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Abstract Plant-based biofuels present a promising alter-

native to depleting non-renewable fuel resources. One of

the benefits of biofuel is reduced environmental impact,

including reduction in greenhouse gas emission which

causes climate change. Sugarcane is one of the most

important bioenergy crops. Sugarcane juice is used to

produce table sugar and first-generation biofuel (e.g.,

bioethanol). Sugarcane bagasse is also a potential material

for second-generation cellulosic biofuel production.

Researchers worldwide are striving to improve sugarcane

biomass yield and quality by a variety of means including

biotechnological tools. This paper reviews the use of sug-

arcane as a feedstock for biofuel production, and gene

manipulation tools and approaches, including RNAi and

genome-editing tools, such as TALENs and CRISPR-Cas9,

for improving its quality. The specific focus here is on

CRISPR system because it is low cost, simple in design and

versatile compared to other genome-editing tools. The

advance of CRISPR-Cas9 technology has transformed

plant research with its ability to precisely delete, insert or

replace genes in recent years. Lignin is the primary

material responsible for biomass recalcitrance in biofuel

production. The use of genome editing technology to

modify lignin composition and distribution in sugarcane

cell wall has been realized. The current and potential

applications of genome editing technology for sugarcane

improvement are discussed. The advantages and limitations

of utilizing RNAi and TALEN techniques in sugarcane

improvement are discussed as well.
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Introduction

The anticipated depletion and, more significantly, the

negative environmental impacts of non-renewable fossil

fuels necessitate the utilization of alternative energy sour-

ces. Biofuels are becoming an important part of trans-

portation fuel globally and they are produced through

processes that discharge significantly fewer pollutants

(Fargioni et al. 2008) including greenhouse gases into the

environment. Biofuels can be produced from three different

sources. They are starch, sugar and oil from food and other

grains and sugarcane juice (first-generation biofuels), lig-

nocellulosic biomass from sugarcane bagasse, wood and

straw or other suitable biomass (second-generation biofu-

els) and algae (third-generation biofuels) (Jeswani et al.

2020). Lignocellulosic feedstocks constitute the largest

renewable resource with an annual production of

150 9 109 - 170 9 109 tonnes (Pauly and Keegstra

2008). Potential second-generation dedicated energy crops

include Miscanthus spp. (elephant grass) and Switchgrass

(Panicum virgatum L.). Bioethanol is currently the most
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common biofuel produced worldwide (Araujo et al. 2017).

The United States (USA) and Brazil are the largest bioe-

thanol producers in the world. While USA largely uses

corn, Brazil utilizes sugarcane juice as feedstock for

bioethanol production.

Certain attributes are considered important for an ideal

energy crop. These traits include fast growth, high yield,

reduced inputs (e.g., fertilizer, water), low processing cost

and high positive energy balance (Waclawovsky et al.

2010). Currently, the only crop displaying all of the listed

characteristic traits is sugarcane. Sugarcane (Saccharum

spp. hybrids), a perennial crop, has been widely cultivated

in tropical and subtropical regions of the world for sugar

and bioethanol production. Being a C4 crop, sugarcane

possesses the highest solar energy conversion efficiency

and highest biomass yield among all agricultural crops

(Henry 2010). Sugarcane stalks constitute about 80% of the

total biomass, and the total above-ground dry biomass yield

can reach more than 39 tonnes/hectare per year (Heaton

et al. 2008).

Increase in biomass yield and its quality can be directly

proportional to increase in sugar and bioethanol produc-

tion. Improved biomass yield can be achieved through

targeted breeding. Also, recent advances in sugarcane

molecular marker technologies offer additional tools for

breeders to improve sugarcane for bioenergy production.

For example, researchers have identified important

molecular markers and QTLs associated with sugarcane

biomass traits and they are being evaluated for sugarcane

yield improvement (Hoarau et al. 2002; Aitken et al. 2005;

Bilal et al. 2015; Racedo et al. 2016). Similarly, in another

example, Vicentini et al. (2015) performed a transcriptome

evaluation of two sugarcane genotypes contrasting for

lignin content through RNA sequencing (RNA-seq). The

sugarcane genotypes used are IACSP04-065 and IACSP04-

627. Average lignin content is 4.32% in genotype

IACSP04-065 and 8.12% in genotype IACSP04-627 (on a

dry weight basis). Gene expression analysis of these clones

showed that over 2000 transcripts were differentially

expressed between the two genotypes, including several

genes involved in lignin biosynthetic pathway. They

identified 21 sugarcane transcripts that encode for enzymes

involved in lignin biosynthesis. Those genes could be used

as potential targets for overexpression or knockout through

genetic engineering to study their biological role in lignin

biosynthesis. In another case, Hoang et al. (2017)

sequenced the transcriptome of sugarcane culm tissue and

identified 151 transcripts that were directly related to sugar

and fiber metabolism. Thus, combining the knowledge of

gene expression and QTLs, including expression QTL

(eQTL, a locus that explains a fraction of the genetic

variance of a gene expression phenotype.), helps develop

strategies to improve sugarcane traits in the near future

(Carrasco-Valenzuela et al. 2019).

The advent of genome-editing technologies, especially

CRISPR, in recent years has paved the way for crop trait

improvement in a rapid and efficient manner. However, to

effectively use CRISPR technology, prior knowledge of

genomic sequences is required. Unfortunately, the complex

genome and high polyploidy nature of sugarcane have

prevented genome sequencing of this crop until recently

(Riaño-Pachón and Mattiello 2017). Therefore, unlike

other crops, the use of genome-editing tools, especially the

RNA-guided nucleases (CRISPR), for gene editing in

sugarcane is still in its infancy. The recent availability of

sugarcane’s genome sequence will undoubtedly facilitate

research on functional genomics with this important cash

crop. In this context, this paper reviews the possible

applications of genome-editing tools, focusing on CRISPR

technology, to study biomass and bioenergy traits in sug-

arcane. The limitations of its use are also discussed. In

addition, another important biotechnological advance on

biomass improvement using RNA interference (RNAi)

technique is also discussed.

