sustainable and valuable biomass for
bioethanol production.

Improvements in bioenergy crops
through breeding, marker‑assisted breeding
and on‑field management techniques
Breeding techniques, marker-assisted breeding techniques
and ‘on-field quality management’ practices have remained
and will be important for the development of bioenergy
crops. However, developments in breeding techniques of
bioethanol-producing grasses which are mostly perennial
are slowed down as it requires continuous evaluation of
its genotype performance. Breeding techniques for grasses
can be broadly categorised into eco-system-based breeding,
corporate-based breeding and trait-based breeding (Eucarpia
2018). While eco-system- and corporate-based breeding are
mostly targeted for food crops, genetic trait-based breeding
are targeted for grasses that can be utilised for bioethanol
production.
The genetic traits that are associated with grass biomass
for ethanol are its yield, maturity and height of the crop.
The yield of the grass biomass has been observed to be
greatly affected by its exposure to light and in particular to
the red/far-red (R/FR) range. The photoreceptors in grass
are regulated by phytochrome genes such as PHYA, PHYB,
and PHYC which propagate shade-induced changes in
growth and development (Warnasooriya and Brutnell
2014). Among these genes, PHYB plays a major role for
perceiving the R:FR light ratio. Lower quantities of absorbance R:FR lead to apical dominance (Smith and Whitelam
1997), which eventually leads to shade avoidance resistance (SAR) in the grass biomass (a host of physiological
and developmental changes), characterised by its plasticity
property. Grass biomass having SAR properties are unfavourable phenotypes for ethanol production, as their yield is
greatly reduced. Hence, breeding for favourable phenotypes
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lacking SAR properties can result in increasing densities of
biomass. The effect of low-irradiance light extension (LILE)
on stem digestibility and biomass production of switchgrass
has showed positive correlations with regard to bioethanol
production. LILE-irradiated switchgrass were observed to
have lower S/G ratio, decreased cellulose crystallinity and
increased monosaccharide concentrations after saccharification as compared to the control crops (Zhao et al. 2017). Previous reports have revealed the inter-relationship of development of morphological traits (maturity) with biomass yield
and quality (Sykes 2014). However, the inter-relationship
of these traits with ethanol has not been studied yet. Establishment of the inter-relationship between maturity of grass
biomass and ethanol production and its subsequent breeding
strategy can prove to be an interesting and beneficial area
of research. Further, height of the grass biomass has been
observed to have a direct relation with the biomass yield
and subsequent ethanol production. Talbert et al. (1983)
in his study on grasses indicated the correlation between
height and biomass yield. He emphasised the probability of
using height as an early selection criteria for the breeding
of grasses which would result in higher biomass yield in the
subsequent generations.
The conventional breeding techniques pave a path for
marker-assisted breeding techniques for enhanced biomass
quality, its production and its increased tolerance to harsh
climatic conditions. Recently, a research conducted by Weijde et al. (2017) on eight M. sinensis genotypes indicated
that the extensive genetic diversity observed in the cell
wall composition of these varieties has large potential for
enhancement in the quality of biomass for different applications. It was observed that higher content and ratio of
trans-ferulic acid (TFA) and para-coumaric acid to lignin,
respectively, were the dominating traits for increasing the
saccharification efficacy (Weijde et al. 2017). De souza et al.
(2015) also investigated marker-assisted breeding for traits
such as degree of cross-linking between hemicelluloses or
hemicelluloses and lignin components and difference in
contents of ash and inorganic elements in switchgrass. The
findings of the study suggested that the extent of substitution
of the xylan backbone of hemicellulosic polysaccharides by
arabinose (DHS), the degree of xylan acetylation (DHA)
and feruloyation (DHF), and the ratio of para-coumaric acid
to acid detergent lignin (pCA/ADL) were important areas
that can be exploited to obtain greater quality of substrate
for bioethanol production. Similarly, Chen et al. (2016)
also detected specific loci for different switchgrass populations, for in vitro dry matter digestibility and ethanol yield.
The study successfully discovered potential markers that
can be utilised for breeding switchgrass varieties that can
yield higher ethanol titres. Gedye et al. (2012) used crossing
methodology for two clones of prairie cordgrass (Spartina
pectinate) and developed sequence repeat (SSR) motifs. The
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investigation developed a molecular map for prairie cord
grass which in further breeding programmes of the species
can be utilised for marker-assisted selection (MAS) protocols, thus, improving the biomass production.
‘On-field quality management practices’ which is another
preferred way for biomass improvement is mainly focused
on post-harvest conversion processes, where majority of the
processes are aimed for lower quantities of nitrogen (N) and
ash in the feedstock (Waramit et al. 2011). Lower amounts
of N and/or ash are preferred because this facilitates higher
conversion efficiency of grass biomass during thermochemical treatments (Shahandeh et al. 2011). Although
C4 grasses have lower N quantity in tissues which make
them significant bioenergy crops, harvest management plays
an important role in both biomass yield and composition
(Adler et al. 2006). It is quite interesting to observe that the
N concentrations in leaves of giant reed and switch grass
were twofold higher as compared to the stems. However, N
concentrations get affected with environmental conditions
and maturity of grasses. The stems of reed canary exhibited a decline in N quantity when harvested during October–December as compared to the months of February and
March (Kering et al. 2012). Smith and Slater (2011) investigated the effect of maturity on Miscanthus (Miscanthus
giganteus) and giant reed (Arundo donax) and observed a
steady decline in stem N concentration with increase in the
maturity of the grasses. A recent research on the effects of
harvest timing and frequency on biomass nutrient and cell
wall composition of elephant grass (Pennisetum purpureum)
and energy cane (Saccharum spp.) hybrid exhibited that a
single harvest to after first freeze had positive effects on cell
wall constituent properties while multiple harvests per year
were not appropriate for optimal feedstock composition (Na
et al. 2016).
The findings on the breeding techniques, marker-assisted
breeding techniques and the ‘on-field quality management
practices’ by the research groups offer an idea of how the
quality of these bioenergy crops can be increased by simple
techniques. Moreover, the combination of these techniques
can be experimented in grass biomass to gain insights into
the advantages offered by these processes. Moreover, the
focus can be concentrated for intensifying differences in the
biomass yield rather than components of biomass which can
prove to be more economical rather than altering the biomass composition for ethanol production.

