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Preface

Sugarcane is an important cash crop grown throughout the tropical and subtropical 
regions of the world. It serves as the major source for sugar and also used for etha-
nol and biomass production. The demand for sugarcane and its by-products is set to 
increase in recent years due to increasing population, higher demand for sugar and 
climate change. Moreover, sucrose yield has been unchanged for the past decades. 
Owing to these factors, there exists the need for sugarcane improvement through 
biotechnology which would inevitably improve the yield as well as the sustainabil-
ity of sugar industries. With the advent of next generation sequencing technologies 
and genome editing tools, the realization of sugarcane improvement through bio-
technology is not very far. Several transcriptomic studies have been carried out in 
sugarcane and whole genome sequencing is in progress. Transgenic sugarcane for 
several traits has been reported, the highlight being the commercialization of 
drought-tolerant transgenic sugarcane in Indonesia and others in pipeline. Sugarcane 
is being used as a platform to produce several recombinant proteins and products. 
Very recently, transcription activator-like effector nucleases (TALENs) have been 
used in sugarcane initiating genome editing approach in this complex polyploid 
genome.

In this volume, a collection of 11 chapters is presented by experienced research-
ers working on sugarcane biotechnology. This book provides exhaustive informa-
tion on several recent technologies that are employed for sugarcane improvement 
through biotechnology. An array of topics such as genomics and transcriptomics, 
transgenic sugarcane for trait improvement, potential candidate promoters, new 
strategies for transformation, molecular farming, sugarcane as biofuel, chloroplast 
transformation and genome editing which are currently employed in sugarcane for 
trait improvement has been discussed comprehensively in this book which will 
serve as an encyclopaedia for graduates, postgraduates and researchers who work 
on sugarcane. This book will also be of great interest to plant scientists, biotech-
nologists, molecular biologists and breeders who work on sugarcane crop. As editor 
of this book, I am grateful to the contributors of various chapters for writing their 
chapters meticulously and enabling to produce this book on time and in a great man-
ner. I also thank the editorial staff of Springer, New York, who were very generous 
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and helpful to initiate this book project. I am also grateful to the São Paulo Research 
Foundation (FAPESP, Proc. 2015/10855-9) for the postdoctoral research grant. 
Finally, special thanks to Springer, Switzerland, for publishing this book. I firmly 
believe that the information covered in this volume will make a sound contribution 
to sugarcane research.

São Carlos, SP, Brazil� Chakravarthi Mohan

Preface
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Chapter 1
Potential Health Benefits of Sugarcane

Chinnaraja Chinnadurai

Abstract  Sugarcane is a perennial grass belonging to Poaceae family and it has 
been cultivated worldwide more than 90 countries because of its economical and 
medicinal value of high-yielding products. Refined sugar is obtained as a primary 
product from sugarcane juice, an eminent raw material of sugarcane. Other com-
mercial value-added by-products such as brown sugar, molasses, and jaggery are 
also obtained during the process in an unrefined form. The expensive carnauba wax 
is produced from sugarcane wax and utilized in cosmetics and pharmaceutical 
applications. Sugarcane juice is widely used in traditional medicine system of sev-
eral countries mainly in India, to treat several health issues such as jaundice, hemor-
rhage, dysuria, anuria, and other urinary diseases. In this chapter, various types of 
phytoconstituents and health benefits of sugarcane and its valuable products are 
summarized. The phytochemistry of sugarcane juice, sugarcane wax, leaves, and its 
products also established the occurrence of various fatty acids, alcohol, phytoster-
ols, higher terpenoids, flavonoids, -O- and -C-glycosides, and phenolic acids. 
Necessity on advanced research for the production of various medicinal products 
from sugarcane and its phytopharmacological study has been summarized.

Keywords  Medicine • Molasses • Pharmacological properties • Phytochemical 
profile • Sugarcane juice

1.1  �Introduction

Sugarcane is a tall perennial true grass belonging to the genus Saccharum and tribe 
Andropogoneae. It originated in Southeast Asia and is now cultivated in tropical and 
subtropical countries throughout the world for sugar and by-products. The genus 
Saccharum contains five important species, viz., Saccharum officinarum, Saccharum 
sinense, Saccharum barberi, Saccharum robustum, and Saccharum spontaneum.

C. Chinnadurai, Ph.D. (*) 
Faculty of Science and Technology, Department of Life Sciences, The University of the West 
Indies, St. Augustine, Trinidad and Tobago
e-mail: chinnadurai.chinnaraja@sta.uwi.edu

mailto:chinnadurai.chinnaraja@sta.uwi.edu


2

The cultivation of S. officinarum and its hybrids is mostly used for the production 
of sugar and ethanol and other industrial applications in more than 90 countries 
around the world. The stems and the by-products of the sugar industry are also used 
for feeding livestock. S. officinarum was originally grown in Southeast Asia and 
Western India. Around 327 B.C. it was an important crop in the Indian subcontinent. 
It was introduced to Egypt around 647 A.D. and about one century later, to Spain 
(755 A.D.). Since then, the cultivation of sugarcane extended to nearly all tropical 
and subtropical regions around the world. Portuguese and Spaniards introduced 
sugarcane to the New World early in the sixteenth century. S. officinarum L. more 
recently is utilized as a replacement of fossil fuel for motor vehicles.

Worldwide, sugarcane inhabits 20.42 million ha area with a total production of 
1900 million metric tons (FAO 2014). Sugarcane area and productivity differ widely 
from country to country. Brazil occupies the highest sugarcane-growing area (5.343 
million ha) followed by India, China, Thailand, Pakistan, and Mexico. Sugarcane is 
a best example for renewable natural agricultural resource since it provides sugar, 
besides biofuel, fiber, fertilizer, and a myriad of by-products/coproducts with eco-
logical sustainability. White sugar, brown sugar (Khandsari), jaggery (Gur), and 
ethanol are obtained from sugarcane juice and bagasse and molasses are the main 
by-products of the sugar industry. Molasses are the chief by-products used as main 
raw material for the production of alcohol. Excess bagasse is now being used as raw 
material in the paper industry. In addition, cogeneration of power using bagasse as 
fuel is considered feasible in most sugar mills.

Sugarcane holds potential health benefits and generally most of them are not 
aware of it. Sugarcane can be edible in the form of either pieces of stem or juice. 
Sugarcane juice extracted from the cane is nutritious and refreshing. It contains 
about 15% natural sugar that helps to rehydrate the human body and gives instant 
energy. Sugarcane juice is rich in minerals such as phosphorus, potassium, calcium, 
iron, and magnesium and vitamins such as vitamin A, B1, B2, B3, B5, B6, C, and 
E.  About 100  mL of sugarcane juice contains 39 calories of energy and 9  g of 
carbohydrates.

1.2  �Health Benefits of Sugarcane

Sugarcane juice is used to cure several types of human diseases in different parts of 
the world. It has been used in Ayurveda and Unani systems of medicine in India 
since time immemorial either as single drug or in combination with other plant 
products. Sugarcane extracts were established with a wide range of biological 
effects such as immunostimulation (El-Abasy et al. 2002), anti-thrombosis activity, 
anti-inflammatory activity, vaccine adjuvant, modulation of acetylcholine release 
(Barocci et al. 1999), and anti-stress effects. Sugarcane juice has broad biological 
effects on raising innate immunity to infections (Lo et al. 2005).

Jaundice patients and people having liver-related disorders have been encour-
aged to consume sugarcane extract in traditional system of medicine in curing 
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diseases. Sugarcane juice is also used as aphrodisiac, laxative, demulcent, antisep-
tic, and tonic (Xu et al. 2005). According to the Unani system of medicine in India, 
sugarcane juice is considered beneficial for the liver by regulating the bilirubin lev-
els and it is recommended that consumption of large amount of sugarcane juice 
helps for an immediate relief from jaundice. These assumptions have also been 
supported by modern pharmacological studies, which revealed that sugarcane con-
tains various bioactivities like anti-inflammatory, analgesic, antihyperglycemic, 
diuretic, and hepatoprotective effects. Although apigenin, tricin, and luteoline gly-
cosides like orientin, vitexin, schaftoside, and swertisin were reported as the main 
constituents in sugarcane juice, various policosanols and steroids were also reported 
in different parts of S. officinarum. Based on these bioactivities and chemical con-
stituents of sugarcane, great attention has been given for the investigation of some 
lead molecules of this cheapest crop for various diseases.

Sugarcane juice regulates natural immunity of host cells against different micro-
bial infections such as viral, bacterial, and protozoan having effects on the levels of 
macrophages, neutrophils, and natural killer cells (El-Abasy et al. 2002, 2003; Lo 
et al. 2005). A wide range of biological activities are observed with by-products of 
sugarcane juice including antioxidant activities (Tanaki et al. 2003), prophylactic 
activities, and other physiological functions (Takara et al. 2002).

Sugarcane juice is a rich source of antioxidants. Free radicals have been con-
cerned in the etiology of several human ailments and many antioxidants are being 
considered as potential therapeutic agents (Sies 1996; Spiteller 2001). The mecha-
nism involved in many human diseases such as hepatotoxicities, hepatocarcinogen-
esis, diabetes, malaria, acute myocardial infarction, and skin cancer includes lipid 
peroxidation as a main source of membrane damage (Yoshikava et  al. 2000). 
Antioxidants are molecules capable of terminating the chain reaction of free radi-
cals before vital molecules are damaged. Supplementation of these antioxidants 
became an attractive therapeutic strategy for reducing the risk of diseases caused by 
free radicals (Brash and Harve 2002). Recent studies on the role of phenolic com-
pounds from foods and beverages against free radical-mediated diseases became 
more significant due to the finding of association between lipid peroxidation of 
LDL and arthrosclerosis. Antioxidant properties of phenolic compounds can be 
attributed to a wide range of pharmacological activities. These compounds in gen-
eral act by quenching free radicals, inhibiting the activation of pro-carcinogens, or 
binding carcinogens to macromolecules. The phenolic and flavonoid contents of 
sugarcane juice were found with equal proportion of antioxidant effects 
(Krishnaswamy 1996).

The polyphenols in sugarcane juice also induce metabolism and help keep weight 
gain during pregnancy and its low glycemic index helps to maintain energy levels. 
A glass of sugarcane juice with a dash of ginger helps to reduce morning sickness 
of pregnant women. Small doses of sugarcane juice more than twice a day are rec-
ommended for morning sickness, a common complaint among pregnant women. 
Since sugarcane juice is a rich source of calcium, magnesium, and iron, regular 
consumption can help boost immunity and keep mineral deficiency at bay during 
pregnancy. Constipation is also an issue with pregnancy. The juice can also be used 
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to boost digestion and treat constipation due to the presence of potassium. It helps 
in proper functioning of digestive system and prevents stomach infections.

Sugarcane juice has been recommended for its diuretic property (Karthikeyan 
and Simipillai 2010; Cáceres et al. 1987). Regular use of sugarcane juice leads to 
clear urinary flow since it aids kidneys to perform their function properly. With 
addition of lime juice and coconut water, sugarcane juice helps in reducing burning 
sensation which is commonly associated with urinary tract infections, sexually 
transmitted diseases, kidney stones, and prostatitis.

Intake of sugarcane juice is recommended for diabetic patients. It comprises 
natural sugar which has low glycemic index that prevents steep rise in blood glucose 
levels in diabetics. Noni fruit juice was mixed with sugarcane juice and kukui nuts 
(Aleurites moluccana (L.) Wild, Euphorbiaceae) to be used as purgative, or diluted 
with spring water to treat diabetes and high blood pressure or prevent intoxication 
from kava (McClatchey 2002; Chun 1994). However, type 2 diabetes patients are 
recommended to consume it in moderate levels after doctor consultation.

Cancer cannot survive in an alkaline environment. Sugarcane juice comprises 
high concentration of calcium, magnesium, potassium, iron, and manganese since it 
is proven that regular consumption of sugarcane juice is effectively fighting against 
cancer, especially prostate and breast cancer.

Studies established that sugarcane juice protects against tooth decay and bad 
breath due to its high mineral content. Deficiency of nutrients in the body can easily 
be recovered by including sugarcane juice in our diet. Febrile disorder is quite com-
mon in infants and children resulting in fevers, which can lead to seizures and loss 
of proteins in the body. Sugarcane juice helps in compensating the lost protein and 
helps in recovery.

Alpha hydroxy acids help fight acne, reduce blemishes, prevent ageing, and keep 
the skin hydrated. One of the most effective alpha hydroxy acids is glycolic acid and 
is present in sugarcane and considered as one of its few natural sources. Even though 
sugarcane juice has many advantages, it is also important to consume the juice as 
soon as it is extracted because it tends to get oxidized within 15 min. As it is rich 
with medicinal values, sugarcane juice is considered as a miracle drink.

1.3  �Phytochemical Profile of Sugarcane and Its By-products

1.3.1  �Sugarcane Leaves

Sugarcane leaves are naturally coated with waxes which are considered as an impor-
tant source of various policosanols and D-003. In addition, various flavones -O- and 
-C- glycosides were isolated from methanolic extracts of sugarcane leaves through 
HPLC microfractionation techniques.

C. Chinnadurai
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1.3.2  �Sugarcane Wax

Sugarcane wax deposits on the surface of stalks and leaves seem whitish to dark 
yellow in color and are extracted from the sugarcane filter residue, the so-called 
bagasse, during sugar production and utilized for industrial, cosmetic, and pharma-
ceutical applications (Hoepfner and Botha 2004). It is one of the important com-
mercial sources of long-chain fatty alcohols, acids, esters, aldehydes, and ketones. 
Apart from that policosanols and D-003, some steroids and terpenoids have also 
been isolated as by-products from sugarcane wax. Policosanols range from 2.5 to 
80% and are a blend of long-chain primary aliphatic alcohols. Octacosanol consti-
tutes 50–80% of the total policosanols (Awika and Rooney 2004). Other active com-
ponents of sugarcane wax are long-chain aliphatic fatty acids that occur at lower 
concentrations. The blend of these acids is known as D-003 (Mas 2004). Several 
phytosterols, steroids, and higher terpenoids were also reported (Georges et  al. 
2006; Bryce et al. 1967) apart from the major constituents of fatty acid and fatty 
alcohol in sugarcane wax (Goswami et al. 1984). The quantity of wax derived from 
sugarcane is between the range of 0.1 and 0.3% and it differs from variety to variety 
(Laguna Granja et al. 1999). The sugarcane wax is considered as a possible substi-
tute for the expensive carnauba wax.

1.3.3  �Sugarcane Juice

Sugarcane juice is extracted by grinding the sugarcane stems for the production of 
white/brown sugar, jaggery, and molasses. Sugarcane juice holds water (70–75%), 
sucrose (13–15%), and fiber (10–15%). Several color components with chlorogenic 
acid, cinnamic acid, and flavones were identified from sugarcane juice during 1971 
(Farber et al. 1971). Further, all the colored components were categorized into four 
major classes: plant pigments, polyphenolic compounds, caramels, and degradation 
products of sugars condensed with amino derivatives.

The presence of phenolic acids such as hydroxycinnamic acid, sinapic acid, and 
caffeic acid, along with flavones such as apigenin, luteolin, and tricin, was also 
identified in high-performance liquid chromatography with diode array detection 
(HPLC-DAD) analysis of phenolic compounds from sugarcane juice. In that, tricin 
derivatives were obtained with highest concentration (Maurício Duarte-Almeida 
et  al. 2006). Further, detailed chromatographic and spectroscopic studies estab-
lished the presence of various -O- and -C- glycosides of the above-mentioned fla-
vones (Vila et  al. 2008). Apart from that few minor flavones swertisin, 
tricin-7-O-neohesperoside-4′-O-rhamnoside, tricin-7-O-methylglucuronate-4′-O-
rhamnoside, and tricin-7-O-methylglucuronide (Colombo et  al. 2009) and some 
novel acylated flavone glycosides, such as tricin-7-O-β-(6′-methoxycinnamic)-
glucoside, luteolin-8-C-rhamnosyl glucoside, and 
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tricin-4′-O-(erthroguaicylglyceryl)-ether, were isolated, along with orientin, from 
sugarcane juice (Duarte-Almeida et al. 2007).

1.3.4  �Sugarcane Products

Brown sugar, molasses, syrups, and non-centrifugal sugar are the several important 
by-products of sugarcane (Balasundaram et al. 2006). Apart from some identified 
compounds of sugarcane juice, three new flavonoid glycosides, tricin7-(2′-
rhamnosyl)-α-galacturonide, orientin-7,3′-dimethyl ether, and iso-orientin-7,3′-O-
dimethyl ether, were isolated from mill syrups (Mabry et al. 1984). Along with the 
already stated isoorientin-7 and 3′-O-dimethyl ether, a novel O-glycoside and 
dehydroconiferylalcohol-9′-O-β-d-glucopyranoside were also isolated from sugar-
cane molasses and have been validated as antibacterial compounds (Takara et al. 
2007). Through liquid chromatography-mass spectrometry (LC-MS) analysis of 
aqueous and dichloromethane extracts of brown sugars, the presence of various 
phenolic acids and eight major volatile constituents has been described.

1.4  �Pharmacological Properties of Sugarcane and Its 
By-products

Various phytochemicals including phenolic compounds, plant sterols, and polico-
sanols are present in sugarcane and help in defense against pest and diseases. Several 
studies have proven the biological activities of sugarcane products including anti-
oxidant activity, cholesterol-lowering properties, and other potential health 
benefits.

1.4.1  �Antithrombotic Activity

Antithrombotic activity was examined with policosanols and D-003 for their plate-
let aggregation and in rats. Plasma level of 6 keto-PGF1-α (a stable metabolite of 
prostacyclin PGI) was significantly increased with oral administration of D-003 at a 
single dose of 200 mg/kg and policosanols at a concentration of 25 mg/kg in rats, 
compared to control. In addition, D-003 significantly reduced the thromboxane 
plasma levels and weight of venous thrombus in collagen-stimulated whole blood of 
rats (Molina et al. 2002). Also, the pharmacokinetic study established that the effect 
of D-003 was detected after 30 min of dosing and the maximal effect exhibited after 
1–2 h of treatment (Molina et al. 2000).

C. Chinnadurai
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1.4.2  �Diuretic Activity

Intragastric application of ethanol extracts (50%) of fresh leaves to rats at a dose of 
40 mL/kg was found with diuretic activity, while its decoction was not found with 
any diuretic activity (Ribeiro Rde et al. 1986; Cáceres et al. 1987).

1.4.3  �Analgesic and Antihepatotoxic Activity

Ethanol extracts (95%) from sugarcane leaves and shoots were recorded with anal-
gesic activity in mice with intragastric application at a dose of 1 g/kg. The ethanol 
extract of sugarcane shoots was found active only against the tail-flick method while 
leaf extracts were active against benzoyl peroxide-induced writhing and tail-flick 
response (Costa et al. 1989).

Intraperitoneal application of aqueous extract of dried stems to mice, at a dose of 
25 mg/kg, was found active against chloroform-induced hepatotoxicity (Jin et al. 
1981).

1.4.4  �Antihypercholesterolemic Effect

Oral administration of sugarcane policosanols (5–200 mg/kg) on normocholesterol-
emic New Zealand rabbits revealed a significant decrease in the level of total cho-
lesterol and low-density lipoprotein cholesterol (LDL-C) in a dose-dependent 
manner. It also reduced the level of serum triglyceride, but it was not found as dose 
dependent. However, the high-density lipoprotein levels remained unchanged 
(Arruzazabala et al. 1994).

Policosanols also prevented atherosclerosis in male New Zealand rabbits fed on 
a cholesterol-rich diet for 60 days at doses of 25 or 200 mg/kg. Interestingly, hyper-
cholesterolemia was not found in policosanol-treated rabbits and the intima thick-
ness was also found significantly less compared to control animals (Arruzazabala 
et al. 2000).

1.4.5  �Antihyperglycemic Activity

Intragastrical application of ethanol extract of leaves at a dose of 1 g/kg and 60 mg/
animal, respectively, produced weak activity against alloxan-induced hyperglyce-
mia (Arruzazabala et al. 1994). Further, intraperitoneal application of juice of dried 
stems exhibited hypoglycemic activity at a dose of 200  mg/kg (Takahashi et  al. 
1985).
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8

1.4.6  �Anti-inflammatory Effect

Oral administration of the mixture of fatty acids isolated from sugarcane wax 
showed anti-inflammatory activity in the cotton pellet granuloma assay and in the 
carrageenan-induced pleurisy test, both in rats and in the peritoneal capillary perme-
ability test in mice (Ledón et al. 2003).

1.4.7  �Acetylcholine Release

The study on the effect of policosanols on the release of acetylcholine (ACh) at the 
neuromuscular junction in mice revealed that policosanols enhanced a slight extent 
of either the spontaneous or the evoked ACh release. Additionally, it was found that 
increment in the level of conformational changes induced at the nicotinic receptor 
channel complex, which established the release of Ach (Re et al. 1999).

1.5  �Toxicity Profile of Sugarcane Juice

Incomplete combustion of the organic matter develops polycyclic aromatic hydro-
carbons (PAHs) in sugarcane juice at harvesting season and their presence origi-
nates mainly from processing and cooking of food. The presence of four PAHs, 
benz(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, and benzo(a)
pyrene, was confirmed in HPLC analysis of sugarcane juice collected during differ-
ent harvesting period (Silvia Tfouni et al. 2009).

1.6  �Conclusion and Future Perspectives

This chapter provides a detailed analysis on health benefits of sugarcane, its phyto-
chemical profile, and pharmacological applications. Sugarcane extract is utilized as 
a regular nutritional drink in several Asian countries since it comprises significant 
amount of minerals, vitamins, and hydrophilic compounds with essential biological 
activities. The presence of pharmacological activities is proven in sugarcane juice 
and its unrefined products such as brown sugar, molasses, and jaggery are consid-
ered as richest sources of phenolic compounds, such as phenolic acids, flavonoids, 
and different glycosides. The lipophilic compounds including various policosanols, 
D-003, and phytosterols are the important components of sugarcane wax present in 
sugarcane leaves and shoots are observed with several pharmacological effects such 
as sympathomimetic, antihypercholesterolemic, and antithrombotic activities.
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Further there is a wide scope for investigation to identify the presence of new 
compounds with more activities in S. officinarum and its products. Even though the 
presence of carcinogenic compounds such as polycyclic aromatic hydrocarbons was 
reported in S. officinarum, yet advanced research associated with recent technolo-
gies has to be made. Further, a detailed examination has to be made in future in 
sugarcane and its products since there is a lack of comprehensive investigation on 
the large number of identified compounds and their pharmacological activities. 
Although the chemical composition is known for several compounds of sugarcane, 
future research has to be made to understand the metabolic pathways of these com-
pounds. Additional verification is needed to understand the phytochemistry of sug-
arcane products such as jaggery and thermostable chemical components of 
sugarcane juice.