Sugarcane

Sugarcane belongs to the Saccharum genus which includes

Saccharum barberi, Saccharum edule, Saccharum offici-

narum, Saccharum robustum, Saccharum sinense and

Saccharum spontaneum. They are genetically closely

related to sorghum and other Poaceae members such as

Erianthus and Miscanthus (Amalraj and Balasundaram

2006). As a result of interspecific hybridization, modern

sugarcane varieties (Saccharum spp) possess high poly-

ploidy and aneuploidy. Sugarcane has an estimated genome

size of * 10 Gbp, with genes exist up to 10–12 allelic

forms (Souza et al. 2011). The estimated monoploid gen-

ome size is about 800–900 Mb, depending on the ploidy

level of a variety (Garsmeur et al. 2018).

Sugarcane as Biofuel Feedstock

Being a C4 crop, sugarcane is considered to be one of the

most ideal bioenergy crops. Sugarcane is nearly the

exclusive ethanol feedstock in some countries such as

Brazil. Brazil produced 32.5 billion liters of sugarcane

ethanol in 2019–2020 (http://sugarcane.org/sugarcane

products/ethanol). It is currently the largest sugarcane

ethanol producer in the world. Brazil and USA together

account for 85% of the world’s ethanol production (Ber-

trand et al. 2016). The general process of ethanol produc-

tion from sugarcane is illustrated in Fig. 1.
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Sugarcane is one of the main feedstocks for first- and

second-generation biofuel production. Sugarcane bagasse

constitutes 25% of the total weight of sugarcane (Rezende

et al. 2011), mostly of cellulose (42%), hemicellulose

(28%) and lignin (20%). These three components amount

to more than 90% of the dry weight of the fiber (Barrera

et al. 2016). Sugarcane bagasse can be broken down into

simple sugars for producing ethanol (Chandel et al. 2012).

In the past, bagasse was considered as an agricultural waste

and mostly burnt in boilers to provide the heat and elec-

tricity needed for sugar mills. It can also be used to make

paper. However, burning of bagasse can cause environment

pollution. The most significant pollutant emitted by

bagasse-fired boilers is particulate matter (PM). Now,

biorefineries have the ability to convert bagasse into

bioethanol but not yet commercially used. Model/pilot

plants have been built in some sugarcane-growing

countries, such as in Thailand, to demonstrate bagasse-

based ethanol production (http://sugar-asia.com/thail

and-successfully-produces-bagasse-based-ethanol-with-enz

ymes/). In July, 2018, a Thailand pilot plant was completed

for conversion of sugarcane bagasse into raw materials for

ethanol (https://www.mitsui.com/jp/en/topics/2018/12265

83_11241.html). According to its website, the factory can

process 5,000 tons/year bagasse and produces 1,400 tons of

‘cellulosic’ sugar, and the sugar will be used for bioethanol

and other commercial by-product production. However,

due to high lignocellulosic processing cost and techno-

logical limitations (such as technologies for conversion of

processed bagasse to ethanol), only a handful of commer-

cial companies are currently exploring lignocellulosic

biofuel production. Most of these companies use cellulosic

materials other than bagasse as feedstock. For example,

POET-DSM in the USA produced cellulosic biofuel using

corn stover as feedstocks for biofuel production (Yau and

Easterling 2018).

The biggest limitation of using lignocellulose for biofuel

production is inefficient conversion of lignocellulose into

sugars during fermentation. Cellulose and hemicellulose in

cell walls can be converted into biofuels. However, a third

important cell wall polymer, lignin, has little value for

biofuel conversion. Thus, a lignocellulose pre-treatment to

separate the tightly bound lignin from cellulose and

hemicellulose is a necessary step in lignocellulosic biofuel

production. The main purpose of the pre-treatment proce-

dure is to deconstruct the structure of lignocellulosic

complexes to facilitate hydrolytic enzymes access cellulose

and hemicellulose. There are several pre-treatment strate-

gies. They can be physical, chemical or biological

approach. Typical chemical pre-treatments use acids (ex.

sulfuric acid (H2SO4) and hydrochloric acid (HCl)) or

alkalies (ex. sodium hydroxide (NaOH)) (Bensah and

Mensah 2013). Biological approach involves using

microorganisms, including bacteria and fungi that biode-

grade lignocellulose into sugars for biofuel production. The

biological approach is less corrosive, lower by-product

formation and relatively inexpensive, compared to chemi-

cal and mechanical approaches (Mishra et al. 2018).

Genetic engineering has been successfully used to

modify traits in different plant species, using Agrobac-

terium-mediated and biolistics methods. Thus, transgenesis

can be another approach to reduce plant cell wall lignin

content for biofuel production. One strategy is to trans-

genically down-regulate the activity major lignin-biosyn-

thesis genes to reduce bagasse lignin content.

Improving Sugarcane Biomass Traits Through
Transgenic Approach

In addition to conventional breeding, genetic transforma-

tion also facilitates the improvement of biomass yield and

quality in sugarcane for bioethanol production. Transfor-

mation procedures in sugarcane using Agrobacterium, as

well as biolistics have been well established and are rou-

tinely performed in various institutions and laboratories

throughout the world. Recently, Krishnan and Mohan

(2017) summarized advances in transformation methods in

sugarcane. In addition to the pioneering transgenic tech-

nologies, later developments such as RNAi technology and

more recently genome editing methods have been used for

sugarcane improvement for sugar and bioenergy produc-

tion (Jung et al. 2012; Jung and Altpeter 2016).

Fig. 1 Schematic representation of different steps of ethanol and

sugar production from sugarcane (Figure was reproduced from EGEE

439: Alternative Fuels from Biomass Sources,
https://www.e-education.psu.edu/egee439/node/647; with permission

from Dr. Caroline Clifford, EMS Energy Institute at Penn State

University)
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RNA Interference (RNAi) Technology

Currently, disruption of cell wall and degradation of lignin

requires expensive pre-treatments and high energy pro-

cesses. Lignin, the second most abundant cell wall

heteropolymer, is primarily composed of guaiacyl (G),

syringyl (S) and p-hydroxyl-phenyl (H) moieties, which in

turn are polymerized by sinapyl, p-coumaryl and coniferyl

alcohols, respectively (Boerjan et al. 2003). Monolignol

biosynthesis, a major branch of the phenylpropanoid

biosynthesis pathway, consists of ten different enzymes

each of which are prospective targets for effective manip-

ulation of lignin content in plants (Bonawitz and Chapple

2010). A diagrammatic representation of the monolignol

biosynthetic pathway and the genes involved is depicted in

Fig. 2. Down regulation of monolignol biosynthetic genes

has resulted in reduced lignin content and altered lignin

subunit composition in several bioenergy crops such as

alfalfa (Chen and Dixon, 2007), switchgrass (Shen et al.