In planta tailoring of grass cell wall genes
The breeding strategies in grasses though are attractive preferences for less recalcitrant and high yielding biomass, are
sometimes time consuming in case of grasses. Thus, targeting specific cell wall components and their respective
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cross-linkages can be considered for improving grass biomass for enhanced and economical bioethanol production (Table 1). Therefore, in this section, the discussion is
focused on the genes that can be manipulated for different
types of modifications in lignins, modifications in the xylan
of hemicellulose and alterations in crystalline cellulose and
mixed-linkage glucans (MLGs). Further, the modifications
of genes that can confer improved enzymatic hydrolysis are
also conversed.

Designer lignins
Modifications in lignin recalcitrance have received significant research attention and profound understanding in
the area of lignin biogenesis has motivated researchers for
unique approaches in plant biotechnology (Eudes et al. 2014;
Wagner et al. 2015). Targeting the general phenyl propanoid and monolignol biosynthetic pathways has resulted in
noteworthy progress in modifying the amount and composition of lignin in bioenergy crops. However, lignin-modified
plants often parade structural and functional defects ranging
from stem lodging to less immuno-repressiveness and dwarfism (Mnich et al. 2017). Hence, novel genetic engineering
methods for creating “designer lignins” which would not
be less vigorous and agronomically inferior have to be targeted. Five types of designer lignin models that have been
proposed (Fig. 2) for grass-related lignin models have been
discussed: (a) inducing hydrophilic lignin, (b) lignins with
modified monolignons, (c) lignin with less cross-linkages
to cell wall polysaccharides, (d) hydrolysable lignin and (e)
lignin that confer less deposition. Some recent examples of
these designer lignins which have been used in grasses and
other grass-related cell lines are discussed in detail to elucidate the extent of possibilities.
Hydrophilic lignin
Lignins which are generally hydrophobic in nature can be
altered to hydrophillic by incorporating phenolics which
contain hydrophilic residues such as feruloylquinic acid,
phenolic hydroxyl (Ar–OH) and guaiacyl glycerol (Lee
et al. 2017a, b, c; Huang et al. 2016). Increase of phenolic
hydroxyl (Ar–OH) content in moso bamboo resulted in
intensification of hydrophobicity and higher degree of condensation of lignins subsequently leading to lesser nonproductive adsorption of cellulase (Huang et al. 2016).
Higher amounts of carboxylic groups (COOH) in lignin
have also been observed to increase lignin hydrophobicity
and decrease non-productive binding of enzymes (Moxley
et al. 2012). Pretreatment techniques which are associated
with acids generally produce inhibitors. Moreover, chemical reactions such as hydroxypropylation can significantly
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Table 1  Manipulation of genes and their effect on different transgenic crops of the grass family
S. no Grass type

Gene/enzyme manipulated

Comments

1.

Alfalfa

2.

Perennial ryegrass (Lolium perenne)

3.

Switchgrass (Panicum virgatum)

Hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl transferase (HCT)
Caffeic acid O-methyltransferase and
cinnamoyl-CoA-reductase
4-Coumarate: CoA ligase (4CL)

Severe deformation in the growth and quality of
the grass species
Positive effect on delignification and fermentative sugar yield
Positive effect on delignification and fermentative sugar yield
Modification causes decrease in xylan content
resulting in increased cellulose and lignin
concentrations
Overexpression leads to increased production
of disinapoyl esters (DSEs), which results in
more hydrolysable lignin production
Mutation exhibited reduced crystallinity of
cellulose
Heterologous expression resulted in increased
glucose content in the cell wall, with
increased saccharification yield
Overexpression induces easy seed shattering
due to reduction in lignin levels
Overexpression causes depletion in arabinoxylan levels, thereby resulting in increased cellulose content and saccharification yield
Overexpression causes decreased FA esterification and an increased saccharification yield
Overexpression of OsSUS3 gene and improved
saccharification of the biomass was observed
Increased expression due to the intensification
of FA dimers, resulting in higher bioethanol
production
Changed expression reduces the cell wall esterified ferulates and diferulates in cell wall
Mutation in these genes cause reduction in
xylan content and xylosyl transferase activity
Involved in (1,3;1,4)-β-glucan synthesis

Uridine diphosphate (UDP) linked gene to
arabinofuranase (Araf)
4.

Arabidopsis

Sinapoylglucose:sinapoylglucose sinapoyltransferase (SST); hydroxycinnamoyl-CoA
hydratase-lyase and Cα-dehydrogenase
Cellulose synthase (CESA) genes
Rice CSLF6 MLGs synthase

5.

Rice (Oryza sativa)

KNOX proteins OSH15
Arabinofuranosidase
BADH acetyltransferase OsAt10
Arabidopsis cellulose synthase (AtCesA8)
gene’s promoter
Xylanase

6.

Tall fescue (Festuca arundinacea)

7.

Stiff brome (Brachypodium distachyon) Feruloyl transferase gene (BdAT1)

8.

Wheat (Triticum aestivum)

IRX9 and IRX 10 genes

9.