There is a need for further improvement on sugarcane production since there is a 
product diversification and sugarcane has the potential to supply high-value niche 
markets with a variety of products (Hildebrand 2002). Hence, recent researches 
have been made to achieve cane improvement and industry diversification through 
the application of biotechnology to make more profitable sugarcane production. 
Such new approaches to plant improvement might enable the cane plant to store 
higher levels of sucrose or to produce and store new products with wider markets 
than sugar.

Transgenic plants have been developed with new genes incorporated by genetic 
engineering for the improvement of yield and enhance resistance to pests, diseases, 
and herbicides and production of value-added traits (James 2011; Potrykus 2001). 
In case of sugarcane, the first successful transformation of sugarcane with reporter 
genes using particle inflow gun appeared in 1992 (Bower and Birch 1992). Later, 
there has been several reports of genetically engineered sugarcane plants using par-
ticle gun and agrobacterium-mediated gene transformation methods including with 
improved disease, pest and herbicide resistance to sugarcane mosaic virus (Joyce 
et al. 1998), leaf scald (Zhang et al. 1999), stalk borers (Arencibia et al. 1999), and 
herbicide resistance (Enriquez-Obregon et al. 1998; Manickavasagam et al. 2004) 
were produced.

Transgenic sugarcane plants with altered metabolic pathways were developed 
with a view to improve sucrose accumulation (Botha et al. 2001), sugar characteris-
tics (Vickers et al. 2005), as well as novel sugars (Basnayake et al. 2012) but none 
are commercially available. Nevertheless, transgenic canes could have a key role in 
industrial applications and in crop improvement.
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Chapter 2
Sugarcane Genomics and Transcriptomics

Lovejot Kaur, S. Dharshini, Bakshi Ram, and C. Appunu

Abstract  Sugarcane is an important commercial crop belonging to Poaceae family 
and is a major source of sucrose and ethanol production worldwide. Sugarcane’s 
large genome size, aneuploidy of commercial cultivars, and polyploidy of interspe-
cific hybrids have always imposed a challenge for generation of genomic and tran-
scriptomics resources for crop improvement. Despite of these hurdles, linkage maps 
based on different segregating populations has been constructed. Efforts to map 
QTLs controlling various traits are being carried out and map-based cloning has 
also been tried. Available EST data can now be used for SNP mining, expression 
profiling, discovering new genes, etc. The comparative analysis of sugarcane and 
sorghum genome revealed high similarity between the two genomes. This informa-
tion will further expedite sugarcane improvement initiatives. The advent of high-
throughput sequencing technologies such as Roche/454 and Illumina/Solexa is 
being used to gain knowledge on transcriptome of the cell under different stress 
conditions. RNA-seq can provide the sequences of all RNA molecules, including 
mRNA, rRNA, tRNA, and noncoding RNAs, produced in one or a population of 
cells. The data generated can be used to measure transcript levels, to find novel 
genes, fusion transcript, and splice junctions. Knowledge of the sugarcane tran-
scriptome can provide information about synthesis of various biomolecules and 
their interactions with other metabolic pathways in the complex sugarcane genome. 
Both genomic and transcriptome resources of sugarcane are immensely important 
for improving yield as well as quality of sugarcane; this will help sugarcane farming 
community to a great extent.
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Transcriptome
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2.1  �Introduction

Sugarcane is a complex crop species with each gene represented by a number of 
alleles in the genome, high polyploidy and aneuploidy. About 70–80% of genome 
composition of modern sugarcane cultivars has been derived from S. officinarum 
and 10–20% from S. spontaneum. It has been reported by Berkman et al. (2014) that 
proportion of repeated sequences in sugarcane hybrids ranged from 63.74 to 78.37% 
and that increased proportion may be because of ploidy level of sugarcane genome 
rather than repetitive content. Since it has been reported that it has synteny with 
grasses like sorghum and maize, the future of sugarcane improvement seems prom-
ising. The sorghum genome is the closest genome to sugarcane which has been fully 
sequenced and annotated and is widely accepted as reference genome for compara-
tive analysis of sugarcane sequences.The origin of modern sugarcane cultivars 
raises issues not only related to the extent and nature of the divergence of the sugar-
cane and sorghum genomes, but also about the relationships (meiosis and expres-
sion dosage) among hom(e)ologous loci (De Setta et al. 2014). Association mapping 
experiments are being carried out in sugarcane to detect marker-trait associations as 
well as validating the position of different important genes. Sugarcane transcrip-
tomic experiments have led to identification of large number of genes which are 
involved in controlling important biological functions. Further, various international 
efforts are concentrating on studying the effect of complex genome on transcript 
expression in sugarcane. The genes identified through transcriptomic studies can be 
used either as DNA markers or to develop transgenic sugarcane. Even if sugarcane 
is a crop of immense importance its genetics has lagged behind and plant scientists 
has shown little interest in studying it. One of the major reason being the complexity 
of the sugarcane genome, which exceeds that of any other important crop. This chap-
ter focuses on recent advances in sugarcane genomics and transcriptomics that will 
further enhance our knowledge of the challenges faced in its improvement.

2.2  �Molecular Cytogenetics

Sreenivasan et al. (1987) made initial attempts to elucidate sugarcane genome and 
its taxonomy by using classical cytogenetic methods. It indicated that basic chromo-
some set of Saccharum sp. could be x = 5, 6, 8, 10, or 12 and chromosome number 
of S. officinarum is considered to be 2n = 80. Bremer (1923, 1961) reported the 
occurrence of 2n gamete transmission in hybrids of S. officinarum and S. sponta-
neum. This study further supported the hypothesis that modern sugarcane cultivars 
are derived from crosses between S. officinarum (2n = 80) and S. spontaneum (2n = 
36–128). S. officinarum clones that had a nuclear DNA content different from those 
having 80 chromosomes, i.e., outliers were relisted as hybrids (Aitken et al. 2006a). 
S. spontaneum has five major cytotypes: 2n = 64, 80, 96, 112, or 128 (Panje and 
Babu 1960) and basic chromosome number of x = 8 (hypothesized) (D’Hont et al. 
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1996, 1998; Ha et al. 1999). The FISH (florescent in situ hybridization) experiments 
conducted physically mapped the 45S rRNA and the 5S genes on chromosomes of 
S. officinarum and S. robustum. Classical cytogeneticists thought that no exchange 
of chromosomes has occurred between S. officinarum and S. spontaneum (Price 
1963, 1965; Berding and Roach 1987). But, further studies (D’Hont et al. 1996) 
using FISH of complete genomic DNA of S. officinarum and S. spontaneum in sug-
arcane cultivar R570 showed that 10% of the chromosomes appeared to be contrib-
uted by S. spontaneum and 80% from S. officinarum and remaining 10% were 
recombinants. These results were further confirmed by molecular mapping of culti-
var R570 (Grivet et al. 1996; Hoarau et al. 2002). Molecular cytogenetic techniques 
have also been used to study other members of Saccharum complex, especially 
Erianthus and Miscanthus. FISH along with DNA markers has been used to identify 
true hybrids formed with E. arundinaceus and to track E. arundinaceus genes intro-
gressed into Saccharum (D’Hont et al. 1995; Piperidis and D’Hont 2001; Jing et al. 
2009). Specific repeated sequences from Erianthus and Miscanthus were cloned 
and FISH was used to analyze their chromosome distribution; this analysis revealed 
two subtelomeric, one centromeric, and one apparently dispersed family along the 
genome (Alix et al. 1998, 1999). FISH was also used to find out the chromosome 
composition of fertile S. officinarum × E. arundinaceus hybrids in F1, BC1, and BC2. 
Recombinants were not observed in either BC1 or BC2 clones (Piperidis et  al. 
2010).

2.3  �Genetic Diversity Analysis

Present day sugarcane cultivars have been derived from interspecific hybridizations 
of domesticated species S. officinarum known for high sugar and the wild species S. 
spontaneum characterized for resistant to biotic and abiotic stresses. The genome 
complexity in Saccharum spp. has made sugarcane and energy cane breeding cum-
bersome. Use of only few limited genotypes of S. spontaneum and S. officinarum 
clones in earlier breeding experiments has resulted in a narrow genetic base of pres-
ent sugarcane cultivars. Characterization of genetic variation among different 
Saccharum genotypes has been carried out in both the organelle genome and nuclear 
genomes (D’Hont et al. 1993; Sobral et al. 1994). Diversity in chloroplast genome 
was initially studied by Takahashi et  al. (2005); it was reported that analysis of 
genomic sequence of 26 regions in the chloroplast clearly distinguished S. sponta-
neum from the other five species of Saccharum. To study genetic variability among 
the chloroplast genomes of sugarcane (Saccharum spp.) and its wild progenitor spe-
cies Saccharum spontaneum L. (Zhu et al. 2014), 19 primer pairs were designed 
targeting various chloroplast DNA (cpDNA) segments with a total length ranging 
from 4781 to 4791 bp. Ten out of 19 cp DNA segments were polymorphic, with 14 
mutation sites. This demonstrated that the chloroplast genome of S. spontaneum was 
maternally inherited. Also, comparative sequence homology analyses clustered sug-
arcane cultivars into a distinctive group away from S. spontaneum and its progeny.

2  Sugarcane Genomics and Transcriptomics
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Large numbers of DNA markers have been used to assess the genetic diversity in 
the nuclear genome of Saccharum species. In recent years, genetic diversity has 
been investigated for sugarcane cultivars or ancestral species by using several 
molecular methods, such as restriction fragment length polymorphism (RFLP) (Lu 
et  al. 1994; Besse et  al. 1997), random amplified polymorphic DNA (RAPD) 
(Huckette and Botha 1995; Nair et al. 2002), amplified fragment length polymor-
phism (AFLP) (Aitken et al. 2005), inter simple sequence repeats (ISSR) (Virupakshi 
and Naik 2008), sequence-related amplified polymorphism (SRAP) (Li and Quiros 
2001; Chang et  al. 2012), target region amplification polymorphism (TRAP) 
(Alwala et  al. 2006; Que 2009), genomic in situ hybridization (GISH) (D’Hont 
2005; D’Hont et al. 2002), fluorescence in situ hybridization (FISH) (D’Hont 2005; 
D’Hont et al. 1996; Jenkin et al. 1995), simple sequence repeats (Aitken et al. 2005), 
and expressed sequence tag-SSR (EST SSR) markers (Cordeiro et al. 2001).

Nayak et al. (2014) evaluated all the 1002 accessions in World Collections of 
Sugarcane and Related Grasses (WCSRG) germplasm using SSR markers. The 
population structure analysis and principal coordinate analysis revealed three clus-
ters with all S. spontaneum in one cluster, S. officinarum and Saccharum hybrids in 
the second cluster, and non-Saccharum spp. in the third cluster. A core collection of 
300 accessions was selected that represented the majority of diversity in the 
WCSRG.

2.4  �Molecular Genetic Maps

Aneuploidy, double genome structure, and homologous and homoeologous chro-
mosomes of sugarcane have hindered the progress of constructing linkage maps 
with large coverage. For last 25 years different researchers from various labs have 
been involved in mapping sugarcane genome. Earlier maps made utilized the single 
dose (SD) markers generated mostly using RFLP, while the more recent maps used 
AFLP and SSRs. But the coverage provided is not satisfactory enough.

RFLP markers were used to map AP85-0068 and SES 208 (Silva et al. 1993). 
Same population was used (Al-Janabi et al. 1993) to map using arbitrary primed 
PCR. Integration of the data from these studies lead to construction of linkage map 
with 64 linkage groups (LGs) assembled in eight homologous groups. RAPD and 
AFLP markers were also used subsequently. Mudge et al. (1996) used LA-Purple 
and Molokai for linkage map construction using RAPD markers. A total of 160 
RAPD markers and a morphological marker were assembled into 51 linkage groups. 
AFLP markers along with RFLP markers and arbitrary primers were used 
(Guimaraes et al. 1997, 1999) to generate maps. RFLP markers were further used to 
map R570; this map contained 96 linkage groups and ten putative HGs (Grivet et al. 
1996). The extensive use of RFLP markers were made by Ming et al. (1998), the 
group generated four different maps using four different parents and the number of 
linkage groups varied from 69 to 72. Earliest, most extensive maps were constructed 
by Aitken et al. (2005) and Garcia et al. (2006). AFLP, randomly amplified DNA 
fingerprints (RAF), and SSR markers were mapped into 136 linkage groups (Aitken 
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et al. 2005). A linkage map was constructed using RFLP, SSR, and AFLP markers 
(Garcia et al. 2006); this map comprised 131 linkage groups with larger proportion 
of markers unlinked. Hybrid cultivar R570 and an old Australian clone MQ76-53 
were used for linkage map construction. These maps contained AFLP, SSR, and 
RFLP markers, which were assembled into 86 linkage groups for R570 and 105 
linkage groups for MQ76-53 (Raboin et al. 2006). Segregating F2 population of a 
hybrid cultivar LCP 85-384 was used for linkage map construction with AFLP, SSR 
and TRAP markers; in this map nine HGs contained 108 linkage groups (Andru 
et al. 2011).

In a major stride in sugarcane mapping Aitken et al. (2014) generated a compre-
hensive sugarcane genetic map of Q165; this map contained 2267 markers gener-
ated from Diversity Array Technology (DArT) markers, amplified fragment length 
polymorphism (AFLP), simple sequence repeats (SSR), single nucleotide polymor-
phism (SNP), restriction fragment length polymorphism (RFLP), and random 
amplified polymorphism (RAPD) markers. Usage of large numbers of different 
markers allowed most of the LGs to be placed into the eight homology groups; this 
number is consistent with the basic chromosome number of the ancestral species of 
Saccharum and so far the lowest basic chromosome number reported in the 
Saccharum genus. The use of DArT markers will allow the development of consen-
sus genetic maps in sugarcane which would improve genome coverage and allow 
integration with other genomic resources (Aitken et al. 2014).

2.5  �Mapping of QTLs

As discussed in previous section, molecular markers have been used to develop 
genetic maps; these are being used to trace the position of genes valuable for sugar-
cane improvement and also to identify quantitative trait loci (QTL) associated with 
different traits so as to speed up marker-assisted selection efforts. These efforts are 
slow since multiple QTLs control most of the traits of agronomic importance and 
individual contribution of these QTLs is very small. Sugarcane QTL mapping is 
mostly based on single marker analysis or interval mapping.

One of the first studies was done by Sills et  al. (1995). Seven different traits 
namely stalk number, tasseled stalks, smutted stalks, stalk diameter, POL%, fiber 
content, and plot weight. Of the traits studied, epistatic interaction between two 
markers associated with stalk diameter was found to be significant. Daugrois et al. 
(1996) used self-fertilized population of R570, single marker analyses was per-
formed and found a marker linked with brown rust resistant gene (at 10 cM). 
Extensive work has been done by Ming et al. (2001, 2002a, b, c). The group has 
used different mapping populations, with RFLP as a marker of choice, and studied 
different traits like sugar content, sugar yield, fiber content, POL, ash, stalk number, 
stalk weight, flowering time, and plant height. The analyses were performed using 
single marker analysis and interval mapping approach. Significant associations between 
markers and QTLs were identified for these traits. Marker-trait association for stalk 
number and sucker number identified seven and six RFLP markers, respectively 
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(Jordan et al. 2004). Aitken et al. (2006b) identified 37 marker–QTL associations 
for brix and POL. In this study phenotypic variation explained varied from 3 to 9%. 
In another study Aitken et al. (2008) used AFLP and SSR markers and found that 
46% of the marker–QTL associations were consistent across different years of eval-
uation. This study identified 27 genomic regions significantly associated with traits 
like cane yield, stalk weight, stalk number, stalk length, and stalk diameter. Pinto 
et al. (2010) identified putative QTLs as well as their epistatic interactions for fiber 
content, cane yield, POL, and tonnes of sugar per hectare. A total of 120 associa-
tions were found and 50 digenic epistatic marker interactions were identified for the 
four traits evaluated. Singh et al. (2013) constructed linkage maps to identify QTLs 
for seedling, brix, sucrose percent, stalk number, stalk length, stalk diameter, inter-
nodes, and number of green leaves, at three crop cycles across seven environments 
in a segregating population with 207 individuals derived from a biparental cross of 
sugarcane elite cultivars. Thirty-one QTLs were identified, out of these 7 QTLs had 
stable effect across crop year and locations. Racedo et al. (2016) tried to establish 
an appropriate genome-wide association analysis (GWAS) tool in a sugarcane 
breeding population. In this study clones were genotyped with DArT (Diversity 
Array Technology) and TRAP (Target Region Amplified Polymorphism) markers, 
and evaluated for cane yield and sugar content. A total of 43 and 38 markers signifi-
cantly associated with cane yield and sugar content, respectively.

2.6  �Comparative Genomics

Sugarcane and sorghum share the same subtribe, i.e., Saccharinae, and reported to 
have diverged from a common ancestor approximately 8 million years ago. The 
sorghum genome, the closest related fully sequenced and annotated genome to sug-
arcane, is considered as reference genome for comparative analysis. Ten pairs of 
chromosomes has been sequenced; this effort has covered 90% genome of sorghum 
and 99% of protein coding region (Paterson et al. 2009). Sugarcane is highly com-
plex and polyploid. Despite of this fact it shares high degree of synteny with diploid 
Sorghum bicolor. Also, sugarcane and sorghum genomes share extensive microcol-
linearity with each other, thus strengthening the fact that sorghum genome can be 
used as reference for assembly of sugarcane genome (Ming et al. 1998; Okura et al. 
2012). Sugarcane genome analysis can use the sorghum genomic resources like 
sorghum gene indices/models (Hoang et al. 2015). BLASTp searches against the 
NCBI nonredundant database have confirmed that most of the sugarcane protein 
sequences are most similar to those of sorghum (Setta et al. 2014). Also, using the 
chromosomal locations of the 935 sorghum–sugarcane orthologous, the group was 
able to localize 265 sugarcane BACs onto sorghum chromosomal arms. Sequences 
of four DArT markers (analysis of sugarcane DArT marker sequences associated to 
important traits) showed high similitude and e-value with coding sequences of 
Sorghum bicolor (Racedo et al. 2016). This study further confirms that Sorghum 
bicolor share high gene microcollinearity between sorghum and sugarcane.
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2.7  �Sugarcane as an Important Source of Biomass

Tremendous phenotypic variation in Saccharum germplasm and advances in sugar-
cane genomic tools has assisted in characterization of traits important for use of 
sugarcane as biofuel. The fast growth and high yield of sugarcane makes it a suit-
able candidate for production of second generation biofuels. For use as biofuel, the 
genetic potential of sugarcane can be improved by screening the germplasm for 
biofuel characters, cell wall composition modifications, and utilizing the potential 
of next generation sequencing technologies (NGS). These approaches will help to 
pin point the important genes involved in biomass production in sugarcane and 
hence these genes can be manipulated to enhance sugarcane’s potential as biofuel. 
Sugarcane along with other grasses such as Miscanthus species (Miscanthus gigan-
teus), Erianthus species (Erianthus arundinaceus Retz.), and switch grass (Panicum 
virgatum) is an efficient converter of solar energy into chemical energy and biomass 
accumulation (Tew and Cobill 2008; Furtado et al. 2014). Soluble sugar as well as 
residues in sugarcane production (bagasse and trash) can be used for biofuel pro-
duction (Seabra et al. 2010; Alonso Pippo et al. 2011; Macrelli et al. 2012). In sug-
arcane germplasm, along with other traits, variation can be seen in biomass yield 
and fiber content within species and within genera. More variations can be seen in 
wild sugarcane species as compared to the domesticated sugarcane. Moreover, the 
genetic diversity of S. officinarum has been used in sugarcane improvement pro-
grams but the diversity of S. spontaneum have not been used much (Aitken and 
McNeil 2010). The cell wall of sugarcane and other grasses are categorized as type 
II (Souza et al. 2013). This type of cell wall is usually characterized as having little 
pectin and lesser lignin and structural proteins (Carpita 1996; Henry 2010; Saathoff 
et al. 2011). Understanding the detailed composition and fine structure of sugarcane 
cell wall will help in optimizing the tissue pretreatment and cell wall hydrolysis 
protocol (Hoang et al. 2015). Altering the carbohydrates of the cell walls is the key 
of improving the biomass composition for biofuel production (Harris and DeBolt 
2010). Use of biotechnology can help in producing sugarcane plants genetically 
modified to have favorable cellulose to non-cellulose content. Different studies have 
indicated that the efforts for improving sugarcane biomass is impeded by highly 
complex genome, low transformation efficiency, transgene inactivation, somaclonal 
variations, and problems during backcrossing (Ingelbrecht et al. 1999; Hotta et al. 
2010; Arruda 2012; Dal-Bianco et al. 2012). About 25% of the total lignocellulosic 
biomass in sugarcane is composed of lignin; this high percentage affects the effi-
ciency of saccharification during conversion to ethanol (Canilha et al. 2012, 2013). 
Altering sugarcane biomass composition for biofuel production can be done by 
downregulating some genes involved in lignin pathway. In sugarcane, a minimum 
of ten enzymes have been reported to be involved in lignin pathway (Higuchi 1981; 
Whetten and Ron 1995). Jung et al. (2012) reported that when RNA interference 
(RNAi) suppression was used to downregulate caffeic acid O-methyltransferase 
(COMT) lignin content and lignin S/G ratio was reduced. Species like Miscanthus, 
Erianthus, S. officinarum, and S. spontaneum have lot of allelic diversity and can be 
exploited for improving sugarcane biomass (Hoang et al. 2015).
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2.8  �Sugarcane Transcriptomics

In the past decade many large scale array-based studies of gene expression have been 
performed in sugarcane (Manners and Casu 2011). Differentially expressed genes 
study using microarray during sugarcane leaf and culm development provides infor-
mation that it is not necessary to observe high abundance of sucrose metabolism tran-
script when high concentration of sucrose accumulates in tissue (Carson et al. 2002). 
Identification of novel genes associated with cold tolerance mechanism in sugarcane 
is extensively studied using microarray experiments (Nogueira et al. 2003). Sugarcane 
transcriptome profiling based on signal transduction-related genes using microarray 
were determined and it revealed that, in sugarcane, 3500 genes are reported to be 
involved in signal transduction including genes coding for 600 transcription factors, 
477 receptors, 114 calcium and inositol metabolism proteins, 107 protein phospha-
tases, 510 protein kinases, 75 small GTPases, and 17 G proteins (Papini-Terzi et al. 
2005). The study on expression pattern of sugarcane culm is done and information on 
genes associated with maturation shows differential gene expression in cellulose syn-
thases and cellulose synthase-like genes (Casu et al. 2007). cDNA microarray analy-
ses revealed by elevation of CO2 on sugarcane leaves, 22 genes were upregulated and 
14 genes were downregulated which mainly related to photosynthesis and develop-
ment and finally showed an increase of about 29% in sucrose content (De Souza et al. 
2008). Using microarray technique the identification of genes when ethanol is applied 
on sugarcane leaf is studied and reported that 70 transcripts show differential gene 
expression pattern which comes under categories like gene regulation and abiotic 
stress (Camargo et  al. 2007). Gene expression profiling using arrays were used to 
identify genes specific to a tissue, e.g., stems (Damaj et al. 2010).