2012), poplar (Van Acker et al. 2014), maize (Fornale et al.

2012) and sugarcane (Jung et al. 2012, 2013). However,

down regulation of lignin biosynthesis genes could result in

some negative effects. For example, biomass reduction was

observed in down-regulated cinnamoyl-CoA reductase

(CCR) poplar plants. CCR catalyzes the first step in the

monolignol-specific branch of the lignin (Van Acker et al.

2014). Lignin reduction in major energy crops by

biotechnological tools has been extensively reviewed

(Sattler et al. 2013; Poovaiah et al. 2014), and the progress

made in sugarcane and the biotechnological approaches

used are described below.

The RNAi approach has been widely utilized in plants to

down-regulate or suppress gene expression with great

precision and efficiency. The RNAi mechanism is con-

served across eukaryotic organisms and involves double-

stranded RNA (dsRNA), Dicer and Argonaute (AGO)

family proteins (Baulcombe 2004). Basically, the dsRNA is

processed by the Dicer protein into 20–24 nucleotide (nt)

small RNA (sRNA) duplex containing 2-nt 3’ overhangs at

either ends. One sRNA duplex strand binds to the AGO

creating an RNA-induced silencing complex (RISC). The

sRNA guides the RISC to complementary region of single

stranded RNA which is cleaved by the AGO protein at

nucleotides corresponding to the central sRNA region of

10–11 nt (Baulcombe 2004).

In sugarcane, the caffeic acid O-methyltransferase

(COMT) gene was down-regulated using RNA interference

which reduced lignin content up to 13.7% (Jung et al.

2012). Significant reduction of syringyl/guaiacyl ratio in

lignin, compared to wild type plants, was also observed.

Through this approach, fermentable glucose yield of up to

29% from biomass without any pre-treatment process and

up to 34% yield after the dilute acid treatment were

achieved. Pre-treatment is a costly and environmentally

Fig. 2 Monolignol biosynthesis pathway in higher plants. CAD,

cinnamyl alcohol dehydrogenase; CCR, cinnamoyl-CoA reductase;

CHS, chalcone synthase; 4CL, 4-coumaroyl-CoAligase; HCT,

hydroxyl cinnamoyl transferase; PAL, phenylalanine ammonia lyase

and POD, peroxidase (Figure from Yeh et al. 2014, an Open Access

article distributed under the terms and conditions of the Creative

Commons by Attribution (CC-BY) license, https://creativecommons.

org/licenses/by/4.0/])
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undesirable process in biofuel production. Evaluation of

these transgenic lines grown under field conditions showed

80–91% reduction in COMT transcripts (Jung et al. 2013).

The transgenic lines exhibited a reduced total lignin con-

tent of 6–12%. Transgenic plants with 6% reduction in

total lignin had no significant difference in biomass yield

compared to control plants in a randomized field trial with

three replications. Lignin reduction led to enhanced sac-

charification efficiency, demonstrating that these lines

require less hydrolysis compared to wild type plants to

obtain fermentable sugars. The same research group used a

RNAi approach to down-regulate 4-coumarate: CoA ligase

(4CL) gene, and the resultant lines had lignin content

reduced by up to 16.5% without compromising biomass

yield. The field-grown RNAi lines also exhibited an

increased saccharification efficiency of 52–76% compared

to the wild type control sugarcane plants (Jung et al. 2016).

In another report, RNAi was used to suppress the

expression of three important genes related to lignin

biosynthesis in sugarcane: caffeoyl-CoA O-methyltrans-

ferase (CCoAOMT), ferulate 5-hydroxylase (F5H) and

COMT, and some of the resultant transgenic lines exhibited

enhanced sucrose levels and improved bagasse quality

although only one line showed reduced lignin content

(Bewg et al. 2016). However, this RNAi line with low-

lignin exhibited shorter internodes when compared to the

untransformed wild-type sugarcane. Taken together, these

results demonstrate that RNAi approach is a promising and

successful strategy to alter lignin composition in sugarcane

for improving the bioconversion of lignocellulosic biomass

into bioethanol.

Gene-editing (GE) Technology

Gene-editing Tools

Gene-editing (GE) tools have revolutionized the field of

biology, because of their ability to precisely target a par-

ticular gene (gene of interest) for modification. Gene

editing has offered plant breeders more opportunities to

optimize food production. Gene editing can generate a

permanent knockout of an allele or insertion in a gene for

gain-of-function purpose. The technology is capable of

creating knock-out phenotypes in most cases, which is

desirable in the majority of potential applications

(Boettcher and McManus 2015; Smith et al. 2017).

In the past, various GE systems have been developed for

eukaryotic genome manipulation, including those for

plants. These systems include meganucleases (Puchta et al.

1993), zinc finger nucleases (ZFNs) (Carroll 2011), tran-

scription activator-like effector nucleases (TALENs) (Li

et al. 2012) and the most popular Clustered Regularly

Interspaced Palindromic Repeat (CRISPR)-associated

protein 9 system (CRISPR-Cas9) (Cong et al. 2013). The

earlier systems, ZFN and TALEN, involving complex

technical designs in order to achieve specific targeting, are

laborious and time-consuming (Jagannathan et al. 2018).

On the other hand, CRISPR-Cas-based GE offers a low-

cost, simple, easy-to-use method with higher efficiency.

The common feature of GE tools is the ability to induce

site-specific double-strand breaks (DSBs) in genes-of-in-

terest to obtain mutations or use for other applications

(review see Puchta 2017). Double-strand breaks are sub-

sequently repaired through cellular DNA repair mecha-

nisms, i.e. non-homologous end joining (NHEJ) or

homology-directed repair (HDR) pathway (Waterworth

et al. 2011). Non-homologous end joining is the preferred

but often imprecise mechanism of DSB repair in somatic

plant cells. Indels (insertions and deletions) are generally

generated at the repaired DSB sites when NHEJ-repairing

system is used. These indels disrupt the gene and create

mutations for the gene. NHEJ is considered to be more

efficient than the HDR mechanism for mutant creation

(Huang and Puchta 2019). Researchers employ genome

editors and the host repair mechanisms (either NHEJ or

HDR) for many applications in crop improvement, such as

to knock out an unwanted gene or insert a new gene at a

specific locus (Zhang et al. 2019).