Barley (Hordeum vulgare)

10.

Maize (Zea mays)

HvCslF genes (HvCslF11, HvCslF12 and HvCslF13)
GA20-OXIDASE1

aid in the reduction of the inhibitors by blocking the free
phenolic hydroxyl groups in the lignin. Furthermore,
increasing the hydrophilicity of lignin via carboxylation
and sulfonation has also showed sustainable reduction in
the inhibitory effect of the acid-pretreated samples (Yang
and Pan 2016). The process of carboxylation for increasing
the COOH groups was demonstrated by Li et al. (2009)
wherein the reaction was conducted between hydroxyl
groups of lignin and succinic anhydride with 4-dimethylaminopyridine as a catalyst. Similarly, sulfonation process was conducted by a reaction between the lignin and
sodium sulphite which was followed with an acidification
process using dilute hydrochloric acid (Yang and Pan
2016).
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Increased expression resulted in higher saccharification yields of fermentable sugars

Lignins with modified monolignons
Improvement of biomass processability by manipulation of the monolignol biosynthetic pathway is a favourable approach, but simultaneously impairs plant growth
and development. Manipulation of hydroxycinnamoylCoA:shikimate hydroxycinnamoyl transferase (HCT) gene
in alfalfa led to severe deformations in the growth and
quality of the grass species (Shadle et al. 2007). HCT is an
enzyme of the monolignol pathway that catalyses the reactions that is involved in the insertion of 3-OH group into
the monolignol precursors. Further, HCT converts 4-coumaroyl CoA, a common precursor for lignin biosynthesis
to 4-coumaroyl shikimate. Finally, this shikimate ester is
converted to CoA ester by a converse reaction of the HCT
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Fig. 2  Proposed models of designer lignin for enhancing bioethanol production

(Shadle et al. 2007). But interestingly subsequent studies on
manipulations of caffeic acid O-methyltransferase and cinnamoyl-CoA-reductase genes in perennial ryegrass (Lolium
perenne) and 4-coumarate:CoA ligase (4CL) in switchgrass
(Panicum virgatum) have shown to positively affect the delignification and fermentative sugar yield (Xu et al. 2011;
Baxter et al. 2014). Expression of engineered 4-O-methyltransferase which is shown to modify the phenolic moiety of
lignin monomeric precursors consequently leading to altered
and reduced lignin content in lignocelluloses (Numan-AlMobin et al. 2016) would be a good choice for grass species.
However, its potential for extractable fermentative sugars is
yet to be explored.
Hydrolysable lignin
During the monolignol biosynthesis, perturbations in
monolignol shifts occur which have been observed for the
formation of hydrolysable lignin (Vanholme et al. 2012).
Understanding these insights into the monolignol shifts will
enhance our wisdom towards the integration of the monolignols which can render hydrolysable lignin. For example,
increase in the amounts of disinapoyl esters (DSEs) by the
overexpression of sinapoylglucose:sinapoylglucose sinapoyltransferase (SST), which produces two main DSEs,

1,2-disinapoylglucose, and 3,4-disinapoyl-fructopyranose,
results in a more hydrolysable lignin in Arabidopsis thaliana (Lee et al. 2017a, b, c). Incorporation of p-coumaric
acid (pCA), which unlike ferrulates does not form crosslinks
in the growing lignin polymer, but remains attached to the
syringyl lignin (most abundant in gasses) by a single covalent linkage, may act as a useful tool for hydrolysable grass
lignins (Hatfield et al. 2017). Further, overexpression of
specific enzymes can also be targeted for the formation of
lignin with hydrolysable properties. For example, overexpression of hydroxycinnamoyl-CoA hydratase–lyase and
Cα-dehydrogenase from bacteria exhibited reduction in the
degree of polymerization and liable α-keto-β-ether units,
respectively, in Arabidopsis which resulted in more hydrolysable lignin (Eudes et al. 2012).
Lignin with less cross‑linkage to cell wall polysaccharides
Non-covalent dipole–dipole bonds and hydrogen bond
interactions between lignin–hemicellulose and covalent
bonds between lignin–carbohydrate complexes (LCCs)
form major recalcitrance features for grass cell wall during
pretreatment (Yaich et al. 2017). The coupling of monolignols during lignin backbone formation and alcohol and
carboxylic groups from hemicelluloses forms the LCCs and
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lignin–hemicellulose interactions, respectively, via a benzyl
ether/ester bond or an acetal bond in wheat straw (Eudes
et al. 2014; Yao et al. 2016). Potentially, candidate phenolic
monomers such as caffeates, catechins with o-diphenol functionality are validated to decrease the cross-linkages of cell
wall components (MacAdam and Grabber 2002). Alternatively, ferulic acid esterases (abundant in fungal sp.) can
potentially hydrolyse 1 > 5 ester bonds between ferulate and
arabinose and have recently shown encouraging results (de
Buanafina et al. 2017). Nevertheless, the efficiency of these
alternative monomers is primarily determined by their capability to facilitate easily extractable lignin through pretreatment and minimise the inhibitory effects of lignin in the
subsequent step of saccharification.
Lignin that confers less deposition
The inhibition of unsolicited lignin deposition in vascular
tissues in grass cell wall can increase its utility for biofuel applications. The transcriptional pathway along with
the hormonal signals can be targeted for accomplishing a
reduced amount of lignin deposition. Evidence of lower
lignin depositions in maize by Class I Knotted1-like-homeobox (KNOX) genes and gibberellic acid attracts our attention to these less opted strategies. Recently, switchgrass
has also been experimented for low lignin deposition by an
orthologue of maize KN1, i.e. Knotted1 transcription factor,
PvKN1 gene (Wuddineh et al. 2016). Though PvKN1 gene
has been reported as a major regulatory gene for plant lignification, studies are yet to confirm about the efficiency of the
gene for reduced lignin deposition (Wuddineh et al. 2016).
Interestingly, overexpression of KNOX proteins OsH15 are
also witnessed to induce easy seed shattering in rice (Oryza
sativa) due to reduction in lignin levels (Yoon et al. 2017).
These strategies confer a twofold advantage for biomass utilisation both in terms of food and fuel substrate. However,
rewiring these strategies more intensely will be beneficial in
achieving robust biomass.