For both low and high sucrose producing cultivars, transcriptome microarray 
studies on signal transduction pathway involved during sucrose synthesis were done 
and the study revealed differential expression of 24 genes and of them 19 were 
reported in low sucrose producing plants. Three of these genes are involved in 
reducing sucrose phosphate synthase (de Maria Felix et al. 2009). Sugarcane plants 
were subjected to polyethylene glycol stress for 2–4 h and transcriptome analysis 
was done, results show upregulation of sucrose transporter 1, sodium proton anti-
porter, proline dehydrogenase, and catalase-2. When the salt stress were given to 
plants there was a downregulation in all these genes and indicating that sugarcane 
response differently to different kind of stress (Patade et al. 2012). Transcriptome 
studies of sugarcane reported that during stress conditions plant accumulate osmo-
protectants and 56 clusters of candidate gene classified to osmoprotectant were 
upregulated (Dos Santos et al. 2011).

2.9  �Next Generation Sequencing Technologies

Next generation sequencing (NGS), also known as high-throughput sequencing, is 
the catch-all term used to describe a number of different modern sequencing tech-
nologies including Illumina sequencing, Roche 454 sequencing, Ion torrent 
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sequencing, and SOLiD sequencing. Illumina NGS utilizes a fundamentally differ-
ent approach from the classic Sanger chain-termination method. Illumina sequenc-
ing instruments and reagents support massively parallel sequencing using a 
proprietary method that detects single bases as they incorporated into growing DNA 
strands using sequencing by synthesis (SBS) and it has many applications such as 
whole genome sequencing, de novo sequencing, candidate region targeted rese-
quencing, DNA sequencing, RNA sequencing for applications such as transcrip-
tome and small RNA analysis, methylation analysis and protein-nucleic acid 
interaction analysis (ChIP-seq).

2.9.1  �RNA-Seq Technology and Its Application in Sugarcane

RNA sequencing (RNA-Seq) technology allows you to discover and profile the 
transcriptome in any organism. Illumina RNA-Seq technology records the numeri-
cal frequency of sequences in a library population, and offers a number of advan-
tages compared to other technologies such as microarrays.

Analysis of the total RNA complement of the cell is included in transcriptomic 
studies. This helps in making meaningful comparisons between tissues of the same 
organism at different developmental stages and tissues exposed to various stresses 
or treatments (Schnable et al. 2004; Brady et al. 2006; Galbraith 2006). In sugar-
cane, for large-scale expression profiling techniques involving hybridization of 
RNA samples with nucleotide probes or generation of sequence tags are used. 
Different research groups worldwide have developed multiple sugarcane EST data-
bases; these databases collectively contain more than 300,000 ESTs.

With an aim to generate a panel of differentially expressed stress responsive 
genes Kido et al. (2012) generated four Super SAGE libraries, using bulked root 
tissues from four drought tolerant accessions as compared with four bulked sensi-
tive genotypes. Most relevant BlastN matches comprised 567,420 tags, 75,404 uni 
tags with 164,860 different ESTs. Oloriz et  al. (2012) used a sugarcane mutant, 
obtained by chemical mutagenesis of the susceptible variety B4362; it showed a 
post-haustorial hypersensitive response (HR)-mediated resistance to the pathogen 
and was used to identify genes differentially expressed in response to P. melano-
cephala via suppression subtractive hybridization (SSH). It was also found that 
genes involved in glycolysis and C4 carbon fixation were upregulated in both inter-
actions while genes related with the nascent polypeptide associated complex, post-
translational proteome modulation, and autophagy were transcribed at higher levels 
in the compatible interaction. Genes coding for a putative no apical meristem pro-
tein, S-adenosyl methionine decarboxylase, nonspecific lipid transfer protein, and 
GDP-l-galactose phosphorylase involved in ascorbic acid biosynthesis were upreg-
ulated in the incompatible interaction. Wu et al. (2013) used high-throughput tag-
sequencing (tag-seq) analysis by Solexa technology on sugarcane infected with 
Sporisorium scitaminea, 2015 genes expressed differentially, of these 1125 were 
upregulated and 890 downregulated were obtained after mapping to sugarcane EST 
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databases in NCBI. To study small RNA transcriptome complexity and explore their 
roles in sugarcane development, Sternes and Moyle (2015) obtained almost 50 mil-
lion small RNA reads from suspension cells, embryogenic calli, leaf, apex, and a 
developmental series of stem internodes. The complexity of the small RNA compo-
nent of the transcriptome varied between tissues. The undifferentiated and young 
tissue type libraries had lower redundancy levels than libraries generated from 
maturing and mature tissues. Su et al. (2015) made a study to find out the role of 
sugarcane chitinase gene family. Ten differentially expressed chitinase genes were 
obtained from RNA-seq analysis of both incompatible and compatible sugarcane 
genotypes during Sporisorium scitamineum infection. Seven chitinases showed 
more positive with early response and maintained increased transcripts in the 
incompatible interaction than those in the compatible one. Their results suggest that 
sugarcane chitinase family exhibit differential responses to biotic and abiotic stress. 
Park et al. (2015) performed transcriptome analysis of sugarcane hybrid CP72-1210 
(cold susceptible) and Saccharum spontaneum TUS05-05 (cold tolerant) using 
Sugarcane Assembled Sequences (SAS) from SUCEST-FUN Database and showed 
that a total of 35,340 and 34,698 SAS genes, respectively, were expressed before 
and after chilling stress. The analysis revealed that more than 600 genes are differ-
entially expressed in each genotype after chilling stress. Blast2GO annotation 
revealed that the major differences in gene expression profile between CP72-1210 
and TUS05-05 after chilling stress are present in the genes related to the transmem-
brane transporter activity.

Vicentini et al. (2015) performed a high-throughput transcriptome evaluation of 
two sugarcane genotypes contrasting for lignin content. This study generated a set 
of 85,151 transcripts of sugarcane using RNA-seq and de novo assembly. More than 
2000 transcripts showed differential expression between the genotypes, including 
several genes involved in the lignin biosynthetic pathway. This provided important 
information on the lignin biosynthesis and its interactions with other metabolic 
pathways in the complex sugarcane genome. Casu et al. (2015) examined tissue-
specific expression patterns to explore the spatial deployment of pathways respon-
sible for sucrose accumulation and fiber synthesis within the stalk. They performed 
expression profiling of different tissues (storage parenchyma, vascular bundles and 
rind dissected from a maturing stalk, internode of sugarcane). They identified ten 
cellulose synthase subunit genes and examined significant differences in the expres-
sion of their corresponding transcripts and those of several sugar transporters. 
Overall, their study indicates that there is spatial separation for elevated expression 
of these important targets in both sucrose accumulation and cell wall synthesis. 
Zeng et al. (2015) used a customized microarray to analyze the changes in the level 
of transcripts of sugarcane genes 8, 24, and 72 h after exposure to low-K conditions. 
The group identified a total of 4153 genes that were differentially expressed in at 
least one of the three time points. The number of genes responding to low-K stress 
at 72 h was almost twofold more than the numbers at 8 and 24 h. Gene ontology 
(GO) analysis revealed that many genes involved in metabolic, developmental, and 
biological regulatory processes displayed changes in the level of transcripts in 
response to low-K stress. Also, differential expression of transcription factors, 
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transporters, kinases, oxidative stress-related genes and genes in Ca+ and ethylene 
signaling pathways was detected. Ferreira et al. (2016) performed a comparative 
expression profiling of sugarcane ancestral genotypes: S. officinarum, S. sponta-
neum, and S. robustum and a commercial hybrid: RB867515, linking gene expres-
sion to phenotypes to identify genes for sugarcane improvement. Oligoarray 
experiments of leaves, immature and intermediate internodes, detected 12,621 sense 
and 995 antisense transcripts. For all tissues sampled, expression analysis revealed 
831, 674, and 648 differentially expressed genes in S. officinarum, S. robustum, and 
S. spontaneum, respectively, using RB867515 as reference. Co-expression network 
analysis identified 18 transcription factors possibly related to cell wall biosynthesis 
and in silico analysis detected cis-elements involved in cell wall biosynthesis in 
their promoters. Dharshini et al. (2016) performed transcriptome profiling of the 
low temperature (10 °C) tolerant S. spontaneum clone IND 00-1037 collected from 
high altitude regions of Arunachal Pradesh, North Eastern India. The Illumina 
Nextseq500 platform yielded a total of 47.63 and 48.18 million reads corresponding 
to 4.7 and 4.8 gigabase pairs (Gb) of processed reads for control and cold stressed 
(10 °C for 24 h) samples, respectively. These reads were de novo assembled into 
214,611 unigenes with an average length of 801 bp. The study revealed that about 
2583 genes were upregulated and 3302 genes were downregulated during the stress.

Huang et al. (2016) performed the transcriptome analysis of a high-sucrose sug-
arcane variety, GT35, using high-throughput Solexa technology. A KEGG pathway 
analysis of 30,756 unigenes revealed more than 30 pathways in the sugarcane tran-
scriptome and 3420 simple sequence repeats were identified in 3185 unigenes. 
Santa Brigida et al. (2016) have produced a de novo transcriptome assembly (TR7) 
from sugarcane RNA-seq libraries submitted to drought and infection with 
Acidovorax avenae subsp. avenae. The libraries presented 247 million of raw reads 
and resulted in 168,767 reference transcripts. Mapping in de novo transcriptome 
assembly of reads obtained from infected libraries revealed 798 differentially 
expressed transcripts, of which 723 were annotated and corresponded to 467 genes. 
Differential analysis revealed that genes in the biosynthetic pathways of ET and JA 
PRRs, oxidative burst genes, NBS-LRR genes, cell wall fortification genes, SAR 
induced genes, and pathogenesis-related genes (PR) were upregulated (Table 2.1).

2.10  �Different Databases and Sequence Sources

For bioinformatics analysis major available resources include expressed sequence 
tags (ESTs); more than 2.5 lakh sequences, genome survey sequences (GSS); 
approximately 9500 bacterial artificial chromosome sequences. The chloroplast 
genome of sugarcane has been sequenced and is of 141,182 bp (Asano et al. 2004; 
Junior Tercilio Calsa et al. 2004).

Since the complete genome sequencing of sugarcane is going to take few more 
years, comparative databases can prove to be excellent tools for sugarcane genome 
analysis. Bioinformatics portals like Gramene and portal at J. Craig Venter Institute 
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have genomic resources from different grasses that can be utilized for comparative 
genome analyses. As described earlier, sugarcane shares maximum similarity with 
Sorghum bicolor. Sorghum has a genome size of approximately 736 bp, similar to 
the monoploid genome of Saccharum. Paterson et al. (2009) sequenced S. bicolor 
genome and its chromosome-based assembly and annotation can be found in 
Phytozome (http://www.phytozome.org) and Joint Genome Institute (http://genome.
jgi-psf.org/Sorbi1/Sorbi1.info.html).

The second most related crop to sugarcane is maize (Zea mays). Its sequencing 
has been completed and information about Maize Genome Sequencing Project can 
be found out on http://www.maizesequence.org/. The Maize Genome Database 
(Lawrence et al. 2004) available at http://www.maizegdb.org/ contains information 
like maps, QTLs, genetic stocks, cytogenetic and variations for alleles and polymor-
phisms, molecular markers, probes, gene products, images, metabolic pathways, 
and mutant phenotypes. The SUCEST initiative generated largest collection of 
ESTs from 26 different cDNA libraries (Vettore et al. 2001, 2003). Additionally, 
other groups (Casu et al. 2003, 2004; Bower et al. 2005; Ma et al. 2004) also gener-
ated >10,000 ESTs. Center for Genomic Research (TIGR) clustered these ESTs as 
Sugarcane Gene Index 2.1, while Sugarcane Gene index 2.1 was released by 
Computational Biology and Functional Genomics Laboratory at Dana-Farber 
Cancer Institute. The updated Sugarcane Gene Index contains theoretical contigs 
(formed by clustering ESTs and expressed transcripts), singleton ESTs, and single-
ton expressed transcripts. For transcript expression analysis, data from sugarcane 
high-throughput profiling experiments have been deposited in Gene Expression 
Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al. 2002; Barrett 
et al. 2007, 2008).

Table 2.1  List of transcriptomic studies in sugarcane

S. No. Trait studied for transcriptome analysis
Author and year of 
publication

1 Infection caused by Audovorax avenae sub sp. avenae Santa Brigida et al. (2016)
2 Low temperature tolerance gene profiling Dharshini et al. (2016)
3 Genes associated with leaf abscission Li et al. (2016)
4 Cell wall biosynthesis Ferreira et al. (2016)
5 High-sucrose sugarcane varieties Huang et al. (2016)
6 Maturing sugarcane stalk Casu et al. (2015)
7 Genotypes contrasting for lignin content Vicentini et al. (2015)
8 Biotropic interaction with Sporisorium scitamineum Taniguti et al. (2015)
9 Response to low potassium stress Zeng et al. (2015)
10 Cold responsive gene profiling Park et al. (2015)
11 Sporisorium scitamineum challenge in sugarcane Que et al. (2014)
12 Contrasting sugarcane varieties Cardoso-Silva et al. (2014)
13 Sugarcane response to Sporisorium scitamineum Wu et al. (2013)
14 Small RNA transcriptome analysis Bottino et al. (2013)
15 Drought stress tolerance Kido et al. (2012)
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An important Gene Ontology enrichment tool for sugarcane is EasyGO-http://
bioinformatics.cau.edu.cn/easygo/ (Zhou and Su 2007). EasyGo can identify 
enriched GO terms for gene models, gene loci, protein coding genes, Ensembl, 
RefSeq and Uniport gene products, Gene Index entries and microarray oligonucle-
otides or probe sets for up to 17 organisms, also including the Sugarcane Gene 
Index and the Sugar Cane Affymetrix Genome Array probe sets. Efforts have been 
made to develop molecular marker and genetic Map Databases in sugarcane. 
TropGENE-DB (http://tropgenedb.cirad.fr/) is publicly available mapping resource 
(http://tropgenedb.cirad.fr/) (Ruiz et al. 2004). Nine different modules are included 
in this database. In addition to sugarcane, information about banana, cocoa, coco-
nut, coffee, cotton, oil palm, rice, and rubber tree is contained in this database. 
Information of six genetic maps, with all maps sharing at least one parent is included 
in sugarcane module. Also, database can be searched for molecular markers, QTL, 
and clones. As far as metabolome of sugarcane is concerned KNApSAcK (http://
kanaya.naist.jp/KNApSAcK/) tool contains information on different metabolites. 
This database provides information about the biological origins of the compounds 
and provides a tool for mass spectrum data.

2.11  �Conclusion and Future Perspectives

To summarize, although several significant advancements in sugarcane genomics 
have been made, there exists a small incompleteness due to the unavailability of 
complete sugarcane genome information. However, the day is not so far as several 
research groups from Brazil and Australia are striving hard to sequence this com-
plex polyploid for several years. Future researches would be greatly improved once 
the genome is sequenced. In addition, functional genomics will largely benefit lead-
ing to a great improvement in genetic engineering of sugarcane for value-added 
traits.
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Chapter 3
Unraveling the Sugarcane Genome: Progress 
Made So Far and Challenges Ahead

J. Ashwin Narayan, V.M. Manoj, Lovejot Kaur, and C. Appunu

Abstract  Sugarcane (Saccharum spp.) is a major crop grown for sugar and biofuel 
in tropical and subtropical regions around the world. Sugarcane has a high level of 
polyploidy, large and complex genome. There is a constant increase in demand of 
sugarcane worldwide, to meet this demand there is a need in improving the sugar-
cane yield, sucrose content, increasing growth rate, abiotic and biotic stress toler-
ance, etc. Researchers have been using conventional breeding efficiently to improve 
the sugarcane for many years. Present situation demands the improvement in sugar-
cane varieties at faster rate than which the conventional breeding technique can 
provide. It is possible to achieve faster improvement only when researchers under-
stand the genome of the plant. Genetics and genome studies have given a better path 
to develop better varieties. Understanding of sugarcane genome can help breeders 
to support the conventional breeding in selecting the parents and traits needed. In 
spite of the complexity, sugarcane genome is been successfully studied and in recent 
past good progress have been made by genome sequencing strategy, i.e., bacterial 
artificial chromosome (BAC) libraries. Study on genetic diversity among the spe-
cies of sugarcane was carried out by RFLP, AFLP, RAPD, SRAP, TRAP and so on. 
In late 1990s fluorescent in situ hybridization (FISH) technique was used to physi-
cally map two S. officinarum and three S. robustum clones. Later using molecular 
cytogenetic technique of FISH, many other clones were studied. Quantitative trait 
loci (QTLs) have been used to screen variety with sugar content, sugar yield, dis-
ease resistance, etc. Researchers in Brazil have developed SUCEST database which 
consist of over 230,000 Expressed Sequence Tags (ESTs) which can be used for 
detection of molecular polymorphisms, gene expression profiles and gene discov-
ery. In this chapter we discuss about the progress made so far and challenges faced 
during the study of sugarcane genome.
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3.1  �Introduction

Sugarcane is an important food and energy crop worldwide. It accumulates sucrose 
in the stem which is used for the production of sugar and ethanol production. 
Sugarcane supplies more than 80% of the world’s raw sugar and is increasingly 
used for biofuel production (De Setta et  al. 2014). Use of fossil fuel has caused 
global warming and climate change; the best substitute for this is biofuel, which can 
also be obtained from sugarcane. The world sugar production is expected to reach 
170 million tons (2016–2017); Brazil tops the list with 37 million tons followed by 
India with 23.9 million tons. Same time the world consumption will reach 173 mil-
lion tons; India has the highest human consumption of about 27 million tons fol-
lowed by European Union (19 million tons) and is expected to increase year after 
year. To meet the increasing sugar demand improvement in quality and yield of 
sugarcane must be doubled. Sugarcane belonging to genus Saccharum is a tall 
perennial grass which comes under Poaceae family along with Zea mays, Sorghum 
and other grasses. Different species likely originated in different locations, such as 
Saccharum barberi in India and S. edule and S. officinarum in New Guinea. It is 
theorized that sugarcane was first domesticated as a crop in New Guinea around 
6000 BC (Hossain and Abdulla 2015). S. sinense in China and S. barberi in India 
were the two major clones used for production of sugar from prehistoric times. 
Introduction of selected S. officinarum clones, a more productive variety compared 
to previously grown Creole clone, sugar production became a large scale factory 
from cottage industries during sixteenth century (Roach 1989). Until the end of the 
nineteenth century most cultivated sugarcanes were clones of Saccharum officina-
rum, which contains 2n = 80 chromosomes. A major breakthrough in breeding 
occurred with the development of the first hybrids between S. officinarum and the 
wild vigorous species Saccharum spontaneum. A series of backcrosses to S. offici-
narum resulted in cultivars with higher yields, improved ratooning ability and dis-
ease resistance. The modern cultivars are developed from these initial hybrids and 
chromosome number ranged between 2n = 100–130. Only a few clones of S. offici-
narum and S. spontaneum are thought to have been involved in the development of 
these early hybrids. Most modern sugarcane breeding programs rely on extensive 
intercrossing of elite cultivars derived from these early hybrids (Lakshmanan et al. 
2005). Other genera, such as Erianthus, Miscanthus, Narenga and Sclerostachya 
are closely related to the Saccharum genus and constitute with it an interbreeding 
group which is termed as “Saccharum complex.”

To develop or to improve a plant the understanding of the plant genome is the 
first and necessary step. This stands good for sugarcane also. This chapter will dis-
cuss about progress made so far in understanding sugarcane genome and challenges 
faced by the researchers while trying to unravel the genome of sugarcane.
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3.2  �Sugarcane Diversity

Based on conventional taxonomy, the genus Saccharum includes six species includ-
ing S. spontaneum, S. robustum, S. officinarum, S. barberi, S. sinense and S. edule. 
The most primitive of Saccharum species is S. spontaneum that has its origin and 
center of diversity in India and its chromosome number (2n = 40) is least of all other 
Saccharum species. S. robustum is said to have derived from introgression of S. 
spontaneum with other genera in Wallacea and New Guinea. S. officinarum (2n = 
80, noble canes) cultivated for thick juicy canes with high sucrose and low fiber is 
distributed in South East Asia and New Guinea. The center of diversity is New 
Guinea where nearly 1000 clones have been collected. However, center of origin is 
doubtful, there being two opinions: (a) that it originated from S. robustum due to 
natural and human selection in Wallacea/New Guinea (Grassl 1974, 1977) and (b) 
that it evolved from S. spontaneum, Miscanthus and Erianthus arundinaceus 
(Daniels and Roach 1987). S. barberi (2n = 81–154) in India and S. sinense (2n = 
116–120) in China were used for production of sugar for very long time because 
these species included clones which well adapted to climate and had tolerance to 
extreme temperature, drought and water logging. It is believed that extraction of 
sugar was developed from these canes (Daniels and Daniels 1975). S. edule, a sepa-
rate species, a group of clones in which if the inflorescencey is aborted, results in a 
cauliflower like delicacy (Sreenivasan et al. 1987). Number of native species identi-
fied in different places are viz., 25 (Asia), 6 (North America), 4 (Central America), 
2 (Africa) and 1 (Australia). The native Brazilian species were identified as S. vil-
losum, S. asperum and S. baldwinii (Kumar and Kumar 2016).