CRISPR Systems for Genome Editing

CRISPRs are the hallmark of a bacterial defense system

(Wiedenheft et al. 2012), and they have been adapted for

gene editing. There are different types of CRISPR-Cas

systems. Each type is characterized by distinct architec-

tures of the effector modules that include unique signature

proteins (Koonin and Makarova 2019). CRISPR-Cas9 is

the first system to be used for eukaryotic genome editing. It

is also the most widely used system for genome editing by

far. In this chapter, most cases used for discussion are

based on CRISPR-Cas9 system. Basically, the CRISPR-

Cas9 system consists of two different components: a single

guide RNA (sgRNA) and a Cas9 nuclease. The sgRNA

binds to the target sequence and guides Cas9 enzyme to

cleave the target sequence. The target sequence is recog-

nized by the sgRNA by detecting the presence of a 3’-NGG

motif [also known as the protospacer adjacent motif

(PAM)] in the target sequence (Fig. 3. Theoretically, any

DNA with sequence complementarity to the first 20 nt of

the sgRNA can be a target, but DNA can only be cut when

PAM is present at the 3’ end of the DNA targets. Motif

sequence of PAM varies depending on the origin of bac-

teria from which the CRISPR system is derived and the Cas

protein variants used. The most commonly used CRISPR-

Cas9 system by far is derived from Streptococcus pyogenes

(Sp). The PAM sequence for SpCas9 is 5’-NGG.
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Sequences of PAM for different bacteria and Cas9 variants

can be found at link: https://www.addgene.org/crispr/

guide/#pam-table. For transcription, the sgRNA is com-

monly driven by U6 promoters, while the Cas9 gene

expression is usually driven by CaMV (cauliflower mosaic

virus) 35S promoters (for dicots) or ubiquitin promoters

(for monocots) (Belhaj et al. 2013). Cas9 gene is usually

codon-optimized to the targeted plant-species-of-interest

for better expression (Bortesi and Fischer 2015). Nucleus

localization signal (NLS) is also frequently fused to the

Cas9 gene for more efficiently target Cas9 protein to the

nucleus (Belhaj et al. 2013). The CRISPR-Cas9 system has

been successfully used for genome editing in many living

organisms, including various plant species (Ma et al. 2016).

To host a huge amount of CRISPR-Cas-generated plant

mutants, researchers from Boyce Thompson Institute in

New York have created a platform called Plant Genome

Editing Database (PGED; http://plantcrispr.org) to con-

solidate information about CRISPR/Cas-generated mutants

of plant species that have been reported and also being

updated (Zheng et al. 2019).

Delivery of CRISPR Components

CRISPR components may be delivered into the plant

genome by DNA, mRNA (in vitro transcripts or IVT) or

protein format (review see Ran et al. 2017). With the DNA

format, various current plant transformation techniques can

be used. The delivery techniques include agroinfiltration

(Yin et al. 2015), Agrobacterium infection (Char et al.

2016), biolistics or particle bombardment (Liang et al.

2018), electroporation (Bhowmik et al. 2018), virus-based

(Zaidi and Mansoor 2017) and PEG-mediated (protoplast-

based) transformation (Malnoy et al. 2016; Lin et al. 2017).

Delivery of genome-editing reagents using mRNA format

is also efficient and this type of transient delivery results in

stable transgenic events and is with reduced off-target

effects (Stoddard et al. 2016). Delivery of pre-assembled

Cas9-gRNA ribonucleoproteins (RNPs) was also reported.

Direct delivery of RNP complex could eliminate the pos-

sibility of introducing foreign DNA into the host genome

(Wolter and Puchta 2017). Pre-assembled Cas9-gRNA

RNPs delivery was first successfully demonstrated in ani-

mal cells (Cho et al. 2013). Cas9-gRNA RNPs were then

used in plants to successfully deliver into protoplasts

(through PEG-mediated) derived from somatic tissues of

tobacco, Arabidopsis, lettuce, rice, petunia, grapevine,

apple and potato (Woo et al. 2015). Cas9-gRNA RNPs

were also successfully delivered into embryo cells by

biolistic bombardment in maize (Z. mays L.) and wheat (T.

aestivum L.) (Svitashev et al. 2016; Liang et al.

2017, 2018). More recently, a Japanese group directly

delivered Cas9-gRNA RNPs into rice zygote cells pro-

duced by in vitro fertilization of isolated gametes (Toda

et al. 2019). The use of zygote cells for genome editing can

effectively reduce the generation of chimera in the later

generations (Mao et al. 2019). Lipofection (also known as

‘lipid transfection’ or ‘liposome-based transfection’) is

frequently used in mammalian DNA transfer (Felgner et al.

1993). More recently, a novel lipofection-mediated trans-

fection approach was used to deliver pre-assembled Cas9-

gRNA RNP into BY-2 tobacco plant protoplasts for gen-

ome editing (Liu et al. 2020). The two lipofection agents

used were Lipofectamine 3000 and RNAiMAX. The opti-

mal lipofection efficiencies for Lipofectamine 3000- and

RNAiMAX-mediated protein delivery were 66% and 48%,

respectively (Liu et al. 2020).

Editing Efficiency

CRISPR-Cas9-mediated knock-out efficiency can be sig-

nificantly affected by factors such as (1) gene location on

the chromatin, with editing reported to be more efficient in

euchromatin than in heterochromatin (Jensen et al. 2017),

(2) sites of sgRNA selection from the gene to be edited

(Zhao et al. 2017), (3) number of sgRNA used for a single

gene knock-out, (4) sgRNA length (Zhang et al. 2016), (5)

Cas9 form for delivery (i.e. as DNA, mRNA or protein)

(Kouranova et al. 2016) and (6) Cas9/sgRNA threshold

expression level (Yuen et al. 2017). Therefore, to knock out

a gene, researchers usually select more than one sgRNA for

testing in vitro first and then choose the one with best

editing performance and least off-targeting effect for fur-

ther in vivo work (Liang et al. 2016; Zhao et al. 2017).