Transformation of genes associated with xylan
Xylan is the major hemicelluloses in plant cell walls and
consists of a backbone of β-1,4-linked xylopyranosyl residues along with a mixture of side chain groups such as
arabinose, acetyl groups, glucuronic acids, ferulic acid, and
p-coumaric acid (Scheller and Ulvskov 2010). Among the
side chain groups, arabinoxylan which is present in both
primary and secondary cell walls consists of 1,3- or 1,4-α-larabinofuranosyl residues and forms the major hemicellulose in grasses. While O-5 of arabinofuranosyl residues and
α-galactopyranosyl are attached to ferulic acid esters, the
α-arabinofuranosyl residues are linked to O-2 of xylopyranosyl and O-2 of glucuronosyl (Biely 2012) and are reported
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to influence the enzymatic degradation process (Rennie and
Scheller 2014). An essential element of arabinoxylan is the
arabinofuranosidase which forms a cross-link between arabinoxylan and lignin. Sumiyoshi et al. (2013) attempted to
reduce arabinoxylan in rice by the overexpression of arabinofuranosidase. The resultant transgenic rice exhibited 28%
and 46% increase in cellulose content and saccharification
yield, respectively. Similarly, overexpression in OsAt10,
a p-coumaroyl coenzyme A transferase, has been targeted
for modification in glucuronoarabinoxylan of plant cell wall.
The modification has been undertaken for ester-linked p-CA
and ferulic acid (FA) that are associated with matrix polysaccharides. A 20–40% increase of saccharification yield
was observed in the transgenic plants that overexpressed the
OsAt10 genes (Bartley et al. 2013). This can be an attractive
option for improvement in grass cell wall quality as well for
improved saccharification and bioethanol production.
Grass cell wall feruloylation, wherein the peroxidasemediated oxidative coupling of FA residues helps in the
formation of dimers and trimers between xylan and cellulose
network via a lignin–ferulate–xylan complex (Mosier et al.
2005; Buanafina 2009), greatly affects the saccharification
in grass biomass. The stronger the phenolic cross-linking
the greater is the impediment to the enzymatic degradability (Grabber et al. 2010). An evidence to this idea has
been observed in earlier studies by de Vries et al. (1997),
in which an in planta expression of an Aspergillus niger
ferulic acid esterase (faeA), targeted for different cellular
compartments proved to be an effective strategy for the alteration of the esterified cell wall ferulates. This subsequently
increased the cell wall degradability in different grass species. A more supporting evidence to this has been reported
where intensification in FA dimers due to cell senescence
resulted in higher xylanase expression in the apoplast of
tall fescue (Festuca arundinacea) consequently leading to
higher bioethanol production (de Buanafina and Fescemyer
2012). These outcomes are established on the basis of specific changes in the levels of cell wall ferulates, and thus
exhibit the significance of grass cell wall feruloylation on
cell wall degradability. Experiments have shown that grassspecific glycosyltransferase (GT) 61 family members play a
vital role in mediating ferrulation. An example of this can
be taken from the xax1 mutant plants (where mutation has
been done for genes of GT61 family members) which exhibited eradicated arabinofuranose side chains and decreased
feruloylation, with increased saccharification (Anders et al.
2012; Chiniquy et al. 2012). Apart from feruloylation, FA
esterification in grass cell walls is also undesirable for
increased saccharification yields. Although the pathway for
FA esterification is not well understood, it is anticipated to
encompass acetyltransferases from the betaine–aldehyde
dehydrogenase (BAHD) family (Bartley et al. 2013). One
example of this anticipation is the overexpression of the
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BADH acetyltransferase OsAt10 in rice, which resulted in
decreased FA esterification and an increased saccharification
yield of 40% (Bartley et al. 2013). Buanafina et al. (2016)
also reported that changing the expression of a putative
feruloyl transferase gene (named as BdAT1), belonging to
the BAHD acyl-transferase family, greatly reduces the cell
wall esterified ferulates and diferulates in Brachypodium
distachyon cell walls.
Xylan acetylation is also recognised as one of the intrinsic
factors that determines the recalcitrant nature of the grass
cell wall (Bhatia et al. 2017). Chen et al. (2012) in an experiment with maize stover showed that deacetylation of the
biomass before acid pretreatment leads to an increased saccharification yield of approximately 20%. Similarly, recent
studies in Arabidopsis revealed O-acetylation levels to affect
the enzymatic hydrolysis of cell wall polymers and the
release of acetyl groups during deacetylation reactions may
act as inhibitors for fermenting microorganisms (Schultink
et al. 2015; Yuan et al. 2016; Pawar et al. 2016).
Another approach for modification in xylan content can
be mutation of the enzymes that are involved in its synthesis.
Irregular xylems (IRX9 and IRX14) are the two members of
GT43 family which are putative xylosyl transferases required
for synthesising the xylan backbone (Rennie and Scheller
2014). Additionally members of GT47 family are also confirmed to have important roles in biosynthesis of xylans
(Bosch et al. 2011). The genes of these families have been
exemplified in grasses by Lovegrove et al. (2013) where
the authors observed interesting roles of IRX9 and IRX10
genes in biosynthesis of arabinoxylan in wheat. Mutations
in these genes are seen to cause reduction in xylan content
and xylosyl transferase activity (Brown et al. 2007). Even
though grasses have been explored for the cell wall xylan
content, their assembly and cross-linking of various xylanrelated saccharides through grass-specific and Golgi-localised GT enzymes focus on the benefits of saccharification
though these modifications have not gained much attention.
Although much effort has been invested for increasing the
xylan content, a study on uridine diphosphate (UDP)-linked
gene to arabinofuranase (Araf) emphasises on a different
prospective of affirmative effects of decrease in xylan content to increase in cellulose and lignin in switchgrass (Willis
et al. 2016). While increase in lignin levels is not longed for,
insertion of designer lignins to the grasses with novel UDPlinked Araf genes can aid a novel step towards more healthy
and cellulose-rich grass biomass.