3.3  �Complexity of Sugarcane Genome

Sugarcane is an economically important crop used as production of sugar and etha-
nol (Hofsetz and Silva 2012) and electricity generation and paper production 
(Hassuani et al. 2005) and in recent years sugarcane is also used to produce other 
bio-products like paper (Chandel et al. 2012). There is an increase in demand for 
renewable sources of energy. To meet this increasing demand, the production of sug-
arcane should increase without compromising other land uses (Valdes 2011), thus 
requiring new and better varieties. Researchers around the world had been working 
for improving the cane yields, sugar content, rationing ability, maintained or 
improved biotic and abiotic resistance and maintaining acceptable fiber levels for 
milling (Jackson 2005). To achieve this many crosses between S. officinarum and S. 
spontaneum were carried out; as a result of this, modern sugarcane cultivars are poly-
ploidy and aneuploid hybrids with unequal genome contribution of about 80–90% 
from S. officinarum, 10–20% from S. spontaneum parental genomes and a small 
percentage of recombinant chromosomes (Piperidis et al. 2010; D’Hont 2005).
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Sugarcane hybrids have ploidy levels of 10 or more and have a large and com-
plex genome size of about 10GB. The genome structure is highly polyploidy and 
aneuploid with complete set of homologous genes predicted to range from 10 to 12 
copies (alleles) (Souza et al. 2011). Sugarcane cultivars have a relatively high level 
of genetic diversity probably due to their heterozygous nature and high polyploidy. 
The introgression of the highly polymorphic S. spontaneum genome is the major 
cause of genetic variability among modern sugarcane cultivars (D’Hont et al. 1996).

Even though sugarcane being an economically important plant very little 
genome-based research has been carried out by the scientist due to its large and 
complex genome. During the past two decades progress was made in the field of 
sugarcane genomics to overcome the difficulties in studying a complex genomics of 
non-model plant.

3.4  �Achievements in Sugarcane Genomics

Conventional breeding technique to improve or develop sugarcane varieties takes 
long time (almost 14 years) and selection of required trait is very difficult. Genetics 
and genome studies have given a better path to develop a better variety. Sugarcane 
genetics has received comparatively little interest compared to other crops, because 
of its heterozygous nature, complex genome, poor fertility and the long breeding/
selection cycle (Singh et al. 2014). In spite of these complexities, sugarcane genome 
is successfully studied and in recent past good progress has been made in genome 
sequencing strategy. A vast array of genomic tools has been developed; these have 
opened new ways to study the genetic architecture of sugarcane and to analyze its 
functional system (Ul Haq et al. 2016).

Molecular marker is the first molecular tool used and developed to understand the 
genetic constitution and gene information of an organism. Molecular markers, 
namely Restriction fragment length polymorphisms (RFLP), Amplified Fragment 
Length Polymorphism (AFLP), Random Amplification of Polymorphic DNA 
(RAPD), Sequence-Related Amplified Polymorphism (SRAP), Target Region 
Amplification Polymorphism (TRAP) and Simple Sequence Repeats (SSR), are 
valuable tool in the studies of complex genomes such as sugarcane (Daugrois et al. 
1996). Molecular markers are the best assistants a breeder can get as it can screen the 
plant at any stage and for any desirable traits in a breeding program (Ardiel et al. 
2002). Molecular genetic markers are valuable tool which reduces the time for devel-
oping new varieties by selecting important or required traits during early stages of a 
breeding program and by allowing the selection of best parents in a crossing program 
(Pinto et al. 2004). Reports show the importance of markers in assessment of sugar-
cane resistance to diseases, evaluation of genetic diversity and construction of genetic 
maps (Hotta et al. 2010). Other methods to study the genome of the sugarcane are 
FISH, GISH, bacterial BAC libraries, identification of quantitative trait loci (QTLs) 
and EST collections. Day by day different methods are employed and researchers 
around the world are successfully able to study the complex genome of sugarcane.
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In 1998 a work based on molecular analysis was initiated to study genetic rela-
tionship among Saccharum species clones (Hemaprabha 1998). Restriction fragment 
length polymorphisms (RFLP) can be used for construction of genetic map, gene 
tagging, map-based cloning and assessment of genetic variability (Prince et al. 1992). 
D’Hont et al. (1995) studied sugarcane hybrids (Saccharum officinarum × Erianthus 
arundinaceus) using RFLP and genomic DNA in-situ hybridization (GISH). These 
techniques were used to characterize and differentiate the parental genomes in inter-
specific hybrids and then application to the analysis of the contribution of these two 
species to the sugarcane cultivar R570. Saccharum complex diversity was studied 
using isozyme variation and RFLPs in 1980s. After studying 39 wild and noble sug-
arcane clones it was seen that Erianthus clone was strongly differentiated from all 
Saccharum clones, it displayed a unique pattern for most enzymes. A strong molecu-
lar differentiation was detected between the Saccharum species and E. arundinaceus, 
allowing for the identification of E. arundinaceus specific bands. Then it was con-
firmed that, using these techniques, intergeneric hybrids can be efficiently identified 
by the presence of Saccharum and Erianthus specific isozyme or DNA markers 
(Glaszmann et al. 1989). It was also proved that the RFLPs are efficient for sugarcane 
genetic diversity and taxonomy study (Lu et al. 1994).

RAPD was used to analyze genetic diversity of Saccharum complex in which it 
was seen that Saccharum, Narenga and Sclerostachya were less diverse and at the 
same time Erianthus was significantly diverse in the Saccharum complex. This result 
proved that RAPD markers can be used in divergence study in closely related 
Saccharum complex as it went hand in hand with already existing data generated by 
RFLP markers in early 1990s (Nair et  al. 1999). RAPD banding patterns usually 
represent the entire genome, whereas the STMS patterns are generated from the mic-
rosatellite regions only and both markers don’t require any prior information about 
the target genome. A comparative study with both RAPD and STMS primers on 23 
high biomass producing sugarcane hybrids showed that polymorphic information 
content (PIC) varied from 0.121 to 0.631, with an average of 0.447 and genetic simi-
larity between cultivars varied from 0.542 to 0.844 for RAPD. At the same time PIC 
varied 0.195 to 0.663, with an average of 0.526 and genetic similarity between culti-
vars varied from 0.478 to 0.874 for STMS markers. This study showed STMS mark-
ers as a good and more efficient tool to discriminate genotypes of sugarcane hybrids 
with unique DNA fingerprints (Saravanakumar et al. 2014). Twenty-three sugarcane 
hybrids were analyzed using STMS and RAPD markers for identification of high 
biomass hybrids (Kumar et al. 2014). AFLP was used to understand the molecular 
diversity among 421 clones of cultivated sugarcane and wild sugarcane (S. officina-
rum) in which five AFLP primers generated 614 polymorphic markers out of 657 
markers. This study also stands as a proof for the hypothesis that New Guinea is the 
center of origin of S. officinarum (Aitken et al. 2006a).

Using AFLP markers genetic fingerprinting of Indian commercial sugarcane cul-
tivars were preformed to distinguish tropical and subtropical Indian sugarcane cul-
tivars; as a result, it was shown that a single AFLP marker can be effective to 
fingerprinting of different varieties (Selvi et al. 2005). Another study involving 30 
clones belonging to Saccharum complex showed that AFLP gave enhanced grouping 
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than that of RAPD and RFLP results since AFLP can resolve closely related mem-
bers of Saccharum complex into distinct groups (Selvi et al. 2006).

Different molecular markers technologies such as RAPD, AFLP, RFLP and SSR 
have employed to develop genetic maps for S. spontaneum, S. officinarum and S. 
robustum, the ancestral species. Simple Sequence Repeats (SSRs) or Microsatellites 
are most preferred among the molecular markers due to its multi-allelic nature, high 
reproducibility, cross transferability, co-dominant inheritance, abundance and exten-
sive genome coverage (Agarwal et al. 2008; Ul Haq et al. 2014; Parida et al. 2010). 
SSRs are short repeated nucleotide sequences from one to six bases in length which 
produces high degree of polymorphism based on the difference in the number of 
DNA repeat motif at loci. In both animal and plant kingdoms SSRs are used for 
genome mapping, fingerprinting, population and evolutionary studies. Since SSRs 
have the ability to reveal high allelic diversity it is widely used to distinguish between 
genotypes. SSRs proved to be more effective than RAPD marker in identifying inter-
generic hybrids, especially in characterizing Saccharum × Erianthus hybrids (Nair 
et al. 2006a, b). Using SSR markers a set of Erianthus specific markers were devel-
oped which can be used to study and monitor the introgression of Erianthus genome 
in hybrids of sugarcane (Selvi et al. 2006). Using STMS markers 36 sugarcane vari-
eties were analyzed; as a result, new STMS markers for different varieties were 
obtained and it was also seen that less genetic alterations were caused due to soma-
clonal variation compared to induced mutation (Hemaprabha et al. 2006).

TRAP is a simple PCR-based marker technique which uses EST or gene infor-
mation to generate polymorphism (Hu and Vick 2003). A fixed primer of about 18 
nucleotides is designed from EST sequences or genes of interest and another primer 
will be an arbitrary primer of about the same length designed with either an AT- or 
GC-rich motif to anneal with an intron or exon, respectively (Hu and Vick 2003). 
TRAP marker was used to evaluate their effectiveness for assessing genetic diver-
sity among 30 genotypes from the Saccharum complex (Alwala et al. 2006). Six 
fixed primers along with three arbitrary primers were used in this study. Three arbi-
trary primers used were designed from sucrose and cold tolerance related EST 
sequences. Analysis proved that the taxonomical classification of Erianthus spp. 
and Miscanthus spp. as different genera is accurate and S. spontaneum falls in one 
group since it is low sucrose and cold tolerant species. As a result of this study it was 
clear that TRAP can be useful marker technique for genetic diversity studies in 
sugarcane. TRAP was also used to identify sucrose specific candidate genes by 
studying Erianthus spp., Saccharum officinarum and Saccharum spontaneum 
clones (Hemaprabha and Lavanya 2015).

Day by day there is new advancement in biotechnological technique to under-
stand the genome of sugarcane. One such advancement in the field of molecular 
markers is Sequence-Related Amplified Polymorphism (SRAP) markers. In this 
method primers targeting to open reading frames for selective amplification of cod-
ing regions of DNA are used (Li and Quiros 2001). This method gained attention 
within short time because it is highly robust and efficient with less technical demand 
and suitable for direct application in crops where the genome sequence is not avail-
able. For that reason it has been widely applied and validated across genera (Aneja 
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et al. 2012; Robarts and Wolfe 2014). Combinatorial application of TRAP and SRAP 
markers has been demonstrated to study genetic variability and facilitated parental 
selection in breeding programs in a complex polyploidy guarana plant (da Silva et al. 
2016). In sugarcane TRAP and SRAP were combined together for the first time to 
characterize the mutant germplasm developed through radiation induced mutagene-
sis in sugarcane. Total of 57 markers (27 TRAP and 30 SRAP markers) were used for 
molecular marker profiling that was carried out to validate the extent of genetic vari-
ability in the sugarcane mutants induced by gamma rays (Mirajkar et al. 2017).

In late 1990s fluorescent in situ hybridization (FISH) technique was used to 
physically map two S. officinarum and three S. robustum clones (D’Hont et al. 1996, 
1998; Ha et al. 1999). To physically map 45SrRNA and 5 s genes were used. Later 
using molecular cytogenetic technique of FISH many other clones were studied. 
FISH is used to study the basic chromosome number of sugarcane (Thumjamras 
et al. 2013). FISH analyses on different cultivars revealed that they contain 10–23% 
of S. spontaneum chromosomes and 5–17% of recombinant chromosomes from 
parental genome. Using genomic in situ hybridization (GISH) analysis the intro-
gression of the E. arundinaceus genome into sugarcane for more than one genera-
tion was studied. Chromosome composition in three generations of Saccharum × 
Erianthus intergeneric hybrids: F1 (Saccharum officinarum × Erianthus arundina-
ceus), BC1 (F1 × sugarcane cultivar) and BC2 (BC1 × sugarcane cultivar) (Piperidis 
et al. 2010) were studied. More recently Huang et al. (2015) investigated the intro-
gression of the E. arundinaceus genome into sugarcane in the higher generations, 
intergeneric BC2 and BC3 progeny generated between Saccharum spp. and E. arun-
dinaceus using GISH. This showed that BC2 and BC3 generations resulted from n 
+ n chromosome transmission. GISH has proved itself as a powerful and useful tool 
to differentiate the chromosomes of different genomes and to identify the true inter-
specific/intergeneric hybrids (Kumar and Kumar 2016).

Genetic linkage map construction and quantitative trait loci (QTL) mapping pro-
vide information about the genetic architecture of traits, linkage and pleiotropy 
(Zeng et al. 1999). Quantitative trait loci (QTLs) have been used to screen variety 
with high sugar content, sugar yield, disease resistance, etc. First QTL mapping 
study in sugarcane was carried by Sills et al. (1995). Since then continuous report of 
QTL mapping was studied around the world (Ming et al. 2001, 2002a, b; Hoarau 
et al. 2002; McIntyre et al. 2005; da Silva and Bressiani 2005; Reffay et al. 2005; 
Aitken et al. 2006b, 2008; Piperidis et al. 2008; Pastina et al. 2012; Singh et al. 
2013). An important contribution to a better understanding of the genetic basis of 
economically useful traits in sugarcane was made possible when stable-effect QTL 
could be identified from different interaction effects such as QTL-by-location, 
QTL-by-harvest and QTL-by-harvest-by-location. Latest study in QTL mapping 
opened a new approach allowing the 1:2:1 segregation ratio (Costa et  al. 2016). 
AFLP and SSR markers were used to generate 688 molecular markers. The genetic 
linkage map covered 4512.6 cM and had 118 linkage groups corresponding to 16 
putative homology groups. Six QTL for stalk diameter, five QTL for stalk weight, 
four QTL for stalk height, five for fiber, two QTL for sucrose content, and three 
QTL for soluble solid content (BRIX), a total of 25 QTL were detected.
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Diversity Arrays Technology (DArT) has allowed to generate and map large 
number markers in sugarcane. As DArT works better in complex polyploid crops 
and does not require any kind of sequence information, it is very useful in plants 
such as sugarcane where whole genome is yet to be sequenced (Wenzl et al. 2008). 
Genetic mapping using DArT markers produces accurate and reproducible data at 
lower cost (Schouten et al. 2012). DArT technology was first established in rice; 
following its success it was developed in more complex genome plants such as 
wheat, oat, barely and sugarcane (Heller-Uszynska et al. 2011). In DArT, a frequent 
cutting restriction enzyme such as PstI is used to restrict the genomic DNA, after 
which the restricted DNA fragment is ligated with an adapter and amplification is 
carried out using primer complementary to the adapter. DArT genotyping efficiently 
can discover and score hundreds of polymorphisms in the complex genome of sug-
arcane. Both genetic relationships and construction of genetic maps in sugarcane 
can be analyzed using DArT fingerprint (Heller-Uszynska et al. 2011).

A new approach to analyze the genomes of higher organisms was developed by 
cloning of exogenous DNA into bacterial artificial chromosome (BAC) (Shizuya 
et al. 1992). Compared to other large insert libraries, the advantages of BAC librar-
ies are that they are relatively simple to develop, easy to handle and have a low 
frequency of chimerical clones. BAC libraries containing large genomic DNA 
inserts are important tools for positional cloning, physical mapping and genome 
sequencing (Choi and Wing 2000). Since BAC vectors have been developed it has 
been widely used in construction of large insert libraries from plant genomic DNA 
such as apple (Vinatzer et al. 1998), Arabidopsis thaliana (Choi et al. 1995), barley 
(Yu et al. 2000), cotton (Tomkins et al. 2001), lettuce (Frijters et al. 1997), maize 
(Tomkins et al. 2001), Medicago truncatula (Nam et al. 1999), pearl millet (Allouis 
et al. 2001), rice (Yang et al. 1997), Sorghum (Woo et al. 1994), soybean (Danesh 
et  al. 1998) and tomato (Folkertsma et  al. 1999). BAC library for the sugarcane 
cultivar R570 was carried out; as a result, 103,296 clones were obtained and it was 
analyzed with ten different RFLP mapping probes (Tomkins et  al. 1999). Most 
recently a team of researchers from Brazil (de Mendonça Vilela et  al. 2017) 
sequenced and analyzed 27 BACs of sugarcane variety R570. This study analyzed 
genomic regions of Leafy (LFY), Phytochrome C (PHYC) and target of rapamycin 
kinase (TOR) as they play vital role on plant development and are members of com-
plex regulatory networks. All three genes LFY, PHYC and TOR are present in sug-
arcane as single-copy genes similar to several grasses.

The use of next generation sequencing (NGS) such as 454 Life Sciences 
Genome Sequencer FLX is more cost effective than earlier sequencing for SNP 
identification and can significantly increase the identification of SNPs in sugarcane 
(Bundock et al. 2009). Whole genome of sugarcane being not yet well established, 
RNA-sequencing (transcriptome study) is the best way to understand the mecha-
nisms involved in different stress responses. In sugarcane transcriptome study was 
first undertaken in South Africa (Carson and Botha 2000, 2002). Since then there 
were many group using transcriptomics as a tool to study the sugarcane genome. 
Recently transcriptome profiling of S. spontaneum clone IND 00-1037 under low 

J.A. Narayan et al.



41

temperature was studied. In this study, there was 214,611 unigenes with an average 
length of 801 bp and differential gene expression analysis revealed that during the 
stress 2583 genes were upregulated and 3302 genes were downregulated (Dharshini 
et al. 2016).

The Sugarcane Genome Sequencing Initiative (SUGESI) was formed in 2009 by 
a group of researchers from different countries especially from Australia, Brazil, 
South Africa and France in a meet held at Port Douglas, Queensland, to develop a 
strategy for generation of a sugarcane genome sequence. It was determined that 
R570 variety genome will be sequenced by using BAC library method (Aitken et al. 
2016). Table 3.1 shows the list of approximate number of clones that have been 
sequenced within SUGESI.

Whole genome shotgun (WGS) was a relatively new technique which is being 
used for sequencing. WGS methods pose a hindrance in sequencing sugarcane 
because of its complex genome and high proportion of repetitive sequences. These 
issues can be minimized by using gene enrichment strategies which is done by using 
methyl filtration with McrBC endonuclease digestion and the methyl-filtered along 
with unfiltered libraries can be compared, assembled and studied (Palmer et  al. 
2003). This strategy was used to sequence gene regions of maize and Sorghum 
(Palmer et al. 2003; Bedell et al. 2005). In sugarcane, methyl filtration allowed a 
better assembly by filtering out 35% of the sugarcane genome and by producing 
1.53 more scaffolds and 1.73 more assembled length compared with unfiltered data-
set (Grativol et al. 2014).

Researchers in Brazil have developed SUCEST database which contains large 
number of sugarcane expressed sequence tags (ESTs) around the world. Small col-
lection of sugarcane ESTs generated from both meristematic region and stem from 
the cultivar NCO376 (Carson and Botha 2000, 2002) in South Africa gave a start to 
sugarcane EST collection. The largest collection of sugarcane ESTs was generated 
by SUCEST project. This project was started by Brazil ONSA consortium 
(Organization for Nucleotide Sequencing and Analysis) (Simpson and Perez 1998). 
As a result of this project, 237,954 sugarcane ESTs from 27 cDNA libraries were 
obtained which provided the researchers with preliminary view into the gene expres-
sion profile of sugarcane (Vettore et al. 2001, 2003). Apart from researchers in Brazil 
and South Africa, other researchers from different countries have also collected sug-

Table 3.1  The approximate number of clones that have been sequenced within SUGESI (Aitken 
et al. 2016)

Institution Project lead Country
Number of BAC clones 
sequenced

CSIRO Karen Aitken Australia 987
UQ-QAAFI Robert Henry Australia 500
University of São Paulo Marie-Anne Van Sluys Brazil 300
SASRI Bernard Potier South Africa 450
CIRAD Angelique D’Hont France 530
Total 2767
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arcane ESTs from other sugarcane varieties such as Australia from cultivar Q117 
(Casu et al. 2003), the United States of America from CP72-2086 (Ma et al. 2004) 
and from CoS 767 and Co 1148 by researchers in India (Gupta et al. 2010).

3.5  �Bioinformatics

As on 25th January 2017 an organism search, using “Saccharum,” has retrieved 
13,231 nucleotide sequences, 285,216 expressed sequence tags (ESTs) and 83,138 
genome survey sequences (GSS) whereas on 31st August 2009 there were only 
1472 nucleotide sequences, 256,895 ESTs and 10,699 GSSs (Henry and Kole 2010). 
This shows the increasing data generated by the researchers around the world. Day-
to-day advancement in technologies and new approaches to study the sugarcane and 
other plant genome made possible to generate a vast amount of molecular data. 
These large amounts of data have to be stored, organized, analyzed and made avail-
able for researchers around the world. Bioinformaticians around the world are 
working to develop and maintain databases in which the plant genome can be orga-
nized properly and easy to retrieve for future use.

There are different types of database which provides genome information of dif-
ferent plants along with sugarcane genome; following are some database in use:

National Center for Biotechnology Information (NCBI) was established on 1988 
at National institutes of Health (NIH). NCBI contains gene information, nucleotide 
sequence, protein sequence, all other information about a gene. Researchers around 
the world submit their newly identified sequence in NCBI (Genbank) which can be 
accessed around the world. Phytozome is a plant comparative genomics portal 
maintained by Department of Energy’s Joint Genome Institute. Other comparative 
genomics databases are GreenPhyIDB, Plaza and PlantGDB. Plant genome data-
bases for specific plant have been developed such as TAIR, Gramene, SGN, GDR 
and LIS specific for Arabidopsis, grasses, Solanaceae, Rosaceae and 
legumes  (Swarbreck et al. 2008; Liang et al. 2008; Bombarely et al. 2011; Jung 
et al. 2008; Gonzales et al. 2005).