Applications of CRISPR Systems

CRISPR-Cas9 system is widely used to disrupt gene

expression by gene knockout. Apart from gene knockouts,

Fig. 3 The CRISPR/Cas9 system of Streptococcus pyogenes (Figure
adapted from Puchta 2017, an Open Access article distributed under

the terms and conditions of the Creative Commons by Attribution

(CC-BY) license, https://creativecommons.org/licenses/by/4.0/])
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CRISPR-Cas9 technology can be used to eliminate an

entire chromosome (Zuo et al. 2017) or delete an entire

gene at a specific locus (Srivastava et al. 2017). Srivastava

et al. (2017) have removed a 1.6 Kb GUS gene by using

Cas9 and two gRNAs to target each end of the gene.

Similarly, it should be able to remove unwanted plant

selectable genes (such as kanamycin resistant gene) after

transgenesis. Those genes are usually left behind in a

transgenic product, and cause great concern for the regu-

latory agencies and consumers. CRISPR technology can

also replace and repair a dysfunctional allele (Li et al.

2018a, b) or generate an opening for integration of a gene

at a specific locus (Zhao et al. 2016; Begemann et al.

2017). This site-specific integration by CRISPR technology

is unlike the conventional techniques, where random

insertion of transgenes occurred. However, CRISPR-Cas9-

mediated site-directed insertion is much less efficient than

CRISPR/Cas9-mediated site-directed deletions. Efforts are

underway to increase CRISPR-Cas9-mediated insertion

efficiency through different approaches (Rozov et al.

2019). CRISPR technology also has the ability to target

multiple loci simultaneously (‘‘multiplexing’’). This will be

useful for studying members within a gene family. For

instance, CRISPR-mediated mutations in a subfamily of

abscisic acid receptor genes were shown to promote rice

growth and productivity (Miao et al. 2018). In another

example, with CRISPR-Cas9, mutations were successfully

induced in all four alleles resulting in a complete knockout

of the granule bound starch synthase (GBSS) enzyme

function in potato (2n = 4x) (Andersson et al. 2018).

Recently, Liu et al. (2018) generated homozygous

mutants in switchgrass, a polyploid bioenergy crop.

CRISPR-Cas9-mediated multiplexed gene-editing was also

successful in allotetraploid Brassica napus (Yang et al.

2017). Figure 4 shows mutated target sequences after

CRISPR-Cas9-mediated gene-editing at multiple loci with

a single sgRNA. The mutagenesis was done on BnaRGA

family genes, orthologs of Arabidopsis REPRESSOR OF

GA1-3 (RGA) gene, which acts as a master repressor in

gibberellic signaling. Deletion and insertion of bases at the

DSB sites were observed (Fig. 4). Other studies demon-

strated that the technology works effectively with certain

plant species containing complex and huge genomes such

as wheat (Triticum aestivum L.). Recently, CRISPR-Cas9

was used to successfully knock out all 6 alleles of 3 very

similar homoeologs of gene TaGW2 in bread wheat (Tri-

ticum aestivum L., AABBDD, 2n = 6x = 42), which reg-

ulates grain weight control. The mutation has changed the

gene from wild genotype (AABBDD) to mutant genotype

(aabbdd) (Liang et al. 2017).

Another important feature of CRISPR technology is that

it can be used to regulate gene expression. In this case,

Cas9 is engineered into an inactive form, dCas9 (‘d’ stands

for dead), and used for specific gene activation (termed

CRISPRa, or CRISPR activation) or suppression (termed

CRISPRi, or CRISPR interference). Genetic diversity is the

key base for crop improvements through plant breeding.

Plant breeders rely on diverse crop genetic resources and

breeding strategies to incorporate genetic diversity to

improve elite cultivars. The CRISPR-Cas system now

provides promising new opportunities to create genetic

diversity for breeding in an unprecedented way (Wolter

et al. 2019). For example, in several publications, CRISPR-

Cas system has been used to edit regulatory regions or

elements to generate an array of novel alleles with varying

expression level. Meanwhile, researchers at Cold Spring

Harbor Laboratory have generated new weak transcrip-

tional alleles in tomato and optimized its inflorescence

architecture (Soyk et al. 2017). Advanced imaging systems

based on CRISPR/dCas9 were also invented. Dreissig et al.

(2017) used fluorescence proteins (eGFP or mRuby2) fused

to dCas9 to visualize telomere repeats in tobacco (Nico-

tiana benthamiana L.) leaf cells. This method traced

telomere movement of 2 lm over 30 min during interphase

(Dreissig et al. 2017). For a review on CRISPRa/CRISPRi

and other CRISPR/dCas9 platform-based technologies, see

the recent paper by Moradpour and Abdulah (2020).

The other advantage of using GE techniques is that

homozygotes with bi-allelic and mono-allelic mutations

can be readily achieved in T0 generation, reducing the

breeding time dramatically (Zhang et al. 2014). For con-

ventional method, it could take a couple of generations of

progeny tests to isolate a homozygous transgenic line from

a population, especially when multiple homozygous loci

are needed. Multiple alleles in a polyploidy crop can also

be targeted simultaneously, as mentioned above, and help

breeders to speed up plant breeding process and accelerate

the rate of crop improvement (Watson et al. 2018).

Recently, scientists have harnessed the unique properties

of the Cas12 and Cas13 nucleases to develop nucleic acid

diagnostic kits for plant diseases and human diseases (such

as COVID-19). One such kit in the USA is the SHER-

LOCKTM CRISPR kit, which is developed by the Broad

Institute researchers (Abudayyeh et al. 2019). The SHER-

LOCKTM platform with color-based lateral flow readout is

easy to use (portable), fast (* 15 min), accurate and

quantitative, and no need of a sophisticated machine (field-

ready). Due to these distinctive advantages, CRISPR-Cas9

system has become the most preferred transformation

technology for eukaryotic genomes/genes.

Limitations of Using CRISPR Systems In spite of many

advantages, certain limitations for using CRISPR-Cas9

technique remain (Botella 2019). Limitations include (1)

specific PAM sequence requirements that may limit the

target sites for Cas9 at certain loci, (2) large-size of Cas9
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molecule (difficult for delivery into cells), (3) the meso-

philic nature of the established Cas9 system does not allow

for applications that require elevated temperatures (Har-

rington et al. 2017; Mougiakos et al. 2017), (4) less effi-

cient when employing the cellular process of homology-

directed DNA repair (HDR) in the technique and (5) off-

target effects (which cause unwanted gene disruption).