Transformation of genes associated with crystalline
cellulose and MLG
The strong inter-chain network of hydrogen bonds in cellulose not only gives it a significant strength but is also
responsible for the resistance offered by it during enzymatic
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hydrolysis. This network of inter-chain hydrogen bonding is
also responsible for the crystalline nature of cellulose, which
renders an antagonistic effect during initial enzymatic attack
for its hydrolysis. Therefore, the major research focus has
been targeted to engineer the crystalline forms of cellulose to
amorphous forms (Abramson et al. 2010). The major genes
involved in the formation of cellulose fibrils are the cellulose
synthase (CESA) genes, which vary in numbers for different species (Rai et al. 2016). Harris and Trethewey (2010)
demonstrated that when two CESA genes of a model plant,
i.e. Arabidopsis, were mutated, the mutant plant exhibited
reduced crystallinity of cellulose as compared to the wild
plant (Fig. 3). Moreover, the extracts of pretreated mutant
Arabidopsis also showed an increase in the saccharification
yield of up to 49% as compared to the wild plants. Nevertheless, the mutant plants exhibited dwarf phenotypes, which
indicates that such targets compromise with the significant
agronomic traits of the wild plant. Another attractive area of
research in this perspective is increasing the amount of cellulose content per unit of biomass, targeting for increased formation of glucosans as compared to pentosans (Bhatia et al.
2017). The cellulose in plants is synthesised at the plasma
membrane due to the presence of hexameric rosette CESA
complexes on it (Carpita and McCann 2010). An increase in
the grass-specific CESA complexes such as OsCESA 4, 7 and
9 both in amount and activity can be targeted for enhanced
production of cellulose and consequently higher glucose formation. However, in such an attempt by Tan et al. (2015),
two major drawbacks observed were the undesirable multiple phenotypic traits and the unintended transcript silencing,
which can lead to hindrance in the use of RNAi to define
gene function in barley.
A more interesting characteristic of grass cell wall is the
accumulation of large quantities (about 30%) of mixed-linkage glucans (MLGs). MLGs are non-branched β-(1,3;1,4)linked glucose residues that are primarily associated with
cell expansion and abundantly found in vasculature and
sclerenchyma tissues of grass cell wall (Carpita 2012;
Vega-sanchez et al. 2013). The MLGs possess amorphous
characteristics due to which they are relatively soluble and
less recalcitrant in nature and hence are valuable targets for
cell wall engineering. The proteins involved in the synthesis of MLGs are cellulose synthase-like F (CSLF, CSLF 6)
and cellulose synthase-like H (CSLH) and proteins (Doblin
et al. 2009). The dominancy of CSLF 6 gene in the formation of MLGs was observed in rice and barley, when mutation in this particular gene resulted in drastic reduction and
in some cases caused complete eradication of the MLGs
(Taketa et al. 2012; Vega-sanchez et al. 2013). Positive
results were obtained by Burton et al. (2011) when the same
gene was overexpressed in barley plants, leading to a sixfold
increase in the β-(1,3;1,4) glucans. Nevertheless, high mortality rate was also observed in these transgenic plants in the
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Fig. 3  Remodelling of cell wall polysaccharides in grasses for enhanced enzymatic hydrolysis by MLG (mainly CESA complex)

subsequent generations. This necessitates the spatiotemporal
regulation during the synthesis of MLG. Vega-sanchez et al.
(2015) efficiently conducted heterologous expression of rice
CSLF 6 MLGs synthase in Arabidopsis, which resulted in
increased glucose content (up to four times more) in the
cell wall matrix and a promising saccharification yield of
up to 42% more as compared to the control lines. Schreiber
et al. (2014) investigated another three sets of HvCslF genes
(HvCslF11, HvCslF12 and HvCslF13) in barley which are
supposed to be involved in (1,3;1,4)-β-glucan synthesis.
However, no significant experiments have yet been conducted for revealing its role in increased saccharification in
Poaceae family comprising these glucose-synthesising genes
and research in these areas can broaden our understanding
in the generation of transgenic grass varieties that can be
directly utilised for bio-refineries.