Same way SUCEST-FUN database is specific database for sugarcane. The 
SUCEST-FUN database is therefore being developed to give access to genomic and 
EST gene sequences, gene expression studies and make available tools that will 
allow a Systems Biology approach in sugarcane and the identification of regulatory 
networks. The SUCEST-FUN database has become a new tool for analyzing the 
sugarcane genome and functional genomics studies (Nishiyama et al. 2010). The 
SUCEST-FUN database will integrate the SUCEST sequences, promoters, CREs, 
expression data, agronomical, physiological, and biochemical characterization of 
sugarcane cultivars. It assembles different sugarcane databases such as the Sugarcane 
Expressed Sequence Tags (SUCEST) Genome Project (Vettore et  al. 2003), the 
Sugarcane Gene Index (SGI), the SUCAST and the SUCAMET Catalogues, which 
include expression data, the GRASSIUS database (Yilmaz et al. 2009) and records 
of the agronomic, physiological, and biochemical characteristics of sugarcane culti-
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vars. This database is part of the SUCEST-FUN Regulatory Network Project, which 
aims to study gene expression regulation through the use of tools that will allow a 
Systems Biology approach to the study of sugarcane.

3.6  �Conclusion

Sugarcane is an important tropical and subtropical crop which is the major source 
of sugar for many years. Most of the development in the sugarcane crop is due to 
conventional breeding carried out by breeders. But in recent years sugarcane is been 
used in the production of biofuel too, which in turn increases its demand not only in 
food or domestic sector but as well as in industrial sector. Sugarcane yield needs to 
be doubled without increasing its cultivable area so that it doesn’t affect the produc-
tion of other crops. To meet these demands it is essential to understand sugarcane 
crop at its genome level. There is a tremendous growth in genome level study in 
sugarcane plants in last two decades due to advancement in biotechnological tools 
such as BAC library data and transcriptome. But still there is hindrance in studying 
this complex crop such as restricted access to already sequenced and available data 
in SUCEST database. Even though SUCEST database is the major database for 
sugarcane, it can be accessed only by certain researchers in certain countries. If it is 
made globally available, it will be very useful for scientists all around the world to 
exploit those data for the betterment of sugarcane research. Genetic fingerprints 
have limitations, large number of polymorphic markers are required to cover full 
genome, present day fingerprinting technique is labor intensive, result can vary and 
be expensive. To overcome these limitations DArT is the better method as it is 
sequence-independent genotyping method and it can generate genome-wide genetic 
fingerprints. DArT also works well in polyploidy crops like sugarcane. Whole 
genome shotgun sequencing is less costly method to sequence the whole genome of 
plants but this sequencing method is not effective in sugarcane due to its aneuploidy 
nature. With multiple homo/homeoalleles at each locus it is very difficult to assem-
ble using shotgun sequencing, as reads arising from homeoalleles would collapse, 
making it difficult to recover large consensus sequences or contigs and only partial 
genome sequence can be aligned. These problems have to be solved in a better way 
or a new approach to sequence whole genome of sugarcane has to be developed and 
only then whole genome sequencing could be possible.
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Chapter 4
Methods of Sugarcane Transformation

S. Radhesh Krishnan and Chakravarthi Mohan

Abstract  A considerable change has been evolved over the past two decades in the 
field of sugarcane (Saccharum spp.) research to improve its chief traits like sweet-
ness, fiber content, and resistance to biotic and abiotic stresses through tissue cul-
ture and genetic engineering. With the increase in the global demand for sugar and 
bioethanol there exists a need for sustainable production necessitating research on 
crop improvement to resist abiotic and biotic stresses. These genetic improvisations 
for superior traits are of ultimate success only when suitable vector cassettes, gene 
transfer methods, and regeneration of whole plants are in place. This review dis-
cusses the recent advancements in sugarcane transformation methods with particu-
lar emphasis on biolistics and Agrobacterium-mediated methods in the recalcitrant 
monocot system, Saccharum spp. Moreover, recent advances like gene targeting by 
site-specific double-stranded nucleotide breaks for zinc-finger nucleases (ZFN), 
TAL effector nucleases (TALENs), and CRISPR (clustered regularly interspaced 
short palindrome repeats)/Cas 9 (CRISPR-associated) systems require a well-
established transformation method which signifies the need for an efficient genetic 
transformation system in sugarcane.

Keywords  Agrobacterium • Biolistic • Gene transfer • Selectable markers • 
Sugarcane • Transformation

4.1  �Introduction

Sugarcane (Saccharum officinarum L.) is a monocot stick or bamboo composed of 
rich source of sugar. The complex aneuploidy nature with an approximate 80–120 
chromosomes (D’Hont et  al. 1998) makes it complex for genetic manipulation. 
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Wild species (S. barberi, S. officinarum L., and S. sinense Roxb.) of sugarcane 
provide a good source of novel genes with characteristic features like disease and 
abiotic stress resistance. Remarkable progress has been observed in the improve-
ment of cane sugars by conventional methods of breeding (Berding et  al. 1997; 
Hogarth et al. 1997). The cane sugar and its traits could be improved by involving 
elite cultivars (Cox and Hansen 1995). Integrated strategies with molecular and 
conventional breeding are prerequisite to develop sugarcane with desired traits so 
as to face the global challenge.

4.2  �Sugarcane Transformation

Reliable and reproducible plant tissue culture protocol is necessary to develop trans-
genic crops with appropriate gene transfer system. Unlike monocots, tissue culture 
and transformation methods are well established in most of the dicot plants due to 
their in vitro responsiveness. Monocots generally require a stringent method and 
optimization of various factors for efficient delivery of desired gene and selection of 
positive transformants without any false positives.

The transformation protocol as such is the method to transfer the gene of 
interest to a desired host system without disturbing its genetic or metabolic 
functions. Wide applications are offered by biotechnology for selecting an effi-
cient method or strategy to develop a reproducible and valid protocol for sugar-
cane crop improvement. Numerous factors are prerequisite for a successful 
transformation. Several factors like genotype of sugarcane, Agrobacterium 
strain, type of vector, method for transformation, and culture condition are 
influential which would be described in detail in Chap. 5. Use of embryogenic 
callus or auxiliary buds (Brumbley et  al. 2008), age and type of sugarcane 
explant used (Arencibia et  al. 1998), preconditioned meristematic sections 
(Enriquez-Obregon et al. 1998), and an efficient reporter system like Gus (Elliot 
et  al. 1998) play a key role in effective transformation. Joyce et  al. (2013) 
reported that cocultivation medium and selection system are critical in 
Agrobacterium-mediated transformation. The success of a protocol is decided 
based on its efficacy in transgene integration, number of integrated copies, and 
stability in subsequent generations.

4.3  �Methods of Sugarcane Transformation

To obtain a high efficiency with a low-cost transformation numerous researches 
have been reported in the recent past (Rakoczy-Trojanowska 2002). Several genes 
have been transferred to sugarcane using a number of methods including particle 
bombardment (biolistic), Agrobacterium-mediated transformation, electroporation, 
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and PEG treatment although the first two methods are popular and widely used. 
Recently, Mayavan et al. (2015) demonstrated an in planta technique for sugarcane 
using Agrobacterium-mediated transformation. This section describes the various 
methods of sugarcane transformation.

4.3.1  �Biolistic™ or Microprojectile-Mediated Transformation

One of the most widely used techniques for cereal transformation is biolistic or 
microprojectile-mediated particle bombardment by direct physical gene transfer 
which was first developed by Sanford (1988). DNA-coated microscopic metals like 
gold or tungsten (1–4 μm dia) are used as a carrier by hitting the explants explo-
sively with a high velocity ranging in 300–600 m/s. Biolistic bombardment can be 
used for both transient and stable transformation. Modern machines use precise 
technology by using helium-driven, particle bombardment apparatus (PDS-1000/
He) which is most commonly being used (Slater et  al. 2003). This technique is 
simple and applicable to a diverse range of tissues targeted for sugarcane transfor-
mation (Birch and Franks 1991; Franks and Birch 1991; Lakshmanan et al. 2005). 
Being one of the most commonly used methods it has many advantages over others 
like rapid gene transfer to specific/nonspecific tissues with higher efficiency and no 
host limitations. It does not require any intrinsic vector requirements; hence trans-
gene of any size can be used to bombard. However, it also has few demerits which 
include environmental safety concerns (unwanted vector sequences and antibiotic-
resistance genes are introduced), multiple transgene insertions, and incidence of 
escapes. Nevertheless, this method has been the most popular method for sugarcane 
transformation so far.

4.3.2  �Agrobacterium-Mediated Sugarcane Transformation

Agrobacterium-mediated transformation has been used in more than 90 plant spe-
cies. The use of acetosyringone in the medium enabled the use of this method in 
monocots as well. The ease in use, low copy insertion, and low expenditure make 
this method popular for genetic transformation. Arencibia et al. (1998) produced 
the first sugarcane transgenics followed by several researchers for an array of 
input and output traits (Beyene et al. 2013). A simple well-established protocol 
(adapted from Arvinth et al. 2010) including the time required since transforma-
tion until transgenic sugarcane is described in Fig. 4.1. Based on this protocol, 
transgenic sugarcane lines could be obtained after 6 months from the day 1 of 
transformation. However, several critical factors determine the efficiency of this 
method including genotype, cocultivation method, vector, selectable marker, 
regeneration efficiency, use of additional techniques such as vacuum infiltration, 
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and promoters which have been well studied recently (Joyce et al. 2010, 2014). 
Several novel strategies and improved techniques have been reported in the recent 
years (described in Chap. 6) which would provide an enhanced transformation 
efficiency using this protocol.

4.3.3  �Electroporation

In electroporation, the cells are subjected to an electric impulse with a high voltage 
for milliseconds so as to bring in a reverse permeability on the cell/plasma membrane 
eventually leading to uptake of a naked DNA or plasmid. Stable transformation in 
crops like sugarcane (Chen et al. 1987) using cell protoplast has been reported but 
failed in its regenerative ability to form a whole plant. They performed transformation 
using both electroporation and PEG treatment and observed that electroporation was 
more suitable. Stable transformation was successfully reported using electroporation 
(Chowdhury and Vasil 1992; Rathus and Birch 1992; Arencibia et al. 1992, 1995). A 
major advantage of this protocol is that the amount of DNA delivered to individual 
cells is low which reduces the copy numbers. Due to generation of electric impulse 
there exists an increase in the DNA uptake as the cells become hyperactive eventually 

Fig. 4.1  Schematic representation of Agrobacterium mediated transformation in 
sugarcane
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leading to an increased efficiency of the positive transformants. Thus the efficiency 
depends purely on the tissue treatment condition and electroporation. However, lack 
of regeneration from protoplasts remains a major disadvantage of this method.

4.3.4  �Microinjection

Gene transfer to nucleus of the explant by immobilizing the protoplasts to substrates 
like agarose and thereby capillary-injection pipette-mediated delivery of foreign 
DNA was reported by Morikawa and Yamada (1985). Similarly efficient protoplast 
transformation was demonstrated by Reich et al. (1986) in Medicago sativa L. with 
15–26% transformation frequency. Recently, Baskaran and Dasgupta (2012) demon-
strated the delivery of transgene using A. tumefaciens using microinjection, directly 
to shoot apical meristems of rice. But there is a practical difficulty in the time and 
laborious method of choosing individual explant to inject the gene of interest unlike 
the biolistic/particle bombardment method. Bower and Birch (1992) reported the 
inefficacy to inject DNA injection or DNA-pollen mixtures to young floral sugarcane 
tillers. Apart from this, the presence of thick lignins and cellulose makes it harder to 
produce an efficient transformation. The release of vacuolar toxins like hydrolases 
hinders the cell to uptake and metabolize, eventually leading to cell death.

4.3.5  �Polyethylene Glycol-Mediated Transformation

Polyethylene glycol (PEG)-mediated gene delivery system is one of the most 
widely used direct gene transfer methods. Plant protoplast, as it is devoid of cell 
walls, tends to uptake the naked DNA when treated with PEG. PEG is used with 
divalent cations that destabilize the cell membrane and eventually the naked DNA 
is taken up by the cell. Many groups reported development of transgenics using 
protoplast as the chief host system (Zhang and Wu 1988; Toriyama et al. 1988). 
This method requires careful optimization, as it has a low efficiency in producing 
transgenics with regenerable cell suspensions (Slater et  al. 2003). In sugarcane, 
Chen et al. (1987) employed this method but it yielded very low transformation 
efficiency and poor reproducibility and so didn’t receive much attention.

4.4  �Promoter and Gene Expression

The success of plant transformation is decided by active markers, but the expression 
of a marker gene is controlled by the promoter under which the genes are linked. 
The use of an appropriate promoter is a prerequisite for an efficient gene expression 
and determines the strength and specificity of the gene expression (Chakravarthi 
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et al. 2015). CaMV35S promoter, though routinely used for heterologous transfor-
mation (Fang et al. 1989), confers lower expression in monocots (Jang et al. 2002). 
Rice Act1 (Mcelroy et al. 1990; McElroy et al. 1991) and maize Ubi1 (Christensen 
et al. 1992) are the predominantly used monocot promoters. These promoters could 
be changed, modified, and truncated or can be cloned at different sites depending 
upon the gene to be regulated. As far as sugarcane is concerned, maize Ubi1 has 
been the workhorse promoter for over two decades due to its constitutive and con-
sistent expression. Wei et al. (2003) reported ubiquitin promoters of sugarcane (ubi4 
and ubi9); however Gus expression was silenced in regenerated tissues using the 
promoters indicating their inability to regulate expression in stably transformed tis-
sues. Several other promoters have also been isolated from sugarcane and its wild 
relatives and validated for expression. A detailed list of sugarcane-based promoters 
has been described in Chap. 6. Truncated promoters or promoters with intron 
sequences in between are of huge importance. Introns between the promoter 
sequence and coding sequence of ubiquitin genes have enhanced gene expression to 
a greater extent, in sugarcane (Philip et al. 2013; Chakravarthi et al. 2015). Recently, 
several reports on the use of high-expressing promoters and combinatorial gene 
expression by using different introns or terminators have gained importance. Some 
of the novel strategies to enhance gene expression have been described in Chap. 6.

4.5  �Selectable Markers and Reporter Genes

The success of a genetically engineered/modified organism relies on the selection 
system to a great extent. At times there exists a situation wherein the transgene is 
(1) either overexpressed, (2) silent, or (3) not inserted/integrated into the specific/
desired site of the host. It is easier to test by recent advanced molecular biological 
experiments, if a gene is present, absent, upregulated, or downregulated. But it 
remains tedious and laborious to screen each and every transgenic event for the 
presence of transgene. The ultimate aim is to reduce the labor and screen the posi-
tive transgenics through physical screening. Hence arose the requirement/impor-
tance of a specific tag-like gene called “marker.” A marker is a gene that is an 
integral part of an expression vector, which codes for an enzyme or a product 
allowing the transformed cells or tissues to survive or resist and proliferate. In 
other words, to select a positive clone with our desired gene, selection markers like 
antibiotic resistance (ampicillin or kanamycin) are used. The gene is engineered 
with these resistant markers so as to select the positive transformed colonies. 
These markers must inhibit the growth of the non-transformants without affecting 
the transformed cells. Most of the plant selection markers are linked to the gene of 
interest that is expressed in a transgenic plant. The two most widely used plant 
selectable markers are Tn5 encoding neomycin phosphotransferase (nptII/aph 3′ 
II) and hygromycin phosphotransferase (hpt/hph/aphIV) that confer resistance to 
neomycin and hygromycin, respectively, in the transgenic plants. In sugarcane, 
bar and pat genes (herbicide resistance), nptII and hptII, are commonly used 
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selectable markers. In addition, a positive selection system (PMI) has also been 
reported (Jain et al. 2007).

Reporter genes are used as scorable markers for selecting transformed cells. In 
sugarcane, beta-glucuronidase (GUS), GFP, yellow fluorescent protein (EYFP), 
luciferase (LUC), and maize anthocyanin genes have been used for the optimization 
of transformation to allow visual selection of transient and stable integrations 
(Arencibia et al. 1995; Bower and Birch 1992; Bower et al. 1996; Elliot et al. 1998), 
functional analysis (Braithwaite et al. 2004; Damaj et al. 2010; Gallo-Meagher and 
Irvine 1993; Liu et  al. 2003; Wei et  al. 2003), and subcellular targeting 
(Gnanasambandam and Birch 2004; Gnanasambandam et  al. 2007; Palanisamy 
et al. 2016), to detect transgene silencing (Birch et al. 2010) and determination of 
terminator efficiencies of constructs (Beyene et al. 2011).

4.6  �Conclusion and Future Perspectives

Current advancements in biolistic gene transfer permit an efficient gene delivery 
with loci specificity and single copy of the transgene with similar effect as 
Agrobacterium-mediated gene transfer (Jackson et  al. 2013; Wu et  al. 2015). 
Despite a few stress-inducible promoters being used to produce desirable traits, 
there exists the need for novel promoters that precisely regulate expression of the 
transgene. With the whole-genome sequence available it will be easier for the 
researchers to edit genes and annotate their function, thereby validating the effi-
cacy of their promoters. Through functional genomics it is possible to employ 
copious tools including global transcript profiling that are coupled with studying 
the mutants and transgenics to portray/distinguish novel genes in short periods. 
Though stringent rules on genetically modified crops are prevailing, the scarcity 
for food and the increasing demand and population explosion will all lead to accep-
tance of transgenics in the near future. As far as sugarcane is concerned, several 
nations have their transgenics under pipeline. Well-established protocols for trans-
formation will enable crop improvement to a greater extent using biotechnological 
tools thereby facilitating food security in the near future.
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Chapter 5
Factors Affecting Genetic Transformation 
Efficiency in Sugarcane

Pushpanathan Anunanthini, Sarma Rajeev Kumar, 
and Ramalingam Sathishkumar

Abstract  Sugarcane (Saccharum officinarum) is an important cash crop cultivated 
across the world. Conventional breeding methods are used to cross different 
Saccharum spp. to develop sugarcane hybrids with high sucrose content and for 
other novel traits including increased tolerance to various biotic and abiotic stresses. 
Two major factors that limit conventional breeding method are that it is highly time 
consuming and difficulty in getting the desirable trait in the hybrid. These limita-
tions can be overcome by genetic transformation method in which specific gene(s) 
are used to generate stable transgenic lines expressing specific trait. Compared to 
conventional breeding methods, generation of stable lines takes less time. In addi-
tion, complications associated with backcross and testcross during breeding pro-
gram can be avoided. There are several reports since 1990s mentioning generation 
of transgenic sugarcane by different methods of transformation such as electropora-
tion, particle bombardment method, and Agrobacterium-mediated transformation. 
Transient expression systems have also been developed in sugarcane. Nevertheless, 
all transformation methodologies have their own limitation which hinders the stable 
expression of the transformed gene. Here, we discuss about the complications and 
factors affecting efficiency of genetic transformation in sugarcane.
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5.1  �Introduction

Sugarcane (Saccharum sp) belongs to grass family Poaceae, which is the most 
widely cultivated cash crop all over the world (Singh et al. 2013). It matures in 12–18 
months and has the ability to acclimatize in both tropical and subtropical climatic 
conditions. The most profitable part of sugarcane is its stem where it accumulates 
high amount of sucrose, which is used for the production of sugar and its by-prod-
ucts. Due to their high economic value, improvement of sugarcane varieties is most 
important to fulfill the desired needs. Saccharum spontaneum and Saccharum offici-
narum are the two subspecies mainly used for producing hybrids or for genetic engi-
neering approaches for improving different traits. Saccharum officinarum contains 
high sucrose content and Saccharum spontaneum is a resistant variety that exhibits 
tolerance to various biotic and abiotic stresses (Cheavegatti-Gianotto et al. 2011).

Conventional breeding method for producing improved varieties is laborious and 
time consuming (Mohan 2016). In addition, crossing two species with complex 
genome to produce specific varieties is much complicated as backcross and test-
cross need longer time period. Genetic engineering technology helps to overcome 
these problems (Lakshmanan et al. 2005), wherein the desired gene of interest can 
be easily transferred either from interspecific or intraspecific species. Interspecific 
hybridization or producing transgenic plants has become a modern practice for gen-
erating improved varieties (Vacher et al. 2011). In early 1990s, researchers started 
working on producing genetically engineered/modified transgenic monocotyledon-
ous plants/crops for improving different traits.

Different transformation methods in sugarcane have been standardized by 
researchers across the world (Enriquez-Obregon et al. 1997, 1998; Arencibia et al. 
1998). Chapter 4 of this book describes various methods used for sugarcane trans-
formation. Bower and Birch (1992) and Gallo-Meagher and Irvine (1996) attempted 
particle bombardment method using herbicide-resistant bar gene to generate trans-
genic sugarcane. Jain et al. (2007) reported marker-free antibiotic selection system 
for sugarcane transgenic plants. Electroporation technique was attempted using 
meristematic tissues from sugarcane (Arencibia et al. 1992, 1995). An efficient pro-
tocol for Agrobacterium-mediated genetic transformation from meristematic sugar-
cane tissue was reported (Enriquez-Obregon et al. 1997, 1998). The above mentioned 
are only few examples among other reports on sugarcane genetic transformation.

Despite these, generating transgenic sugarcane using Agrobacterium-mediated 
transformation is more difficult as vir gene induction and transfer of T-DNA are not 
simple in monocots as compared to dicots. Although the use of acetosyringone 
removed this barrier to some extent, success rate was still less when compared with 
direct gene transfer method. Further, after successful transformation and selection, 
transgenic plants may fail to express the trait due to phenomena associated with 
gene silencing (insertion of multiple copies) or epigenetic (posttranscriptional gene 
silencing/DNA methylation) mechanisms (Rajeevkumar et al. 2015). Expression of 
foreign genes in transgenic plants is often influenced by many factors including 
explants type, infection media, T-DNA stability, temperature of cocultivation, pho-
toperiod, construct stability and size (Manfroi et al. 2015).
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5.2  �Tissue Culture

Tissue culture techniques refer to the multiplication of plants using different 
explants under in vitro conditions. It is a well-established technique to conserve 
plant species especially, to produce identical copies of mother plants. The choice of 
explants, sterilization techniques, surfactants, culture medium and hormones deter-
mines the response of explants in the media. Generally, a surfactant is used for the 
sterilization process to make the explants free from microorganisms. Sodium hypo-
chlorite (NaClO), mercuric chloride (HgCl2) and ethanol (EtOH) are the commonly 
used surface-sterilizing agents. Long exposure to sterilizing chemical leads to the 
death of explants and also affects the biological character of the plant genome.