These disadvantages led to engineer Cas9 variants to

expand PAM (Cebrian-Serrano and Davies 2017) and

search for novel CRISPR systems. Some of the newly

discovered alternatives are CRISPR-Cpf1 (which could

increase specificity; Zetsche et al. 2015; Li et al. 2018a, b),

CRISPR-CasX and CRISPR-CasY (small Cas proteins for

easy delivery; Burstein et al. 2017), CRISPR-GeoCas9

(Harrington et al. 2017) and CRISPR-ThermoCas9 (Mou-

giakos et al. 2017). GeoCas9 is from thermophilic bac-

terium Geobacillus stearothermophilus, and it tolerates

higher temperature to 70 �C (active from 20 �C-70�C).
ThermoCas9 was used for gene deletion and transcriptional

silencing at 55 �C in Bacillus smithii and for gene deletion

at 37 �C in Pseudomonas putida, a tool can be used at

broaden temperature range (Mougiakos et al. 2017). For

plant genome-editing, CRISPR-Cas9 and CRISPR-Cpf1

(Zaidi et al. 2017) are currently the two most used systems.

The other systems listed above are, for now, used for

mammalian cell studies. With the added useful features, the

new Cas proteins are potential valuable additions for plant

genome manipulation. Further, strategies for increasing

HR-mediated gene modification frequencies in plants when

Cas9-mediated induction of DSBs is used, and elimination

of off-target editing are being pursued (Steinert et al. 2016;

Hahn et al. 2018; Huang and Puchta 2019). This includes

inhibition of NHEJ to help improving HR-based gene-

modification frequencies (Endo et al. 2016; Nishizawa-

Yokoi et al. 2016). Off-target editing is a major concern

with GE technology (Fu et al. 2013; Hahn and Nekrasov

2019). Reduction of off-target editing frequency has

become one of the most important tasks in GE technology.

Strategies to reduce the incidence and development of

techniques/tools to detect off-target editing events are

emerging (Fu et al. 2014; Lawrenson et al. 2015; Ran et al.

2015; Zhang et al. 2018a, b). For example, occurrence of

off-target mutations in wheat cells is much lower when

RNP form was used to deliver CRISPR-Cas9 components,

instead of using plasmid (DNA) form. (Liang et al. 2017).

It is worth mentioning that new generations of CRISPR-

Cas genome-editing technologies are emerging. They are

used for RNA editing and single-base editing. Except

editing DNA, some newly discovered CRISPR-Cas sys-

tems can be used to edit mRNA, such as CRISPR/Cas13-

based systems (Abudayyeh et al. 2016), which include

CRISPR-Cas13a (previously known as C2c2) (Abudayyeh

et al. 2017), CRISPR-Cas13b (Smargon et al. 2017),

CRISPR-Cas13d (Yan et al. 2018) and CRISPR-CasRx

(belongs to Cas13d family) (Konermann et al. 2018). RNA

editing has multiple advantages over traditional DNA-

editing. Editing RNA avoids genomic (DNA level) off-

targets or indels introduced through non-homologous end

joining (NHEJ) (Wolter and Puchta, 2018). Novel proto-

cols have also been developed recently for ‘single-base’

editing in DNA (Gaudelli et al. 2017) and mRNA (Cox

et al. 2017). For DNA single-base editing, two types of

Fig. 4 Genotype of

BnaA6.RGA-sgRNA CRISPR

lines (L4 and L6) in the T0

generation. Bases printed in

green indicate the 3’-NGG

motif, while the bases in red

indicate the ‘target sequence’

(Figure from Yang et al. 2017,

an Open Access article

distributed under the terms and

conditions of the Creative

Commons by Attribution (CC-

BY) license,

https://creativecommons.org/

licenses/by/4.0/])
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base conversion can be achieved: C�G to T�A or A�T to

G�C. Precise A�T to G�C base editing was first described in

rice by Lu and Zhu (2017). In their study, 6 out the 23 lines

showed expected T to C substitutions at a target region.

Hao et al. (2019) used single-base editing to fix the mutant

amylose gene Wx-mq through A�T to G�C base editing.

Current advances, limitations and applications of base-ed-

itor in crops have been reviewed recently by Mishra et al.

(2020).

Regulation of CRISPR-edited Products

CRISPR mutant lines can be produced to exclusively har-

bor the desired mutation for a specific gene without any

vector backbones or transgene left (Malnoy et al. 2016;

Liang et al. 2017). This type of genome-edited organisms,

including crops evades regulation from regulatory agencies

in the US (Nature Plants Editorial 2018). In 2016, a gen-

ome-edited mushroom (Agaricus bisporus) became the first

deregulated plant in USA (Waltz 2016). In April 2018, the

US Department of Agriculture (USDA) announced that

they have no intention to regulate some categories of

genome-edited crops (USDA Press Release, Release No.

0070.18). In the statement, it states ‘USDA does not reg-

ulate or have any plans to regulate plants that could

otherwise have been developed through traditional breed-

ing techniques as long as they are not plant pests or

developed using plant pests.’ (https://www.usda.gov/

media/press-releases/2018/03/28/secretary-perdue-issues-

usda-statement-plant-breeding-innovation). Similarly, in

April 10, 2019, OGTR from Australian government also

announced not to regulate the use of gene-editing tech-

niques in plants, animals and human cell lines that do not

introduce new genetic material (Mallapaty 2019). This is

a great relief for many GM crop companies, especially

small ones. With regulation, it would take a minimum of

six years and require $30–$50 million to test and collect

the data required for bringing a crop to market (Waltz,

2018). Because of that, more companies are having

CRISPR products in their pipelines. For example, Corteva

(agricultural division of DowDuPont; USA) has devel-

oped waxy hybrid corn from 12 elite inbred lines (Gao

et al. 2020). The modification alters starch composition,

which is preferable for some cooking and industrial uses.

CRISPR-Cas9 system was employed to precisely knock

out the Waxy1 gene. From 25-location field trials, it

showed that CRISPR-waxy hybrids were agronomically

superior to introgressed hybrids (Gao et al. 2020). Simi-

larly, Yield10 Bioscience (USA) has developed a high-oil

content Camelina sativa using CRISPR-Cas9 system.