Remodelling of cell wall polysaccharides in grasses
for enhanced enzymatic hydrolysis
Enzymatic hydrolysis allows specific modifications of the
polysaccharide structure such as configuration, solubility and
bonding with lignin and with other polysaccharides present in
cell wall. The polysaccharides in grass cell wall mainly include
cellulose, hemicellulose and pectin (Bashline et al. 2014).
The lignocellulosic depolymerization enzyme discovery and
improvement programmes have resulted in new generations of
enzyme cocktails that have improved the price competitiveness
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of cellulosic ethanol (Chandel et al. 2012). These programmes
include surveying enzymes produced by microbes isolated from different environmental sectors such as compost,
rumen, and hot springs. These also include monitoring effective enzymes from ‘Omics data bases’, use of computational
biology, forced evolution, and protein engineering techniques
for designing industrial strains with proficient cellulase and
hemicellulase activities (Banerjee et al. 2010). Alternatively,
“tailored biomass” which aims to increase the deconstruction and processing of lignocellulosic biomass specifically for
cellulose and hemicellulose is also an attractive option. For
example, increasing the expression of GA20-OXIDASE1 (a
gene responsible for endogenous levels of gibberellic acid) in
maize resulted in higher saccharification yields of fermentable sugars (Voorend et al. 2016). Similarly, when Arabidopsis cellulose synthase (AtCesA8) gene’s promoter was used as
inducer in transgenic rice plants to overexpress OsSUS3 gene,
improved saccharification of the biomass was observed (Fan
et al. 2016). These studies indicate a large pool of unexplored
genes that can be efficiently used for in planta modifications
of micro- and molecular-level structural variations of cellulose
and hemicellulose for higher saccharification yields.
Transformation of genes associated with pectin component
in grass cell wall
Grass cell walls also contain some MLGs, such as pectin which
is present in very small quantities (approx. 5% in growing cells
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and 0.1% in mature cells) but are strongly associated with the
cell wall matrix. Pectin’s are galacturonic acid-rich plant cell
wall polysaccharides which are present in lower quantities and
thus have not received much importance for their modifications towards biofuel production. Relating its release to be
directly proportional to delignification, studies have been conducted on biorefinery-based second-generation biomass such
as Miscanthus and switch grass using ELISA-based glycomeprofiling techniques (da Costa et al. 2017; Souza et al. 2015;
Shen et al. 2013). The authors confirmed the rigid association
between lignin and pectin and also concluded that a portion
of the pectin epitope can only be released after delignification.
The presence of pectin has influence on the permeability of the
cell wall and also plays an important role for the accessibility
of cell wall polysaccharides to cell wall-degrading enzymes
(CWDEs) (Xiao et al. 2014). Homogalacturonan (HG) is the
backbone of pectin, consisting of α-1,4-linked galacturonic
acid (GalUA) residues which are partially methyl-esterified
in C6 (Mohnen 2008). The export of the HG into the cell wall
is commenced in its methylated form which further undergoes selective de-methylation by a set of apoplastic pectin
methylesterases (PMEs). The adjacent HG chains (which are
negatively charged carboxyl groups) generated by PMEs form
calcium-generated cross links that are often rigid and subsequently help in the stiffening of cell wall (Pelloux et al. 2007).
Generation of plants with dimethyl-esterified pectin or overexpression of PME inhibitors is a possible solution to increase
saccharification in plants. Francocci et al. (2013) experimented
on both these techniques on Arabidopsis and their results suggested that in both the cases an increased saccharification yield
was observed. The authors stressed that dimethyl-esterified
pectin level is a characteristic that could possibly be exploited
for the selection and breeding of plants for biofuel production. However, in an earlier study, Lionetti et al. (2010) investigated the increased the ratio of methyl-esterified pectin to
dimethyl-esterified pectin in wheat by expression of kiwi fruit
pectin methylesterase inhibitor (PMEI) and surprisingly found
increased saccharification with no harmful effects on plant
agronomy.
Approaches that can be targeted for either lower pectin contents or alternatively its substitution pattern can be helpful in
generation of more receptive biomass for enzymatic saccharifications (Latarullo et al. 2016). Hence, a more intense study
towards the methylated and demethylated aspects of pectin can
be beneficial for designing suitable grass biomass for bioethanol production.
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Synthetic genetic circuits (SGC)
and clustered regularly interspaced
short palindromic repeat (CSPIR) techniques
for remodelling grass cell wall for bioethanol
production
Genetic modifications in plants play a vital role for
enhancing ethanol production in grass biomass. However,
advanced techniques such as SGC and CSPIR have paved
a way forward in designing more efficient biomass without
compromising the plant health and structure and hence are
elaborated in the following section. Further, a discussion
on the advanced techniques and the conventional transgenic crops has been elucidated to highlight the benefits
offered by these processes and the inter-relation between
them for in planta development of healthy grass biomass
with desired traits for enhanced bioethanol production.

Synthetic genetic circuits
Synthetic genetic circuits (SGC) are genetic parts comprising both coding and regulatory DNA which when
delivered into an organism unitedly work to carry out a
desired function. There has been remarkable progress in
designing of systems such as activation circuits, two-layer
gene circuits, genome assembly and redox signalling, for
the development of microorganisms such as Escherichia
coli for enhanced saccharification from lignocellulosic
biomass (Lo et al. 2016). However, efforts in engineering of plant cells through genetic circuits is lagging as
compared to microorganisms because of the requisite precision involved in the generation of well-characterised
tissue-specific promoters that are obligatory to restrict the
expression of genetic circuits to specific tissues or organs.
In the dawn of employment of synthetic genetic circuits
in bioethanol-based crops, Aznar et al. (2018) identified
genes involved in biosynthesis of pectic galactan, including the GALS1 galactan synthase and the UDP–galactose/UDP–rhamnose transporter URGT1. The researchers engineered the Arabidopsis plants utilising synthetic
engineering and gene stacking methods which resulted in
fourfold increase in stem pectic galactan. The resultant
plant exhibited markedly improved properties for bioethanol production without any noticeable negative effects in
the growth pattern. Similar models can also be designed
for grass cell walls. A double-layer circuit design for
enhanced sugar recovery for bioethanol production in
grass cell walls is proposed and is presented in Fig. 4.
However, there is a sequence of five steps wherein a SGC
system is designed and incorporated in a crop. They are
(I) designing a circuit, (II) DNA assembly, (III) in planta
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Fig. 4  Synthetic two-layer genetic circuits for remodelling of grass cell wall for bioethanol production