Tissue culture for sugarcane crop is successfully applied nowadays for produc-
ing genetically modified biotic and abiotic resistant plant and high-sugar-content 
varieties. In case of breeding with the genetically modified crop, the offspring may 
lose its transgene for resistance/gene of interest (GOI).

In sugarcane, explants such as apical meristem, young leaf sheath and seeds are 
commonly used for genetic transformation. In vivo-grown plants are surface steril-
ized using 70% ethanol for 45s to 1 min followed by NaClO for 2–3 min or 0.1% 
HgCl2 for 3–5 min followed by water washes for removal of NaClO/HgCl2 traces. It 
has been reported that if tissues are exposed to surfactants for longer duration than 
normal, it affects the growth of the plants leading to death of the explants by necro-
sis (Clough and Bent 1998). Genetic transformation methodologies differ for apical 
meristem in which the explants are cut into whorls and are infected with 
Agrobacterium culture with different light and dark incubation for efficient transfor-
mation. In case of young leaf sheath, they are cut into small leaf bits and infected 
with Agrobacterium culture, whereas seeds are directly infected and grown (Kalunke 
et al. 2009; Mayavan et al. 2013). Explants can be used directly for infection or else 
further they can be cultured to develop callus tissue and developed calli can be used 
for transformation. Increased duration of explants, apical meristem, young leaf 
sheath, seeds or callus to Agrobacterium can suppress the growth of new dividing 
cells and also leads to false-positive results of selection in producing transgenic 
plants (Taylor et al. 1992; Geijskes et al. 2003; Song et al. 2013).

Antibiotics and selectable markers are generally used in the tissue culture 
medium for selection of transformed cells and to avoid false-positive transgenic 
plants. Antibiotics such as streptomycin, tetracycline, cefotaxime, chloramphenicol 
and penicillin are used for suppressing the overgrowth of bacterial culture on the 
explants and help for the growth and regeneration of explants. Selectable marker 
genes such as neomycin phosphotransferase (kanamycin resistance), hygromycin 
phosphotransferase (hygromycin resistance), gentamicin acetyltransferase (gentami-
cin resistance), bleomycin-resistance (ble) gene (bleomycin-resistance), phleomycin 
resistance (sh) gene (phleomycin resistance), methotrexate-insensitive dihydrofolate 
reductase (methotrexate resistant), aminoglycoside-3-adenyltransferase (streptomy-
cin resistance) and phosphinothricin acetyl transferase (glufosinate-resistance) 
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(Hille et al. 1986; Hauptmann et al. 1988) have been used for selecting transgenic 
plants. Concentration of antibiotics ranges from 250 to 300 mg/L and selectable 
maker about 50 to 100 mg/L. Growth factors and regulators used in the media have 
the ability to trigger whole-plant regeneration from the explants (harboring the 
transgene). 2,4-Dichlorophenoxyacetic acid (2,4-D), naphthalene acetic acid 
(NAA), 6-benzylaminopurine (BAP) and kinetin are the growth regulators com-
monly used in sugarcane regeneration media for efficient growth. Supplements 
including coconut water have been previously reported to enhance regeneration in 
sugarcane (Asad et al. 2007). The concentration of growth regulators exceeding 
either higher or lower leads to necrosis producing transient expression of trans-
genic plants.

5.3  �Agrobacterium-Mediated Genetic Transformation

Agrobacterium spp. is a rod-shaped gram-negative soil bacteria that have the natural 
ability to transfer the bacterial genes into plant genome (Gelvin 2003; Tzfira and 
Citovsky 2006). Two types of subspecies mostly used in genetic engineering of 
plant system are Agrobacterium tumefaciens (causing crown gall and frequently 
used for producing transgenic plants) and Agrobacterium rhizogenes (causing hairy 
roots, subsequently used for producing secondary metabolites and rarely used for 
producing transgenic plants). In dicots acetosyringone, a phenolic wounding signal-
ing molecule, is naturally produced at the wound site, so transfer of T-DNA is easy 
and producing transgenic plant has been successful (De La Riva et al. 1998; Gelvin 
2003; Shrawat and Lorz 2006; Dong et al. 2014a, b; Joyce et al. 2014; Mayavan 
et  al. 2015). Enriquez-Obregon et  al. (1998) reported Agrobacterium-mediated 
transformation in sugarcane using A. tumefaciens strains for different explants to 
produce herbicide-resistant, drought/salinity-tolerant varieties. Sugarcane is a poly-
ploidy species and has been previously reported that loss of T-DNA during selection 
and regeneration is a common phenomenon. In 1990s well-established protocol for 
sugarcane regeneration was reported (Franks and Birch 1991; Bower and Birch 
1992; Taylor et al. 1992; Arencibia et al. 1998; De La Riva et al. 1998; Arencibia 
and Carmona 2006).

Although there are many reports mentioning generation of transgenic sugarcane 
lines expressing different traits (Weng et al. 2011; Gao et al. 2016), there are reports 
regarding failure of transgene expressing in sugarcane transgenic plants (Snyman 
et al. 1996 and Ingelbrecht et al. 1999). Table 5.1 lists the various reports on genetic 
transformation of sugarcane. One of the reasons behind the failure in sugarcane 
transformation is explant choice; that is, sugarcane meristematic explants don’t 
have the capacity of expressing the transferred gene (Zucchi et al. 2002). Therefore, 
subsequently leaf sheath and apical meristematic region were frequently used as 
explants for efficient transformation (Ali et  al. 2004; Solangi et  al. 2016). 
Acetosyringone (200 μM) was used as an optimal concentration for sugarcane dur-
ing preculture of explants, infection medium and cocultivation medium. Vir gene 
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Table 5.1  Summary of significant reports on sugarcane genetic transformation

Gene
Transformation 
technique Explants Author

Chimeric Polyethylene 
glycol-mediated 
transfer

Protoplasts Chen et al. (1987)

Chloramphenicol acetyl 
transferase, 
ß-glucuronidase

Electroporation Protoplasts Rathus and Birch 
(1992)

Neomycin 
phosphotransferase

Microprojectile 
bombardment

Embryogenic 
callus

Bower and Birch 
(1992)

ß-Glucuronidase Electroporation Embryogenic 
callus

Arencibia et al. (1995)

Luciferase, 
ß-glucuronidase

Microprojectile 
bombardment

Embryogenic 
callus

Bower et al. (1996)

Green fluorescent protein Microprojectile 
bombardment

Embryogenic 
callus

Elliott et al. (1999)

ß-Glucuronidase Electroporation Embryogenic 
callus

Seema et al. (2001)

Herbicide-resistant 
sugarcane

Agrobacterium-
mediated genetic 
transformation

Axillary buds Manickavasagam et al. 
(2004)

ß-Glucuronidase Particle 
bombardment

Embryogenic 
callus

Kaur et al. (2007)

Resveratrol synthase Microprojectile 
bombardment

Embryogenic 
callus

Xu et al. (2008)

Cry1Aa3 Agrobacterium-
mediated 
transformation

Apical meristem 
and young leaf 
discs

Kalunke et al. (2009)

Aprotinin Particle 
bombardment

Apical meristem 
and young leaf 
discs

Christy et al. (2009)

Cry1Ab, aprotinin Agrobacterium and 
particle 
bombardment

Apical meristem 
and young leaf 
discs

Arvinth et al. (2010)

Green fluorescent protein Particle 
bombardment

Basal part of the 
leaf roll

Vyver (2010)

Luciferase Agrobacterium and 
particle 
bombardment

Embryogenic 
callus

Jackson et al. (2013)

Yellow fluorescent 
protein, ß-glucuronidase

Particle 
bombardment

Leaf roll discs, 
protoplast

Gao et al. (2013)

Neomycin 
phosphotransferase, green 
fluorescent protein-ß-
glucuronidase fusion

Agrobacterium 
tumefaciens-
mediated in planta 
seed transformation

Seed fluff Mayavan et al. (2013)

Glyphosate tolerant Microprojectile 
bombardment

Embryogenic 
callus

Nasir et al. (2014)

(continued)
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induction was reported to be comparatively low even after the addition of aceto-
syringone in infection and cocultivation media due to pH conditions (Sood et al. 
2011). Depending upon the acetosyringone concentration used in plant transforma-
tion, integration/expression efficiency changes in the host system (Hiei et al. 1994; 
Ishida et al. 1996; Rashid et al. 1996; Cheng et al. 1997; Hiei et al. 1997; Tingay 
et al. 1997; Zhao et al. 2000; Nandakumar et al. 2004). Karami (2008) reported that 
target gene, explants, Agrobacterium strain (GV3101, AGL0, AGL1, NT1 (pKPSF2), 
EHA105, MP90 and LBA4404) and bacterial infection duration (dark and light 
incubation) together play a vital role in enhancing the sugarcane transformation. 
Agrobacterium culture used for the plant transformation must be checked at 600 nm 
and OD should be ranging from 0.6 to 0.8 (Arvinth et al. 2010).

Cocultivation plays a major role for infection of Agrobacterium strain into 
explants; usually it is 3 days of cocultivation; however, based on the explants, dura-
tion should be standardized to avoid higher possibilities of plant suppression in 
regeneration and multiple copies of gene transfer (Cheng et al. 1996; Naureby et al. 
1997; Sunilkumar and Rathore 2001). Transgene cell divisions are affected by anti-
biotic concentration supplemented in cocultivation and selection media, whereas 
widely used concentration ranges from 250 to 300 mg/L (Zhao et al. 2001; Karami 
2008; Grzebelus and Skop 2014). Binary/super-binary vectors (Komori et al. 2007; 
Lee and Gelvin 2008; Anderson and Birch 2012) comprising Ti region, antibiotic 
selection, and vir gene region are suitable for genetic transformation. Further to 
ameliorate transformation efficiency, factors like promoter region, gene and 
NOS terminator that are a specific response to monocot expression should be pre-
ferred. pCAMBIA, pBin19, and pBI vectors are commercially available and com-
monly used for transformation (Bevan 1984; Dafny-Yelin and Tzfira 2007; Lutz 
et al. 2007; Lee and Gelvin 2008; Que et al. 2014).

Table 5.1  (continued)

Gene
Transformation 
technique Explants Author

Cyano fluorescent protein, 
green fluorescent protein

Agrobacterium-
mediated genetic 
transformation

Immature leaf 
whorl

Dong et al. (2014a, b)

Arabidopsis vacuolar H + 
−pyrophosphatase

Agrobacterium-
mediated genetic 
transformation

Calli Kumar et al. (2014)

ß-Glucuronidase gene(gus 
A)

Agrobacterium-
mediated 
transformation

Sugarcane setts Mayavan et al. (2015)

Cry1Ac Microprojectile 
bombardment

Embryonic 
callus

Gao et al. (2016)
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5.4  �Biolistic/Particle Bombardment Method

Biolistic/particle bombardment/gene gun/direct DNA delivery are different names 
used for transferring naked DNA into a host system by direct physical forces. First 
particle gun was developed by Sanford and colleagues in 1987. CAT (chlorampheni-
col acetyl transferase) gene was first used to detect transient gene activity in onion 
epidermal cells. In 1980s first transgenic plants were produced in soybean and 
tobacco expressing neomycin phosphotransferase II (NptII) (Christou et al. 1988) 
and β-glucuronidase gene (GUS) (Klein et al. 1988).

In sugarcane, first bombardment technique was developed from embryogenic 
calli in Australia (Bower and Birch 1992) using npt-II under strong monocot-
specific promoter. Soon after GUS (Franks and Birch 1991), Cry1A gene (Arencibia 
et  al. 1997) was transferred and produced stable transgenic sugarcane plant 
(Chowdhury and Vasil 1992). Gallo-Meagher and Irvine (1993) reported about the 
effects of a promoter with GUS gene in different parts of sugarcane tissue. 
Co-transformation and transformation were reported using bombardment technique 
for producing herbicide-resistant, disease-resistant, virus-resistant, drought- and 
salinity-tolerant stable transgenic plants (Gallo-Meagher and Irvine 1993; Snyman 
et al. 1998; Ingelbrecht et al. 1999; Nutt et al. 1999; Leibbrandt and Snyman 2001; 
Joyce et al. 2010; Khamrit et al. 2012).

Bombardment is a successful method when compared to other techniques for 
producing stable and transient transgenic sugarcane plants (Guo et  al. 2014). 
Embryogenic callus (Falco et al. 1996), meristematic tissue (Gambley et al. 1993), 
and leaf disks were used as explants for bombardment technique to produce trans-
genic S. officinarum plants. Major factors affecting particle bombardment are nature 
of explants, DNA concentration and quality, gold/tungsten particle size, pressure 
level and a distance between the bombardment and target tissue. Embryogenic calli 
were produced using modified MS medium provided that the concentration of 2,4-
D, BAP and kinetin is maintained (Heinz and Mee 1969; Naz et al. 2008). Tungsten 
or gold particles play a crucial role in direct gene transfer in sugarcane (Kaur et al. 
2007). Certain measures and care should be taken for efficient transformation as 
mentioned below:

	1.	 Lower DNA concentrations reduce the multiple copies of transgene integration.
	2.	 Higher possibilities of truncated DNA into host cell may be produced due to high 

pressure.
	3.	 Size and concentration of tungsten or gold particle should be chosen depending 

upon the explants.

After bombardment, callus should be cocultivated for 3 days. Further selection 
and regeneration of explants should be carried out as described in Agrobacterium-
mediated transformation.
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5.5  �In Planta Transformation

In 2010s, in planta transformation techniques were standardized for sugarcane 
seeds and setts (Mayavan et al. 2013, 2015). In planta transformation so far reported 
in rice, wheat, Arabidopsis etc. has reduced the time period for producing trans-
genic plant by avoiding somaclonal variation and producing direct regeneration of 
transgenic plants. Due to the complex structure of sugarcane genome, the transfor-
mation made using Agrobacterium-mediated transformation and particle bombard-
ment undergoes several selections in order to avoid escapism/false positive of 
transgenic. Gibberellic acid helps to break dormancy during sugarcane transforma-
tion, whereas the variation in concentration leads to transient expression. Measures 
should be taken care for exposure and concentration range to produce good stable 
transgenic plants. However, in in planta method vegetative propagation is suitable, 
which transgene in next generation plant will be maintained as in mother plant.

5.6  �Electroporation

The first technique applied for producing transgenic sugarcane is electroporation 
with CAT gene using protoplast as explants. Important factors determining the suc-
cess of this technique are electric pulse duration, DNA concentration, explant cell 
level, buffer system and heat shock (Rathus and Birch 1992). Molina et al. (1993) 
and Arencibia et al. (1992) reported electroporation through meristematic tissue to 
produce transgenic sugarcane. As in particle bombardment, DNA concentration 
should be limited to produce an efficient transformation. Electric pulse ranging 
from 6.5 to 10.4 KV/cm has been used for penetration of DNA into protoplast. An 
important factor that affects after electroporation is regeneration of transformed 
plants. The technique has failed due to lack of a well-established nutrient medium. 
Further, the well-established nutrient medium was standardized to regenerate the 
transformed plants (Seema et al. 2001 and Singh et al. 2013).

5.7  �Conclusion

Sugarcane is a highly productive and profitable grass that provides valuable prod-
ucts such as sugar, ethanol, biomass for energy production, cattle feed and raw 
material for paper and other industries. Present-day sugarcane crop is developed 
through conventional breeding methods but due to increasing demand from both 
domestic and industrial sides it is time consuming to develop an improved variety. 
The traditional breeding approach is time consuming and cumbersome as it is dif-
ficult to select a specific trait from a whole genome of plant. Quick and better alter-
native is a transgenic approach as you can select a specific trait to be downregulated 
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or upregulated and time can also be reduced. Nevertheless, there are many bottle-
necks related to transformation in sugarcane such as genotype, explant, cocultiva-
tion time, selectable markers used, and regeneration time and have to be standardized 
for developing transgenic sugarcane with desired traits.
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Chapter 6
Novel Potential Candidate Promoters 
and Advanced Strategies for Sugarcane 
Transformation

Chakravarthi Mohan, Vanessa K. Schneider, and Flavio Henrique-Silva

Abstract  Plant transformation technology offers unique prospects to transfer a 
wide spectrum of functionally relevant genes in plants. Expression of genes is regu-
lated by a number of factors among which promoter strength, specificity, and cis- 
and trans-acting elements play a critical role. The choice of promoter is a key 
determinant for the levels and specificities of gene expression. In sugarcane, the 
maize ubiquitin promoter has been the workhorse promoter for decades. The avail-
ability of limited promoters for sugarcane transformation is critical in sugarcane 
crop improvement through genetic engineering. However, recent advancements in 
biotechnology have provided greater insights into promoter validation from wild 
and commercially cultivated sugarcane, which is evident from an array of different 
promoters reported. This review describes the various promoters isolated from sug-
arcane and its wild relatives that would benefit future genetic engineering studies in 
sugarcane. In addition, the challenges ahead and improved strategies for sugarcane 
transformation are discussed.

Keywords  Enhanced expression • Promoter • Silencing • Sugarcane • 
Transformation • Transgene

6.1  �Introduction

Sugarcane (Saccharum spp. hybrid) belonging to Poaceae family is an economi-
cally important food and energy crop grown worldwide. Large genome size, poly-
ploidy, low fertility, complex environmental interactions, slow breeding advances, 
and nobilization hinder the breeding for this crop. In addition, several issues like 
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low cane and sugar yields; susceptibility to abiotic stresses such as drought, cold, 
and salinity; and biotic stresses such as pest insects and fungal diseases are the 
major constraints in sugarcane cultivation (Tiwari et al. 2010). Transgenic technol-
ogy provides an effective tool for sugarcane crop improvement. Both biolistic and 
Agrobacterium-mediated transformation methods have been well established and 
are widely used to develop transgenic sugarcane. Several factors have to be consid-
ered in the development of transgenic sugarcane among which the choice of pro-
moter plays a crucial role.

Promoters are the regulatory sequences present upstream of the genes and are 
involved in the regulation of the gene expression. In recent years, an array of 
promoters from plant and viral origin have been characterized and extensively 
used in transgene expression in plants. They can be broadly grouped into consti-
tutive, spatiotemporal, and inducible promoters based on their activity. The 
CaMV 35S promoter has been well described and widely used for constitutive 
transgene expression (Potenza et  al. 2004). However, in monocots, the CaMV 
35S promoter confers lower levels of transgene expression. The maize ubiquitin 
promoter (M-ubi1) is the promoter of choice for sugarcane transformation and 
has been widely used for over two decades. Sugarcane ubiquitin promoters (Ubi4 
and Ubi9) when expressed in sugarcane have led to posttranscriptional gene 
silencing (PTGS) (Wei et al. 2003). The promoters used currently for the devel-
opment of transgenic sugarcane are limited in number and very few provide tis-
sue-specific expression. Limited tissue-specific promoters have been characterized 
so far for sugarcane transformation (Damaj et al. 2010). Hence, there is a need 
for identification of more promoters for specific applications, and from unrelated 
sources, which would be of great value for future genetic engineering studies in 
sugarcane. This review discusses the various advancements that took place in the 
past decade pertaining to sugarcane transformation and promoter validation 
which will benefit researchers aiming to develop transgenic sugarcane with desir-
able traits.

6.2  �Plant Promoters: Structure and Function

Promoters are defined as regions upstream of a gene’s coding region and are 
involved in the regulation of the frequency of transcription. They usually contain 
specific DNA sequences and regulatory elements and are the key regulators of 
transcription, also called as molecular switches. Promoters can be broadly classi-
fied into constitutive, tissue specific, and inducible based on their activity. Another 
type of promoters which are currently of importance is the synthetic promoters that 
combine the available core promoters with different motifs and are designed for 
specific expression. A typical plant promoter is composed of a transcription start 
site (TSS), the core promoter region, the proximal region (or upstream regulatory 
elements), and the distal regulatory region (or long-range regulatory elements). 
Plant promoters and their cis-acting regulatory elements have been reviewed 
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extensively (Hernandez-Garcia and Finer 2014; Porto et  al. 2014; Grunennvaldt 
et al. 2015; Shah et al. 2015; Naqvi et al. 2016; Biłas et al. 2016) and hence are not 
focused in this review.

6.3  �Promoters for Enhanced Transgene Expression 
in Sugarcane

In sugarcane, the maize ubiquitin (Zmubi1) promoter is being used worldwide for 
more than two decades for genetic engineering. However, it has failed to drive sus-
tained transgene expression throughout the sugarcane growth cycle (Wang et  al. 
2005). Promoters of viral origin such as sugarcane bacilliform virus promoter 
(Braithwaite et al. 2004), banana streak virus promoter (Schenk et al. 1999), and 
CaMV35S:Zmubi1 tandem promoter (Groenewald and Botha 2008) conferred 
enhanced expression in mature canes. Some of the other promoters used were the 
enhanced maize ubiquitin promoter and maize carboxylase promoter (Kinkema 
et al. 2014a, b) which conferred enhanced transgene expression than the Zmubi1 
promoter (five and fourfold). The advent of novel tools for promoter discovery, 
next-generation sequencing boom, and advanced bioinformatics techniques have 
led to isolation of new promoters from sugarcane and its wild relatives that could 
drive enhanced transgene expression than the routine promoters. Table 6.1 lists the 
different promoters characterized from sugarcane and its wild relatives that would 
enable researchers to develop GM sugarcane with enhanced transgene expression. 
Yet, the number of promoters is very limited when compared to other plant species. 
Mudge et al. (2013) characterized three promoters from sugarcane which conferred 
preferential transgene expression in mature stems and thus have practical applica-
tion in sucrose-targeted metabolic engineering.

6.4  �Challenges Ahead in Sugarcane Biotechnology

Sugarcane is affected by several biotic and biotic stresses which lead to losses in 
productivity. Using conventional breeding practices, the release of a new variety 
typically takes 12–15 years after rigorous testing of performance, sugar content, 
agronomic traits, and genetic stability (Gazaffi et al. 2010). With the advent of trans-
genic technology, considerable progress has been made in the recent years. Biolistic 
and Agrobacterium methods of transformation, though routinely used, have several 
disadvantages. Biolistic bombardment method usually generates multiple transgene 
integration sites. Agrobacterium-mediated transformation is rather a time-
consuming laborious process, has low transformation efficiency (Joyce et al. 2010), 
has high variability between experiments, and is genotype dependent (Anderson 
and Birch 2012). In fact, the time taken from DNA delivery till whole-plant regen-
eration is longer than any other crop plants.