According to Yield10 Bioscience, in January 2020,

USDA-APHIS’s Biotechnology Regulatory Services

(BRS) has confirmed that ‘its genome-edited Camelina

sativa plant lines developed using CRISPR-Cas9 for

increased oil content are not regulated articles under BRS

regulations.’ The clarification of the regulatory status of

the triple genome-edited Camelina plant lines accelerates

the path to conducting field trials in the United States

(https://www.globenewswire.com/news-release/2020/04/

27/2022462/0/en/Yield10-Bioscience-Obtains-Positive-

Response-from-USDA-APHIS-on-Regulatory-Status-of-its-

CRISPR-Genome-Edited-C3007-Trait-in-Camelina-Paving-

the-Way-for-U-S-Field-Tests.html). The other company is

Pairwise Plants, a start-up company founded in 2018. The

company is cooperating with St. Louis-based agribusiness

giant Monsanto on gene-editing corn, soybeans, wheat,

cotton and canola crops (https://pairwise.com/insights/news/

pairwise-licenses-crispr-technologies-from-massachusetts-

general-hospital-mgh-and-broad-institute/).

Unfortunately, in Europe, the Court of Justice of Euro-

pean Union has ruled that crops and food created using

gene-editing techniques (Case C-528/16) will be subjected

to the same regulations as those governing genetically

modified organisms (Callaway 2018). In summary, regu-

lation for USA is a product-triggered system, while in

Europe it is a process-triggered system (where as long as

DNA manipulation is used, the outcome brings uncertain-

ties and higher risk). As pointed out by Schiemann et al.

(2020), these still ongoing decision-making processes,

however, are heading in very different directions, resulting

in complex geographical patterns of different regulations.

Although the regulatory agencies do not regulate some

genome-editing products, the acceptance of this new

breeding technique by customers is also important for

successfully developing these products. According to a

recent survey, the lay public tended to consider gene

editing as closer to older genetic modification. However,

they showed a dramatic increase in supporting the new

technology after being provided information (Kato-Nitta

et al. 2019). So, educating the public is an important part of

public acceptance of GE technology.

Current Status of Genome Editing in Sugarcane

The first genome editing of sugarcane was reported by Jung

and Altpeter (2016). They used TALENs to knockout

COMT gene in sugarcane for reducing lignin content. They

achieved target mutations in 74% of transgenic lines cre-

ated and observed that 8–99% of the wild-type COMT

alleles could be mutated in various lines. The transgenic

events that exhibited 99% mutation frequency presented a

29–32% reduction of lignin content compared to the con-

trol untransformed plants in glasshouse trials. Moreover,

the mutations and the mutant phenotypes did not change in

the vegetatively multiplied clones. Although it is unclear
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why 99% mutation frequency only caused 29–32%

reduction of lignin content in that transgenic plants, it has

been suggested that ‘biological plasticity’ can rescue target

activity of knockouts in some cases. For instance, Smits

et al. (2019) reported that they have observed residual

protein expression for about one-third of the quantified

targets, at varying degrees from low to original level from

136 distinct genes generated by CRISPR-induced frame-

shifts in HAP1 cells.

The genome-edited lines were assessed for their muta-

tion efficiency and agronomic performance in field condi-

tions (Kannan et al. 2018). The mutant lines exhibited

decrease in ‘syringyl to guaiacyl’ ratio and reduction of

lignin content up to 19.7%. These lines demonstrated

enhanced saccharification efficiency (up to 43.8%) without

compromising the biomass production when compared to

control plants. Interestingly, sequences of the COMT

region in one mutant line CB6 revealed that 107 COMT

alleles were edited out of a total 109 copies. CB6 showed

reduced lignin content of 19% with improved saccharifi-

cation efficiency of 54% and its agronomic traits resembled

that of control plant. These findings suggested that GE

tools can be effectively used for sugarcane genome

modification.

Manipulation of complex genomes necessitates high

specificity in targeting without any or very low off-target

effects in order to avoid unnecessary mutations and cell

toxicity. In addition, an ideal genome engineering system is

one which can be easy to design, with precise targeting and

efficient delivery to cells. Although TALENs are easier to

generate than ZFNs, they lead to off-target binding

(Mahfouz and Li 2011). TALEN-mediated genome-editing

requires two distinct TALE nuclease genes in order to form

a functional heterodimer around the target, which may

hinder efficiency (Gaj et al. 2013). On the contrary,

CRISPR-Cas9 system is simpler than the other GE tools for

design and implementation. It requires only a simple

nuclease and a single gRNA, which are easy to construct

and deliver to host cells. It has been proven that certain

recalcitrant gene targets to TALENs could be efficiently

modified using CRISPR-Cas9 system (Cong et al. 2013;

Ran et al. 2013). As a result, CRISPR-Cas9 technology

looks to be an important tool for sugarcane gene editing in

the future.

Recently, Altpeter and his colleagues have succeeded in

editing the sugarcane genome using CRISPR-Cas9 systems

(Eid et al. 2021; Oz et al. 2021). Multiple alleles of mag-

nesium chelatase gene were efficiently edited in sugarcane

using CRISPR-Cas9 (Eid et al. 2021). In another study, Oz

et al. (2021) reported efficient and reproducible gene tar-

geting in sugarcane, enabling precise co-editing of multiple

alleles of acetolactate synthase (ALS) gene conferring

herbicide resistance via template-mediated and homology-

directed repair (HDR) of DNA double-strand breaks

induced by CRISPR/Cas9. These reports imply that

CRISPR-Cas9 can be effectively used to target complex

polyploids like sugarcane and have broadened the scope for

sugarcane genome editing.

Prospects and Challenges of Genome Editing
in Sugarcane

Typically, developing sugarcane varieties by conventional

breeding is laborious and time consuming. A breeding

cycle, from crossing-to-release, usually takes 12–15 years

(Gazaffi et al. 2010). Additionally, manipulation of multi-

ple genes or complex metabolic pathways by conventional

breeding is almost impossible. Application of GE tech-

niques, especially the CRISPR-Cas9 system, in a complex

polyploid plant species, such as sugarcane, for genome

modification has several advantages. CRISPR-Cas9-based

genome-editing can generate precise mutations on both

single and multiple genes accurately and more rapidly than

other systems. Although CRISPR-Cas9 system has been

widely applied to different plant species (Ma et al. 2016),

there are few reports of CRISPR-Cas9-mediated gene-

editing in sugarcane as we write this paper. This is partially

due to the lack of information of sugarcane genome

sequence information in the past. The complex genome

(Manners et al. 2004) and high polyploidy of sugarcane

(Premachandran et al. 2011) has hindered genome

sequencing and functional genomics studies to a great

extent in this crop (Mohan, 2016). Genome-editing requires

prior knowledge about the genome sequence information in

order to design specific sgRNAs for gene targeting. If a

gene associated with a particular trait is known and its

DNA sequence is available, CRISPR-Cas9 can be used to

directly target the gene to modify the trait.