laboratory prototyping, (IV) field trials of the genetically
modified crop and (V) restricting the undesirable traits.
These five steps are discussed below.
Designing a circuit
Circuit designs can be done either from composable
parts or using heterologous genetic parts. The former is
based on the concept of receiving a defined input and
consequently delivering a defined output for a complex
function (de Lange et al. 2018). Generally, transcription
factors (TF) which have similar binding profiles are less
preferred for this purpose because of unpredictable outputs. However, promoters controlled by synthetic transcription factors (STF) offer more defined inputs with
more predictable functions in vivo (Schaumberg et al.
2016). Conversely, heterologous genetic parts are de
novo designs that are drawn from other organisms and
have much predictable inputs and outputs. Additionally,
they also offer benefits of orthogonality, i.e. the synthetic
components do not interfere with the host systems unexpectedly. Specific heterologous genetic parts from yeasts
can be utilised for designing of circuits in grass biomass
which can target higher saccharification yields. For example, translational fusion partner (TFP) of a recombinant
yeast strain which acts as a secretion signal and fusion
partner for the production of cellobiohydrolase, endoglucanase and β-glucosidase (Lee et al. 2017a, b, c) can be
used for designing circuits in biofuel monocots, such as
Miscanthus and switchgrass.
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DNA assembly
The key component for designing a DNA is selection of a
promoter which plays the major role for spatial or temporal
gene expression. A wide variety of promoters from different
sources such as bacteria, virus and plants have been well
characterised and implemented in plant cells for targeted
gene expression (Venter 2007). The cauliflower mosaic virus
(CaMV) 35S promoter is one such example which has been
widely used in plants for transgene expression. Modification of the core region of promoters of other plants has been
successfully attempted for ethanol-inducible expression systems among which the alc gene from Aspergillus nidulans
has been widely used (Caddick et al. 1998; Roslan et al.
2001). The platform consists of two elements, i.e. a coding sequence for AlcR (promoter of the ALCR transcription
factor) which is controlled by the CamV 35S promoter and
an alcA (alcohol dehydrogenase I from Aspergillus nidulans) min 35S promoter comprising of two AlcR-binding
sites which are linked to the CaMV 35S minimal promoter
(Caddick et al. 1998). The advantage of using this promoter
is its strong inducible ratio with negligible basal expression
in most of the plants. Synthetic promoters for genetic circuits
can also be designed for the expression of endoglucanase
activity in plants which can be helpful during the saccharification process. Although CaMV 35S promoters have been
implemented for the same, a comprised plant health serves
as a major drawback for the same. In a recent study, Liu et al.
(2018) used a tissue-specific promoter (promoters that offer
controlled expression of genes to specific tissues or expressions in specific developmental stages) for the expression
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of PvMYB4 transcription factor gene in switchgrass, which
provided a less recalcitrant nature to aboveground biomass
of the transgenic switch grass. These transgenic switch
grasses offered the advantage of uncompromised plant
health with lower lignin content. Thus, use of these promoters in designing the genetic circuits can be a promising
approach for reduction of recalcitrance in grass biomass.
Klose et al. (2013) used the alc platform for the expression
of an endoglucanase (TrCel5A) derived from the filamentous fungus Trichoderma reesei in the leaves of tobacco
plant. The authors achieved analogous results to that of the
CaMV 35S promoters (in the previous studies) for enzymatic expression levels with no observation in changes for
the crystalline cellulose content. However, implementation
of these promoters in genetic circuits of grass biomass for
enhanced crop yield/bioethanol production is an area which
will be of interest in future. Further, a few modifications
conferred on the cis-regulatory elements will be interesting
for designing of genetic circuits for grass biomass as this
can be beneficial for controlling the spatial and temporal
activities in the genes. Thus, use of these modified promoters can not only play a major role in defining the cis-motifs
but can also be helpful in regulating homology-dependent
gene-silencing patterns that occur in grass biomass.
Translatability from laboratory to model plants
Designing a genetic circuit and further exposing it to a model
plant such as Arabidopsis will account the outcomes of function of the circuits in an array of first-hand parts that would
not have been there during prototyping. Further, the translatability from model plants to the desired crop plants also
holds a challenge and requires an in-depth knowledge of the
trait in the crop. Adding to this are the environmental conditions that the target crop is exposed to. Hardly any research
has been directed towards this issue. However, a reason to
be optimistic can be citations which state the conservation
of core cellular processes remain intact during translatability processes (Nelissen et al. 2014). A recent progress on
transcriptional circuits designed with protoplasts has shown
correlated performance parameters between Arabidopsis and
sorghum (Schaumberg et al. 2016).
From model to field crops
The ultimate aim of prototyped SGC in model plants is its
delivery to the target crop plant for effective outputs. By
far, agrobacterium-associated and non-agrobacterium-associated bacteria have been tested as vehicles for insertion of
SGC. However, issues related to the development of ovules
of target crops need to be addressed when these processes
are used (Peterson and Torii 2012). Recent techniques
which amalgamate synthetic gene circuits with engineered
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microRNA (miRNA) can be more precise solutions that
can overrule these issues. The SGC equipped with miRNAs
target impeccably to endogenous microRNAs at single-cell
level. Optimization of the SGC equipped with miRNAs and
its accessory sensor systems requires extensive trial and
error experiments (Quarton et al. 2018).
Restriction of undesirable traits
Use of SGC is targeted for transgenic plants which do not
exhibit undesirable traits, and are more inclined towards
high titter bioethanol production. However, in planta variations due to immune related responses may create undesirable qualities in transgenic plants. In such situations, the
common proposed strategies of apomixes or seed sterility
can be adapted (Daniell 2002). A detailed study on genetic
use restriction technologies (GURTs) are cited by Lombardo
(2014), which discuses elaborately on the issue.