6  Novel Potential Candidate Promoters and Advanced Strategies for Sugarcane…
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Another major challenge in sugarcane transformation is the transgene 
inactivation/silencing problem. Several promoters failed to drive transgene expression 
in mature canes despite showing activity in callus (Wei et al. 2003). Moreover both 
transcriptional and posttranscriptional gene silencing has been reported in sugarcane 
(Ingelbrecht et al. 1999). Mudge et al. (2009) characterized eight distinct promoters of 
MYB family of which three were expressive. Interestingly, their results illustrated that 
multiple copies of promoter do not trigger silencing and polyploids may have intrinsic 
silencing mechanisms that are yet to be deciphered. Birch et al. (2010) reported that 
silencing in sugarcane is 5′-sequence specific, independent of copy number, develop-
mentally regulated, and posttranscriptional in T0 transgenic lines. Transgenes fused 
with strong tissue-specific promoters may alleviate the silencing problem.

Sugarcane genome is about 10 Gb size with homologous genes ranging from 8 
to 12 copies (Souza et al. 2011) and the monoploid genome size being 750–930 Mb 
(D’Hont and Glaszmann 2001). Currently there is a lack of whole genomic data in 
sugarcane. The major factors that make the whole-genome sequencing of sugarcane 
difficult are (1) polyploidy—80% of sugarcane genome is inherited from S. offici-
narum and 10% from S. spontaneum; (2) high level of recombination—more than 
10% of sugarcane genome is mosaic and unknown; (3) heterozygosity—leads to 
variations that deter genome assembly; and (4) repeats—high number of repetitive 
sequences present throughout the genome. Moreover, sugarcane lacks diploid pro-
genitors that aid in a faster and easier genome assembly (Garcia et al. 2013) unlike 
banana (D’hont et al. 2012). In addition, it is difficult to employ shot-gun sequenc-
ing such as Illumina which generates shorter reads. Thus, the large and complex 
genome, high ploidy levels, and high content of repetitive DNA make sugarcane an 
unusually recalcitrant crop species for both forward and reverse genetic studies.

6.5  �Improved Strategies for Sugarcane Transformation

Several researchers are striving hard to overcome the challenges in sugarcane transfor-
mation which has led to a breakthrough with an array of advanced techniques, modi-
fied protocols, and strategies for efficient sugarcane transformation. This section of the 
review discusses some of the significant studies which will have a greater impact on 
sugarcane transgenic research in the near future. Joyce et al. (2010) optimized differ-
ent parameters for Agrobacterium transformation in sugarcane and observed that 
selection and cocultivation systems were critical factors that affected sugarcane trans-
formation. Jackson et al. (2013) compared both the methods using whole plasmids and 
minimal cassettes and observed that both the procedures were high expressing and 
yielded single-gene insertions at a reasonable transformation efficiency (TE).

Taparia et  al. (2012a, b) used minimal expression cassettes for biolistic gene 
transfer and with reduced plasmid concentration and achieved simple transgene 
integration and stable transgene expression. They also described a rapid 
transformation procedure that only needs 3 months from culture initiation to potting 
of transgenic sugarcane. Use of minimal cassettes has shown to be effective since 
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they are devoid of prokaryotic backbone sequences that may contribute to recombi-
nation or induce methylation, thereby leading to transgene silencing.

Anderson and Birch (2012) studied several parameters that are critical for trans-
formation of sugarcane variety Q117. They reported that the key factors influencing 
transformation efficiency in Agrobacterium method were minimal handling of cal-
lus during cocultivation and the use of a super-binary vector in AGL Agrobacterium 
strain which led to the highest transformation efficiency reported so far for 
Agrobacterium-mediated transformation in sugarcane. Recently, Mayavan et  al. 
(2015) have developed a rapid, efficient, and genotype-independent in planta trans-
formation protocol using sugarcane setts as explants. They have claimed a maxi-
mum of 32.6% TE which is so far the highest TE in sugarcane. Their group had 
earlier developed a seed-based transformation protocol which also proved to be 
efficient to develop transgenic sugarcane in a shorter duration (Mayavan et  al. 
2013).

Dong et al. (2014) developed a robust protocol that could be applied on a larger 
industrial scale for sugarcane improvement through genetic engineering. This pro-
tocol employs desiccation during cocultivation that leads to higher TE and has also 
been tested in several varieties and in several laboratories proving its versatility. In 
addition, the transgenes were stable across multiple generations and growing sea-
sons that further proves the great utility of the protocol. Sandhu et al. (2016) have 
recently reported single-step direct transgenic plant regeneration from agro-infected 
spindle leaf roll segments of sugarcane with a very short period of 8 weeks since it 
avoids the callusing phase. Stable integration was observed in the transgenics mak-
ing the protocol reliable for sugarcane transformation.

Jackson et  al. (2014) presented a set of rules to achieve sustained transgene 
expression and validated them in sugarcane. They used the following methods inde-
pendently or in combination—removal of rare codons, removal of RNA instability 
sequences, blocking of putative endogenous sRNA-binding sites, and randomiza-
tion of non-rare codons. This technique can be applied in sugarcane effectively to 
alleviate transgene silencing. Recently, Lowe et  al. (2016) reported an efficient 
monocot transformation strategy wherein they over-expressed the maize morpho-
genic regulators Baby boom (Bbm) and Wuschel2 (Wus2) genes in previously non-
transformable maize inbred lines and achieved high transformation frequencies. 
They also successfully employed this approach to enhance transformation frequency 
in sorghum, sugarcane, and rice.

Other notable advances worth mentioning are (1) development of synthetic 
reporter genes in order to alleviate silencing effects to validate promoter expression 
in sugarcane (Chou and Moyle 2014); (2) use of alternate monocot models such as 
Setaria viridis that yields higher transformation efficiency, has shorter duration, and 
contains a similar cell wall composition to that of sugarcane. Hence it can be used 
as an alternate model plant for sugarcane-applied research for stress resistance, 
improved biomass, and bioethanol production (Martins et al. 2015); (3) use of novel 
promoters that drive higher levels of transgene expression than the routine promoters 
and exploiting codon-optimized target genes specific for sugarcane to enhance 
transgene expression (Kinkema et al. 2014a); (4) application of RNAi technology to 
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develop improved sugarcane for desired traits (Gan et al. 2010; Gao et al. 2013; 
Jung et al. 2012); (5) use of a combinatorial approach wherein multiple promoters/
enhancers/terminators/5′UTRs are employed to achieve higher transgene expres-
sion (unpublished data); and (6) use of systems biology and metabolic modeling 
approach to unravel gene regulatory networks underlying key mechanisms such as 
sucrose synthesis and accumulation.

6.6  �Conclusion and Future Perspectives

Sugarcane biotechnology has advanced rapidly over the years and transgenic lines 
for various biotic and abiotic stresses have been developed and are being tested in 
laboratories worldwide. Commercial testing of transgenic sugarcane has already 
been approved in Indonesia and is in pipeline in several other countries. Several 
recombinant proteins have already been produced using sugarcane as a bio-factory. 
With the advances in transgenic technology, genome sequencing tools, and systems 
biology coupled with bioinformatics, it is now feasible to manipulate the metabolic 
pathways in sugarcane, thereby enhancing the crop productivity and increased sugar 
content. Although obstacles including transgene inactivation, lack of whole genome, 
and long duration for transformation are certainly a hindrance, genetic engineering 
combined with the novel advanced strategies would undoubtedly be instrumental in 
helping the sugarcane industries develop into a stronger bio-economy.
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Chapter 7
Sugarcane: An Efficient Platform 
for Molecular Farming

C. Appunu, Bakshi Ram, and N. Subramonian

Abstract  Production of recombinant proteins in plants is referred to as molecular 
farming. Plant-based production of pharmaceutical and nonpharmaceutical prod-
ucts is gaining momentum around the world. Many plant species have become a 
promising alternative over the traditional expression systems to produce a variety of 
valuable or high-value bioltableogical molecules of pharmaceutical and nonphar-
maceutical products. Plants are preferred as a platform for production of recombi-
nant proteins because of the low costs and greater scalability of plant production 
systems without incurring the high costs associated with downstream processing 
and purification. Of the plant systems, sugarcane represents an ideal candidate for 
biofactory applications due to its large biomass, rapid growth rate, efficient carbon 
fixation pathway, a well-developed storage tissue system, minimal transgene disper-
sal due to vegetative method of propagation, high quantity of extractable juice with 
very low protein content (0.01–0.02%), and a well-established downstream process-
ing technology. The unique aspect of sugarcane is the extraction of large juice vol-
ume (700 mL) by crushing 1 kg of cane. Therefore, sugarcane is possibly an efficient 
platform for molecular farming.

Keywords  Biofactory • Biomolecules • Juice • r-Protein • Sugarcane • Targeting

7.1  �Introduction

The improvement of agricultural crop plants relied largely on the conventional 
breeding programs to increase the productivity, alter the quality characteristics, or 
impart resistance to biotic or abiotic stresses. However, with the advancement of 
molecular biology techniques it has become possible to introduce entirely new 
characteristics efficiently through insertion of the genes coding for the desired 
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characteristics directly into the genome of the plant. Also, these techniques have 
made possible to introduce non-native genes from varied sources, thus tailoring the 
plant to produce entirely new products for innovative applications. There is an 
increasing demand over the years for production of recombinant proteins but the 
extraction and purification from their natural sources are difficult and expensive. 
The proteins should be produced in high amount and easily purified without any 
damage to the structural and functional properties. The main criteria for the selec-
tion of an expression system include cost, yield, product quality, production times-
cale, scale-up capacity, contamination risks, and storage. Traditionally 
microorganisms, plants, and animals have been used as expression systems for 
recombinant proteins. Bacterial expression system is the pioneer system in which 
first therapeutic protein, somatostatin, was successfully expressed (Itakura et  al. 
1977). Recombinant DNA technology was later improved and adapted to yeast 
(Curry et al. 1988), animal (Simons et al. 1987; Gordon et al. 1987), and plant cells 
(Barta et  al. 1986) allowing the production of a wide range of recombinant 
proteins.

The advent of genetic engineering and the development of heterologous plant 
expression system have paved the way of using plants as biofactories for the produc-
tion of commercially valuable products. Plants are modified to produce a wide range 
of heterologous proteins including pharmaceutical and industrial proteins, through 
recombinant DNA technology (Faye and Gomord 2010; Obembe et al. 2011; Wilken 
and Nikolov 2012). Since the first report on the application of plant genetic engi-
neering for the production of novel protein molecules in 1986, there was a rapid 
development of this technology (Curtiss 1999; Curtiss and Cardineau 1990). Plants 
have provided humans with useful molecules for many centuries, but only in the 
past 20 years it has become possible to use plants for the production of heterologous 
proteins by means of genetic engineering (Kusnadi et al. 1997). The genes coding 
for the protein of interest are expressed in crops, targeted to a specific plant tissue 
which can be cultivated in large scale with ease and subsequently can be extracted 
and purified. There is an increasing demand for the production of recombinant pro-
teins in biomedical research, industrial production, and academic investigation. 
Using plants as expression system provides advantages like lower production costs, 
large-scale production of safe and biologically active proteins (Giddings 2001), 
ability to perform most of the posttranslational modifications (Giddings et al. 2000; 
Gomord and Faye 2004), absolutely free of animal pathogens (Lienard et al. 2007), 
easy scale-up, better purification technology, and easier storage and transportation 
without refrigeration (in seed form). Hence, plants are considered as more efficient 
biofactories with the highest economic benefit compared to transgenic animals, ani-
mal cells, yeast, fungi, and bacteria for the production of high-value molecules.

As green bioreactors, plants offer a variety of advantages such as nearly unlim-
ited scalability, from small-scale trials in growth chambers to large open-field mass 
production, and all at relatively inexpensive cost. Plants have become a promising 
alternative over the traditional expression systems to produce a variety of valuable 
biological molecules ranging from medicinal applications such as vaccines to mate-
rials like biodegradable plastics with industrial uses (Twyman et  al. 2005) and 
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nonpharmaceutical products (Tschofen et al. 2016). Plants can produce sufficiently 
high yields of proteins than bacterial or yeast fermentation systems and at 0.1% of 
the cost of mammalian cell cultures (Twyman et al. 2003). In addition plants have 
an advantage over other protein expression systems, such as bacteria, for the pro-
duction of antibodies and other complex proteins because they are able to make, 
fold, and correctly assemble proteins consisting of multiple subunits. As an exam-
ple, secretory immunoglobulin A (sIgA) which consists of four linked proteins is 
successfully produced in tobacco plants (Goldstein and Thomas 2004). The com-
parison of recombinant protein production in plants, yeast, and mammalian systems 
(Ma et al. 2003) is given in Table 7.1.

7.2  �Types of Valuable and High-Value Biomolecules

In recent years, several important products such as human biopharmaceuticals, 
recombinant antibodies, recombinant subunit vaccines, nutritional supplements, 
biodegradable plastics, and many other nonpharmaceuticals have been produced in 
plants with high success (Miao et al. 2008; Tschofen et al. 2016). The first pharma-
ceutically relevant protein made in plants was human growth hormone, which was 
expressed in transgenic tobacco in 1986 (Barta et al. 1986). The first antibody was 
also expressed in tobacco in 1989, which proved that plants could assemble com-
plex functional glycoproteins with several subunits (Hiatt et al. 1989). Since then, 
other important vaccine candidates and therapeutic proteins have been produced in 
transgenic plants and are in different stages of clinical trials (Ma et al. 2003). Some 
important recombinant products produced in plant systems are given in Tables 7.2, 
7.3, and 7.4.

For efficient production of recombinant products, the selection of the host plant 
plays an important role (Sharma and Sharma 2009). Apart from this, the life cycle 
of the host, biomass yield, containment, scale-up costs, form of recombinant pro-
tein, and ease of downstream processing are the deciding factors. The site of pro-
tein localization in the plant cell is another important criterion which decides the 
correct protein folding and its yield. Various plant organs (leaves, roots, seeds) and 
plant cell compartments (endoplasmic reticulum, vacuole, chloroplast, oil bodies) 
are being tested as sites for recombinant protein accumulation (Goldstein and 
Thomas 2004).

However, the synthesis of the majority of proteins of a eukaryotic cell occurs in 
the cytosol, and from there proteins are migrated to reach their final destination. 
These proteins thus contain the information necessary to be transported to the cor-
rect target compartment. Targeting to the cell secretory pathway, in particular, has 
been proposed to improve the stability and yield of several proteins (Ma et al. 2003; 
Yoshida et  al. 2004; Vitale and Pedrazzini 2005). In the absence of any specific 
targeting signals, a protein entering the endomembrane system will follow the 
default secretory pathway and will be secreted to the cell exterior.
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Table 7.2  Transgenic plant-based products available in the market (modified from Sharma and 
Sharma 2009; Horn et al. 2004)

Product Plant system Company name Commercial name

Aprotinin Corn, tobacco Prodigene AproliZean
β-glucuronidase Corn Prodigene GUS
Trypsin Corn Prodigene TrypZean™
Recombinant human 
lactoferrin

Corn, rice Meristem 
Therapeutics

Lacromin™

Recombinant human 
lysozyme

Rice Ventria Biosciences Lysobac™

Recombinant lipase Corn Meristem 
Therapeutics

Merispase™

Avidin Corn Prodigene Avidin
Recombinant human intrinsic 
factor

Arabidopsis Cobento Biotech AS Coban

Collagen Corn Prodigene, Medicago –

Table 7.3  Plant-derived pharmaceutical proteins for commercialization for the treatment of 
human diseases (Ma et al. 2003)

Product Class Indication
Company/
organization Crop Status

Various 
single-chain 
Fv

Antibody Non-Hodgkin’s 
lymphoma

Large Scale Biology Tobacco Phase I

CaroRx Antibody Dental caries Planet 
Biotechnology Inc.

Transgenic 
tobacco

Phase II

E. coli 
heat-labile 
toxin

Vaccine Diarrhea Prodigene Inc. 
Arntzen group

Transgenic 
maize

Phase I

Gastric lipase Therapeutic 
enzyme

Cystic fibrosis, 
pancreatitis

Meristem 
Therapeutics 
Arntzen group

Transgenic 
potato

Phase I

Hepatitis B 
virus surface

Vaccine Hepatitis B Thomas Jefferson 
University/Polish

Transgenic 
lettuce

Phase II

Human 
intrinsic 
factor

Dietary Vitamin B12 
deficiency

Cobento Biotech AS Transgenic 
Arabidopsis

Phase II

Lactoferrin Dietary Gastrointestinal 
infections

Meristem 
Therapeutics

Transgenic 
maize

Phase I

Norwalk 
virus capsid 
protein

Vaccine Norwalk virus 
infection

Arntzen group 
(Tacket et al. 2000)

Transgenic 
potato

Phase I

Rabies 
glycoprotein

Vaccine Rabies Yusibov et al. 
(2002)

Viral vectors 
in spinach

Phase I
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7.3  �Importance of Subcellular Targeting of Proteins 
in Plants

Organelle-specific protein targeting, protein sequestration, or targeting to a specific 
cell compartments has also been readily recognized as a key factor determining the 
overall stability and yield of recombinant proteins in plants (Wandelt et al. 1992; 
Schouten et al. 1996; Gomord et al. 1997). Targeting signals can be used to inten-
tionally retain recombinant proteins within distinct compartments of the cell to pro-
tect them from proteolytic degradation, preserve their integrity, and increase their 
accumulation levels (Seon et al. 2002). Several subcellular compartments have been 
considered as possible destinations for recombinant proteins in plant cells, endo-
plasmic reticulum, chloroplast, and different subcompartments of the cell secretory 
pathway (Ma et al. 2003; Daniell 2006; Goulet and Michaud 2006). Some recombi-
nant products and their localization sites in the plant were shown in Fig. 7.1.

7.3.1  �Targeting to the Vacuole

Plant vacuoles not only maintain the cell turgor but also store proteins and second-
ary metabolites. There are two distinct types of vacuole in plant cells: lytic (or veg-
etative) vacuoles, which have an acidic environment rich in hydrolytic enzymes, and 
protein storage vacuoles, which show a slightly acidic or neutral pH well adapted to 

OIL BODIES

ER

PEROXISOMES

VACUOLES

CYTOSOL
CHROLOPLAST

MITOCHODRIA

HAIRY ROOTS

APOPLAST, OTHER 
SECRETION METHODS

Fig. 7.1  Recombinant products and their localization sites in the plant (Sharma and Sharma 2009)
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protein storage (Robinson et al. 2005). Signal sequences that are responsible for 
targeting the protein to the vacuoles have been identified (Brown et al. 2003; Jolliffe 
et al. 2004; Matsuoka and Neuhaus 1999) but no consensus protein sorting signal 
has been optimized so far. High accumulation levels have been reported for a num-
ber of recombinant proteins targeted to the vacuole including synthetic analogue of 
spider dragline silk protein DP1B in Arabidopsis thaliana (Yang et al. 2005), E. coli 
heat-labile enterotoxin B in tobacco (Streatfield and Howard 2003), toxic biotin-
binding proteins avidin and streptavidin in tobacco (Murray et al. 2002), Aspergillus 
niger phytase in maize (Arcalis et al. 2004), and a thermo stable glucanase of bacte-
rial origin in barley (Howard and Donnelly 2004). In contrast to protein-storing 
vacuoles, vacuoles of vegetative tissues like leaves have higher hydrolytic activity 
and recombinant protein targeted would degrade. Therefore, mechanisms or the sig-
nals required to store recombinant proteins in the vacuoles need further exploration. 
The impact of subcellular targeting on recombinant protein yield in transgenic plant 
systems is given in Table 7.5.

In general, lytic vacuoles are not considered as a suitable destination for most 
of the recombinant proteins in planta, owing to their high proteolytic content 
(Goulet and Michaud 2006). By contrast, protein storage vacuoles present a 
milder acidic environment compatible with protein accumulation (Stoger et  al. 
2005), especially in seeds, where they are most abundant (Park et al. 2004). But 
this situation is not the case for all the proteins; the recombinant proteins which 
are highly stable to acidic conditions can withstand in lytic vacuole. Therefore, it 
is possible that this subcellular compartment has a dominant effect on the local-
ization of foreign proteins expressed in the secretory pathway (Vitale and 
Pedrazzini 2005). Compounds like hydrolases, esterases, nucleases, and peroxi-
dases are involved in degradation and recycling of proteins by maintaining ion 
homeostasis (Marty 1999).

Among the different role of vacuoles, some physical and chemical functions are 
fundamental for cell viability. These roles include mechanical support by turgor 
maintenance, which is also involved in cell growth. The vacuole is also implicated 
in autophagy, an autodigestion of cell material involved in turnover of several cel-
lular compounds. Moreover, they can fuse to form a unique large central compart-
ment or convert between the several kinds of vacuoles of plant cells (Bethke et al. 
1998; He et  al. 2007). Finally, the vacuole is also involved in programmed cell 
death which is an active process involved in the selective elimination of certain 
cells upon chemical and physical stresses (Gietl and Schmid 2001; Greenwood 
et al. 2005).

Plant cells can have up to three different vacuoles with different functions in a 
single cell: the lytic vacuole (LV), the vegetative storage (neutral), and the protein 
storage vacuole (PSV) (Hoh et al. 1995; Paris et al. 1996; Sansebastiano et al. 2001). 
Tonoplast intrinsic proteins (TIPs, a family of aquaporins) have been used as maker 
proteins for different types of vacuoles (Paris et al. 1996; Jiang et al. 2000).
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7.4  �Different Plant Species as a Platform for Molecular 
Farming

Plants provide a promising platform for the production of recombinant proteins, 
offering advantages over conventional fermentation systems that employ bacteria, 
yeast, and mammalian cells in terms of scalability (agricultural scale because no 
specific facilities are required), safety (no contamination with mammalian patho-
gens such as viruses and prions), and cost-effectiveness (Sharma and Sharma 2009; 
Tiwari et al. 2009; Twyman et al. 2003). Plant production systems can be divided 
into those using stable transgenic plants generated by nuclear genome and plastid 
genome transformation and plant virus-based or Agrobacterium-based transient 
expression platforms. Each of the production systems has advantages or disadvan-
tages. When recombinant proteins are produced by transient expression system, 
robust yields of recombinant products can be obtained within a few weeks, but they 
have to be extracted and purified for use because tobacco is mainly used as produc-
tion host. Plastid-based expression system also gives rise to high-level expressions 
of recombinant proteins without gene silencing and position effect due to the site-
specific homologous recombination and multicopy number of genome. Furthermore, 
there is little possibility of pollen-mediated gene contamination due to the maternal 
transgene inheritance, but there is no posttranslational modification of products 
such as glycosylation (Daniell et al. 2002).