CRISPR technology can also be used to identify genes

associated with a specific trait. For example, Huang et al.

(2018) identified a large number of rice high-yield genes by

pedigree analysis, whole-genome sequencing and CRISPR-

Cas9 gene knockout. They first identified 28 ancestral

chromosomal blocks that were maintained in all the high-

yield rice cultivars. Then, they randomly selected 57 genes

from the 123 loci from the blocks for knockout (or

knockdown) studies. Results indicate that a high proportion

of these genes are essential or show phenotypic effects

related to rice production (Huang et al. 2018). CRISPR-

Cas-based functional genomics screening is also a powerful

approach for systematically analyzing and identifying

genes associated with particular phenotypes. Meng et al.

(2017) generated a CRISPR library containing 25,265

pooled sgRNAs to target 12,786 genes. The sgRNAs were

then cloned to form a plasmid library for rice
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transformation. It resulted in more than 14,000 independent

T0 lines displaying a high frequency of edits. Among the

200 lines tested, 54 had altered morphological phenotypes.

Lack of genome sequence data was the major obstacle

for the use of GE tools for sugarcane genome-editing in the

past years. Recently, an early draft of the whole genome

from sugarcane hybrid cultivar SP80-3280, a popular

commercial variety in Brazil, was released using Illumina

TruSeq� Long Read Sequencing technology (Riaño-

Pachón and Mattiello 2017). More recently, Garsmeur et al.

(2018) published a monoploid reference genome of sug-

arcane. In the same year, Zhang et al. sequenced a haploid

S. spontaneum AP85-441 resulting in an allele defined

genome (Zhang et al. 2018a, b). The availability of recent

drafts of sugarcane genome information will open more

opportunities for researchers to utilize CRISPR-Cas sys-

tems for precise targeting in sugarcane (Zhang et al.

2018a, b; Souza et al. 2019). However, having a reference

genome might not be enough. A high-quality sequence

information is still needed. Even a 1-bp difference between

the real and the reference genome can prevent genome

editing. Besides, the sequence of the genotype to be edited

can be different from the reference one. Thus, it is prudent

to get target sequences from a given genotype before

starting to edit.

Another significant limitation of GE in sugarcane is the

time-consuming transformation procedures. Although sev-

eral successful reports of sugarcane transformation are

available (Augustine et al. 2015a, b, c a, b and c) the

transformation efficiency in sugarcane is lower when

compared to other crops (Joyce et al. 2010). Therefore,

developing an efficient sugarcane transformation system

for delivering GE components is important (Altpeter et al.

2016). Moreover, transient-assay techniques such as

agroinfiltration and use of protoplasts, which are popularly

used in genome-editing for other plant species, are not

readily amenable in sugarcane (Mohan 2016). Recently,

Lowe et al. (2016) showed that overexpressing the maize

(Zea mays) developmental genes Baby Boom (Bbm) and

Wuschel2 (Wus2) could improve the transformation effi-

ciency of monocots. They have demonstrated using this

approach to increase transformation efficiency in sorghum

(Sorghum bicolor) immature embryos, sugarcane (Sac-

charum officinarum) callus, indica rice (Oryza sativa ssp

indica) callus, and to induce high transformation frequen-

cies in previously non-transformable maize inbred lines

(Lowe et al. 2016). Owing to phenotypic abnormalities and

sterility in transgenic plants of using constitutive promoter,

they recently employed a tissue-specific promoter, Zm-

PLTP (phospholipid transferase protein) promoter, to

alleviate this issue and generate fertile transgenic lines

(Lowe et al. 2018). The method can generate abundant

transformed embryos which can directly germinate into

plants without going through callus status. Use of such

morphogenic regulators instead of hormones would thus

enhance transformation efficiency of monocot species

particularly sugarcane and energy cane (Lowe et al. 2018).

Conclusion and Future Perspectives

The growing human population and limited agricultural

lands necessitate continued crop improvement for food

security. Increasing crop yields through conventional plant

breeding is successful but incremental and relatively slow.

It can take several years to breed new varieties. Biotech-

nological techniques offer more opportunities to accelerate

crop improvement (Watson et al. 2018). Genome editing

tools, especially CRISPR-Cas9 system, are useful in this

regard. The technology can precisely target gene-of-inter-

est for modification, and can reduce the time needed to

produce a variety. Conventional transgenic techniques,

although successful in producing commercialized crops

with enhanced traits, remain controversial. This has created

a negative impact on transgenic crops. In this context, the

emergence of CRISPR-Cas9-based genome editing system

may become a more acceptable option. US Department of

Agriculture (USDA) and Australian OGTR issued state-

ments, indicating that they do not intend to regulate crops

produced from New Breeding Techniques (NBT), such as

CRISPR-Cas9, and consider them indistinguishable from

those developed through traditional breeding methods.

These are positive developments for biotech companies,

breeders and researchers using CRISPR to modify plants.

CRISPR-Cas9 has been employed to improve the

quantity and quality of several biofuel feedstocks, such as

algae (Ajjawi et al. 2017) and plant cell walls (Zhou et al.

2015; Park et al. 2017). It was also used to engineer fer-

mentation yeasts for more efficient bioethanol production

(Lee et al. 2017). Sugarcane is one of the major biofuel

feedstocks. Its juice is used for first-generation biofuel

production, and its fiber is a potential feedstock for second-

generation biofuel production. Considerable investment

has been made to improve sugarcane quality and quantity

by transgenesis with very limited commercial outcomes

(Kandel et al. 2018). We believe that sugarcane genome

editing will be used to elucidate the function of important

genes and their potential application in sugarcane, includ-

ing for bioenergy production.
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