CRISPR technique for defined genetic modifications
in grass biomass
CRISPR/CRISPR-associated protein 9 (Cas9) or clustered
regularly interspaced short palindromic repeat is a recent
technique that is used for targeted genetic modifications in
organisms and higher plants. Previously their application
was limited to gene replacement and regulation. However,
recent CRISPR/Cas systems have paved a way forward
for their application in construction of desirable genetic
circuits (Khakhar et al. 2018). It uses site-specific nucleases for alteration of the DNA sequence by generation of
double-stranded breaks (DSBs) resulting in defined gene
knockouts. The DSBs are then repaired by either of the two
mechanisms, i.e. non-homologous end joining (NHEJ) or
homologous recombination (HR) mechanism (Andres et al.
2019). Park and Yoo (2017) employed CRISPR/Cas9 system
for the generation of switchgrass with low lignin content.
The study emphasised on knockout of Pv4CL1 gene which
is responsible for the production of 4-coumarate:coenzyme
A ligase (4CL) enzyme (using a CRISPR vector). The resulting mutant switchgrass exhibited reduced lignin content and
an increased carbohydrate release. Implementation of hormone activated Cas9-based repressor (HACRs) in Arabidopsis thaliana has also exhibited encouraging results and
can be utilised for targeted manipulations in grass biomass
for increased stress tolerance and crop yield (Khakhar et al.
2018).

Synthetic genetic circuits/CRISPR technique in grass
versus transgenic grass varieties
Improving the quantitative and qualitative traits in grass biomass for improved bioethanol production at present is mostly
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dependent on the genetic manipulation technique. Although
the transgenic grass varieties offer higher dry weight biomass, reduced lignin content in the cell wall and higher
bioethanol titres, the selection process is time consuming
and serves as the bottleneck for the same. Further, introgression due to induced mutations which may lead to the production of an improved grass variety may take a span of several
years, which is labour and time intensive. Dumitrache et al.
(2017) targeted for reduced recalcitrance in switchgrass
by either silencing or overexpressing (OE) specific genes
(GAUT4-KD, miRNA156-OE, MYB4-OE, COMT-KD and
FPGS-KD). The resulting transgenic switchgrass demonstrated increased carbohydrate (12%) and ethanol yields (up
to 21%) when compared to the control samples. However,
for obtaining the optimal transgenic plant lines a continuous
monitoring for a period of 2 years was conducted. Furthermore, the transgenic grass varieties also possess the threat
of seed contamination in their subsequent generations and
thus many countries impose statutory restrictions on these
plants. An example of this was reported in USA, in which
the transgenic turf grass with enhanced properties of herbicide resistance was banned due to seed contamination issues
in the late generations of the grass variety (McHughen and
Smyth 2008). Though recombination process is a promising technology for the production of transgenic grass varieties, the process is laborious and the favourable outcomes
are uncertain. Thus, sophisticated genome editing using
synthetic genetic circuits (SGC) or CRISPR systems are
more advantageous for the induction of desired traits/heritable mutations in a foreseeable genome location in the first
mutant generation (Scheben and Edwards 2018). Although
its application in grass biomass for bioethanol is limited,
these sophisticated techniques are anticipated to exhibit
more flexibility in engineering the expression pattern for
qualitative and qualitative traits. For example, the precise
base editing technique in which a base is removed using a
Cas9–cytidine deaminase fusion system has shown encouraging results for the development of qualitative traits in rice,
wheat and maize (Zong et al. 2017) in the first mutant generation crops with uncompromised health conditions of the
crops. Recent studies also indicate the immense scope of
base editors (either adenosine or cystidine based) linked with
CRISPR/Cas 9 on targeted improvement of plant properties.
Li et al. (2009) demonstrated the higher conversion rates (up
to 7.5%) of A.T to G.C using an evolved tRNA adenosine
deaminase fused to the nickase CRISPR/Cas9 in rice and
wheat plants. This new adenine base editing process can
serve as a useful tool for precisely editing the base pairs in
grass biomass for targeted improvement of qualitative or
quantitative traits. These new technologies are anticipated
to accelerate the grass development process for the production of biorefinery-based bioethanol production. However,
the fundamentals rendered by the genetics of the transgenic
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crops will remain the basis of such developments for achieving the desired traits in biorefinery-scale grass biomass.

Concluding remarks
In future, grass bioethanol production should reach new
perspectives by considering the novel aspects of biomass
development from an early developmental stage. In particular, amalgamation of simple breeding with marker-assisted
breeding and on-field management during harvest of energy
crops can lead to higher biomass yields. Further, engineering of grass cell wall components for enhancing bioethanol
production has progressed beyond simple modulations of
biosynthetic pathways, with eventual insertions of designer
components. Undeniably, most of the genetic modulations in
grass cell wall with few exceptions are focussed on deficient
lignin, which further compromises the plants’ growth and
health. However, recent research on making hydrolysable
and shorter lignin chains which have been successful for
most of the woody plants holds a remarkable potential for
lignocellulosic grass biomass. Concurrently, the recent modulation of cell wall-related arabinose leading to increased
cellulose and lignin content is a promising footstep towards
maintenance of plant health besides the abundance of cellulose. Synthetic genetic circuits and CRISPR systems, which
have been recently used in grass, will also play a major role
in future for in planta development of the biomass with
compositions leading to lesser undesirable traits and higher
bioethanol yield.
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