The range of plant species amenable to transformation is growing at a phe-
nomenal rate and it is unclear at present which species are optimal for molecular 
farming. Many factors need to be taken into consideration (Schillberg et  al. 
2003). The factors that are taken into consideration are the total biomass yield 
and the storage and distribution of the product. Various production platforms 
have been developed for molecular farming in plants which include leafy crops 
(alfalfa, lettuce, Arabidopsis, spinach, tobacco), cereals and legumes (barley, 
maize, pea, pigeon pea, rice, wheat), fruits and vegetables (banana, carrot, potato, 
tomato, carrots), oil-yielding plants (false flax, flax, rape, safflower, soybean, 
white clover, white mustard), and sugar crops (sugar beet and sugarcane) 
(Twyman et al. 2003, 2005).

Tobacco has well-developed technology for gene transfer and expression, high 
biomass yield, potential for rapid scale-up owing to prolific seed production, and 
availability of large-scale infrastructure for processing. The demerits of this system 
include degradation of protein through proteolysis, presence of toxic alkaloids, and 
interference of transgene with normal plant metabolism.

Cereals lack the phenolic substances, thereby increasing the efficiency of down-
stream processing (Ma et  al. 2003). Legumes, such as alfalfa and soybean, and 
cereal crops, such as corn and rice, have been considered as ideal candidates for 
protein production because the protein can be targeted to accumulate in the seed and 
the seed can be harvested and stored for an extended amount of time. Alfalfa and 
soybean produce lower amounts of leaf biomass than tobacco but have the advan-
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tage of using atmospheric nitrogen through nitrogen fixation, thereby reducing the 
need for chemical inputs.

Fruits and vegetables: The main benefit of fruits, vegetables, and leafy salad 
crops is that they can be consumed raw or partially processed, which makes them 
particularly suitable for the production of recombinant subunit vaccines, food addi-
tives, and antibodies (Ma et al. 2003).

Perennial grass: Perennial grasses like sugarcane provide a “secure” platform 
for production of recombinant proteins. Sucrose, the food commodity derived from 
sugarcane, is sold as a refined crystal that is essentially free of protein, rather than a 
whole fruit or vegetable. Hence sugarcane producing a pharmaceutical protein and 
nonpharmaceutical products are not mixed into the food supply; the food product 
(refined sucrose) would remain unaffected.

7.5  �Sugarcane as a Platform for Biofarming

Sugarcane, a monocot C4 plant, is a candidate crop to be exploited as a platform 
for molecular farming due to its huge biomass production, the availability of a 
large above-ground storage tissue in the form of parenchyma cells with a large 
storage space in the form of a vacuole that stores sugar, and a canopy which con-
stitutes 20% of the total biomass (Welbaum and Meinzer 1990). Diagrammatic 
representation of partition of sugarcane biomass is shown in Fig. 7.2. Sugarcane 
is vegetatively propagated and many commercial canes are either nonflowering or 
fail to produce viable sexual seeds. This precludes the transgenes being dispersed 
through pollen to other cultivars or related species. In addition, a robust trans-
genic technology is in place for sugarcane with a rapid clonal multiplication pro-
tocol (Arencibia et  al. 1998; Manickavasagam et  al. 2004; Lakshmanan et  al. 
2005; Arvinth et al. 2010). Sugarcane is one of the largest producers of biomass 
among the crop plants. Sugarcane has many significant advantages for transgene 
product containment that makes it a “safe” platform for the production of high-
value molecules. Moreover, sucrose or jaggery, the economic products from sug-
arcane, is produced from sugarcane juice after subjecting it to very high 
temperature, during which most of the proteins would get degraded. Sucrose is a 
refined crystal that is essentially free of proteins, unlike a transgenic fruit or veg-
etable. These facts point towards the safety of transgenic sugarcane in an environ-
mental perspective. The most attractive aspect of sugarcane is that one can get up 
to 700 mL of juice by crushing 1 kg of cane. Sugarcane juice is stored in the vacu-
oles which occupies about 80–85% of the parenchymatous storage cells in the 
stem. Sugar is stored in lytic vacuoles. For the production of any high-value mol-
ecules these should be targeted to the vacuole so as to extract and purify the 
protein of interest from the juice.

Considerable progress has been achieved in in planta production of novel com-
pounds. Compounds traditionally synthesized from petrochemicals have been pro-
duced in field crops like maize and sorghum (McQualter et al. 2005). McQualter 
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et  al. (2005) have reported the production of p-hydroxybenzoic acid (pHBA) in 
sugarcane, a major monomer used in the manufacture of liquid crystal polymers 
(LCPs) through metabolic engineering of two independent pathways namely shi-
kimic and phenylpropanoid pathways. Transgenics expressing the chloroplast-
targeted version of chorismate pyruvate-lyase (CPL) derived from Escherichia coli 
catalyzed the synthesis of pHBA from chorismate, an intermediate in shikimate 
pathway. In another set of transgenics, the enzyme 4-hydroxycinnamoyl-coA hydra-
tase/lyase (HCHL) hydrated and catalyzed the retro-aldol cleavage of 
4-hydroxycinnamoyl-coA thioesters, an intermediate in the phenyl propanoid path-
way, for the production (pHBA). A comparison of these two approaches has shown 
that the transgenics expressing HCHL, which produced a maximum of 7.3% and 
1.5% of glucose conjugates of pHBA in the leaf and stem, respectively, was more 
efficient in terms of pHBA production than that of the transgenics with CPL.  In 
general it was observed that the accumulation of transgene products in sugarcane 
culm was less than that in the leaves when constitutive promoters were used. This 
may be because with the constitutive promoters transgene products are generally 
accumulated in cytosol and the parenchyma cells, which constitutes the major cell 
type in the culm which is largely filled with the vacuole with a thin layer of cytosol. 
Perhaps one way of addressing this problem is the use of strong stem-specific 

Fig. 7.2  Diagrammatic 
representation of partition 
of different parts of the 
sugarcane biomass
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promoters, or wherever possible to use a signal peptide to secrete the transgene 
product to the apoplastic space or to direct it to vacuole.

Attempts were also made for the production of polyhydroxybutyrate (PHB), a 
bacterial polyhydroxyalkanate polymer with a side chain, in transgenic sugarcane 
through metabolic engineering mediated through successive action of three 
enzymes—ketothiolase (PHAA), acetacetyl-reductase (PHAB), and PHB synthase 
(PHAC)—on acetyl-coenzyme A (acety-coA), as an alternative to the current pro-
duction through bacterial fermentation (Petrasovits et  al. 2007). A comparative 
analysis on the pattern of PHA accumulation in cytosol, mitochondria, and plastids 
has shown that the leaves had the maximum (1.88% dry leaf weight) followed by 
traces in the cytosol of the cells in culms and practically no accumulation in the 
mitochondria. As a continuation, the same group has also studied the spatiotemporal 
accumulation of PHA in the plastid-targeted transgenic sugarcane in a limited glass-
house trial and reported the existence of a vertical gradient in the concentration—
lowest in the youngest leaves and highest in the oldest leaves. However, the 
maximum yield achieved was only (0.79%) 11.9 g in 1.51 kg dry weight of leaf, 
which is very low for an economic production of the polymer.

An attempt has been made for the field production of the human cytokine granulo-
cyte macrophage colony-stimulating factor (GM-CSF) in transgenic sugarcane that is 
otherwise produced by multiple cell types throughout the human body in low concen-
tration. GM-CSF is required for the division of the human bone marrow cells. This 
glycoprotein with varying molecular weight (14.5–28 kDa) has clinical applications 
for the treatment of neutropenia and aplastic anemia and has also been administered 
to patients in bone marrow transplantation to reduce infection risk by increasing the 
response of neutrophils (Shin et al. 2003). Sugarcane has been transformed with con-
structs with the gene coding for GM-CSF driven by maize ubi1 or SCubi9. The gene 
was tagged with or without a C-terminal HDEL for ER retention and 6× histidine tag 
for the purification of the extracted protein. The maximum level of protein accumula-
tion achieved in around 200 transgenics was 0.02% of total soluble protein. The study 
has shown that ER retention signals improved the accumulation of the protein though 
there was no significant difference between the two promoters used. Interestingly use 
of 6X His tag has shown a twofold decrease in GM-CSF accumulation. There was 
gradual decrease in the recombinant protein in the sugarcane juice from the top 
younger internodes to older internodes at the bottom of the culm. Bioassay with the 
extracts from the transgenic sugarcane has demonstrated the biological activity of the 
sugarcane-produced GM-CSF (Wang et al. 2005).

Sugarcane has an advantage over other plants in the production of certain com-
pounds that can be obtained from the sucrose synthesis pathway through metabolic 
engineering (Chang et  al. 2007). An attempt has been made to manipulate the 
sucrose synthesis pathway to produce sorbitol, a six-carbon sugar alcohol by con-
verting glucose-6-phosphate to sorbitol through the action of sorbitol-6-phosphate 
dehydrogenase (S6PHD) gene (mds6pdh) derived from Malus domestica, and thus 
sorbitol-producing “sorbitol cane” was developed. A gradient in sorbitol accumula-
tion was observed from the tip to the base of the leaves. The necrotic zones at the tip 
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had the highest concentration of 38.5 mg/g dry weight and the bleached region 
towards the middle of the leaf with 3.7 mg/g dry weight and the healthy green zones 
with 0.9 mg/g dry weight. However, sorbitol was not detectable in the stalk in the 
11-month-old crop except in the tenth internode and the sucrose remained 
unchanged. Sorbitol production in these canes has led to a yield penalty with the 
reduction in stalk yield, stalk length, number of internodes, and total biomass com-
pared to that of the untransformed control plants, probably due to the sorbitol-
mediated stress (Chang et al. 2007).

Jackson et al. (2007) have isolated and characterized a vacuolar targeting motif 
from the N-terminus (NTPP) of a legumain homologue from sugarcane that was 
found to be highly conserved across legumain homologues known to target to the 
vacuoles. The efficacy of this motif for targeting the protein to lytic vacuole of 
sugarcane parenchymatous cells was demonstrated through transformation stud-
ied with vectors containing this motif fused to GFP as the reporter protein. Also it 
has been shown that only a five-amino-acid sequence (IRLPS) is required to target 
the protein to the vacuole. This sequence shared some common features with legu-
main of other species. However, the highly acidic environment and the proteolytic 
activity of different enzymes present in the lytic vacuoles of sugarcane inhibited 
the visualization the GFP, but the treatment with Concanamycin A probably inhib-
ited specifically the vacuolar H+ATPase and thus prevented the quenching of GFP 
fluorescence either through neutralizing the acidity or reducing the proteolytic 
activity. Based on these results Jackson et al. (2007) have suggested that the pro-
teolytic environment and the acidic nature of sugarcane vacuole need to be consid-
ered for future use of sugarcane vacuoles of the stem parenchyma for biofarming 
applications.

Attempt has been made to over-express His-tagged cystatin, a protease inhibi-
tor in sugarcane, and it was extracted from the transgenic leaves. Cystatin was 
subsequently purified through nickel affinity column and resulted in an estimated 
yield of 400 g/ha (Ribeiro et al. 2008). Barros et al. (2013) purified the recombi-
nant lysozyme from transgenic sugarcane stalks using two extraction steps of 
cross-flow filtration and hydrophobic interaction chromatography which resulted 
in 50% purity and 69% of recovery of lysozyme. These two recombinant proteins 
were not targeted to any particular organelle. Targeting of recombinant proteins 
to the lytic vacuoles of sugarcane may be an alternative for enhancing the yield 
of the proteins severalfold due to the large size of vacuoles in sugarcane stem 
parenchyma cells.

The experiments so far conducted for the production of heterologous proteins or 
biomolecules in sugarcane indicate the possibility to use sugarcane as a platform for 
biofarming. However, all attempts to produce recombinant proteins in sugarcane 
have resulted in very low yields (0.02% of total soluble protein) (Wang et al. 2005) 
when compared with what has been achieved in rice (1.3%) and tobacco (2%) 
(Jackson et al. 2010). However, the results of the studies so far conducted on the use 
of sugarcane as a platform for the production of heterologous molecules point 
towards the fact that targeting to vacuolar compartments was more effective than 
their accumulation in cytoplasm, endoplasmic reticulum, or apoplasm. This is 
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particularly important when the expressed molecule is phyotoxic. Expression of 
avidin in sugarcane has shown that with its high affinity to co-vitamin biotin, the 
normal plant growth has been affected when it was accumulated in cytoplasm, apo-
plast, or endoplasmic reticulum, but not when it was accumulated in lytic vacuole, 
through which cellular biotin pool was separated from avidin. However, the proteo-
lytic environment in the lytic vacuole resulted in site-specific proteolysis of the 
recombinant protein (Jackson et al. 2010).

More recently, with 78-bp-long putative vacuolar targeting sequence from the 
N-terminal domain of unknown function (DUF) in Triticum aestivum 6-SFT 
(sucrose: fructan 6-fructosyl transferase) was fused with gene coding for the green 
fluorescent protein (GFP) under strong constitutive promoter (Port ubi882) and tar-
geted to vacuoles of sugarcane stem cells (Figs. 7.3 and 7.4). In addition, the study 
also generated sugarcane transgenics with His-tagged β-glucuronidase (GUS) and 
aprotinin targeted to the lytic vacuole (Fig. 7.5), and these two proteins were iso-
lated and purified from the transgenic sugarcane and compared with commercially 
available protein samples. These experiments demonstrated that the novel vacuolar 
targeting determinant could localize recombinant proteins (r-proteins) to the vacu-
ole in high concentrations and such targeted r-proteins can be purified from the juice 
with a few simple steps (Palaniswamy et al. 2016).

Till date, substantial efforts have been directed toward sugarcane as a biofabric 
for high-value products. While these achievements are commendable, a greater 
understanding of the sugarcane genome, cell, and whole-plant biology will acceler-
ate the implementation of commercially significant biotechnology outcomes 
(Lakshmanan et al. 2005; Ming et al. 2006). The rapid progress in molecular biol-
ogy and emerging biotechnology innovations will play significant roles in future 
sugarcane crop improvement programs and will offer many new opportunities to 
develop it as a new-generation industrial crop and a sustainable biofactory (Gomez-
Merino et  al. 2014). The possible diagrammatic representation of different steps 
involved in r-protein production in sugarcane is shown in Fig. 7.6.

Fig. 7.3  Fluorescent microscopic image of sugarcane calli transformed with GFP gene fused with 
78 bp vacuolar targeting determinant (a) V-vacuole with GFP fluorescence. (b) N-propidium 
iodide-stained nucleus, (c) Merged images of (a) and (b) (Palaniswamy et al. 2016)
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7.6  �Conclusion

Sugarcane is one of the most productive crops among cultivated plats. It is also an 
important crop for food and energy production. Another unique feature of sugarcane 
is that it accumulates high levels of sucrose in its stems, an economy part of the crop. 
Sucrose is stored in the vacuoles and this vacuolar compartment occupies a large 
proportion of the stage parenchyma cells in sugarcane stem. With the advent and 
advancement in biotechnology, sugarcane vacuoles have been regarded as an ideal 
site for the production of and (or) storage of commercially valuable pharmaceuti-
cals, nonpharmaceuticals, and industrial products. Worldwide, there are several sig-
nificant efforts under way to develop sugarcane as a biofactory system. The results 
of different experiments showed that targeting of heterologous molecules to vacuo-
lar compartments is more effective than their accumulation in other parts of the cell. 
And also production of heterologous products targeted to the vacuole helps to extract 
and purity the high-value molecules from the juice easily with negligible amount of 

Fig. 7.4  Fluorescent microscopic images (a, b) and confocal microscopic images (c, d) of mature 
sugarcane stem parenchymal cells. (a) Untransformed sugarcane. (b) Localization of GFP in vacu-
oles of transgenic sugarcane. (c) Untransformed sugarcane. (d) Localization of GFP in vacuoles of 
transgenic sugarcane (Palaniswamy et al. 2016)

C. Appunu et al.



Fig. 7.5  Histochemical GUS staining. (a–e) show GUS activity in sugarcane transgenics. (a) 
Juice, (b) plantlets, (c) stem, (d) cross section of the stem, (e) enlarged vascular bundles. (f–j) 
show GUS activity in transformed sugarcane. (f) Juice, (g) plantlets, (h) stem, (i) cross section of 
the stem, (j) enlarged vascular bundles. Px protoxylem, Mx metaxylem, Py parenchyma cells, P 
phloem (Palaniswamy et al. 2016)
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proteins. This makes sugarcane a better platform for production of commercially 
important recognizant proteins. However, high yield of recombinant proteins in sug-
arcane depends on properties of protein, targeting to the vacuoles as lytic vacuoles 
of sugarcane rich in proteolytic enzymes, and easy downstream processing.
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Chapter 8
Biotechnological Interventions for Improving 
Sucrose Accumulation in Sugarcane

G.S. Suresha, C. Mahadevaiah, and C. Appunu

Abstract  Sugarcane is a C4 grass grown in tropical and subtropical regions, culti-
vated in 22 million hectares in more than 100 countries (FAOSTAT 2008, http://
faostatfaoorg/defaultaspx). Major sugar requirement of the world is met by sugar-
cane. It contributes almost 75% of total sugar produced from all the sugar crops. 
Sugarcane is also used for generation of biofuel and bagasse as lignocellulosic raw 
material for paper industries. Sucrose content and cane weight are the key traits deter-
mining the income of sugarcane farmers and industries. In general, sugarcane variet-
ies in cultivation are capable to accumulate higher sucrose in the stems to levels more 
than 50% of the stem dry weight. Ability of sugarcane to produce and store higher 
concentration of sucrose in the mature internodes has made the crop more suitable for 
commercial sucrose extraction. In this chapter, we reviewed the work carried out by 
various sugarcane researchers around the world on sugarcane biotechnology in rela-
tion to sucrose enhancement using various molecular approaches and technologies.

Keywords  Stem • Sucrose • Sucrose synthase • Sucrose phosphatase • Targeting

8.1  �Introduction

Most of the world’s sugar is produced from sugarcane. It contributes almost 70% of 
total sugar produced from all the sugar crops. Sugarcane is a C4 grass that can accu-
mulate sucrose in the stems to levels exceeding 25% of the fresh weight (FAOSTAT 
2008, http://faostatfaoorg/defaultaspx). Sucrose metabolism is the most unique and 
complex mechanism in sugarcane due to compartmentalization between source and 
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sink. Sucrose biosynthesized in the leaves (source) is transported through phloem 
and stored in the stem parenchyma cells (sink). Stem can be able to store the sucrose 
up to 650 mM (Welbaum and Meinzer 1990) or 18% of stem fresh weight in the 
commercial sugarcane varieties (Inman-Bamber et al. 2011). As sugarcane attains 
maturity, carbon pool in the cell is diverted towards biosynthesis of osmotically 
active “sucrose” (Whittaker and Botha 1997). Another unique feature of sugarcane 
is that sucrose storage occurs in the stalk (culm) parenchyma cells (Uys et al. 2007). 
During growth period, sucrose synthesized in the leaves is translocated via phloem 
to stem internodes. There is correlation between leaf photosynthetic activity and 
stem sucrose content in sugarcane. As plant gets matured, the leaf photosynthetic 
activity decreases significantly, as stem sucrose content increases (McCormick 
et al. 2008, 2009). This indicates the possible regulation of sucrose accumulation in 
the sink in relation to source capacity (Watt et al. 2005).

Sugarcane sucrose metabolism regulated at four levels, viz., sucrose biosynthe-
sis, transport, accumulation, and degradation. There are number of factors involved 
at each level of regulation. An overview of sucrose metabolism in sugarcane is 
shown in Fig.  8.1. Sucrose is biosynthesized in both photosynthetic and storage 
cells by sequential action of sucrose phosphate synthase (SPS) and sucrose phos-
phate phosphatase (SPP). The SPS catalyzes the biosynthesis of sucrose phosphate 
(sucrose-P) from fructose-6-phosphate (Fru-6-P) and UDP-glucose (UDP-Glu). 
This nonreversible reaction occurs due to rapid conversion of sucrose-P to sucrose 
by SPP (Botha and Black 2000).

Fig. 8.1  Overview of sucrose metabolism in sugarcane. SPP sucrose phosphate phosphatase, SPS 
sucrose phosphate synthase, CWI cell wall invertase, SAI soluble acid invertase, VAI vacuolar acid 
invertase, SuSY sucrose synthase
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8.2  �Sucrose Metabolism in Sugarcane

In plants, sucrose and starch metabolism are inter-regulated (Fig. 8.1). Sucrose bio-
synthesis occurs in cytosol whereas starch synthesis in chloroplast. The triose phos-
phate formed in the chloroplast from Calvin cycle is transported to cytosol through 
inorganic phosphate-triose phosphate translocator and serves as substrate to aldol-
ase for biosynthesis of fructose 1,6-bisphosphate. Fructose 1,6-bisphosphate is cata-
lyzed by fructose 1,6-bisphosphatase leads to formation of fructose 6-phosphate. 
Thus formed fructose 6-phosphate is catalyzed by hexose phosphate isomerase to 
form glucose 6-phosphate. Subsequently UDP-glucose is synthesized by succeed-
ing reactions by phosphoglucomutase and UDP-glucose pyrophosphorylase. Thus 
formed UDP-glucose condensed with fructose 6-phosphate to form sucrose 
6-phosphate through catalytic action of sucrose phosphate synthase or more prefer-
entially called as sucrose 6-phosphate synthase. In the final step, phosphate group 
cleaved from sucrose 6-phosphate by sucrose 6-phosphate phosphatase leads to for-
mation of free sucrose. Sucrose synthase (SuSy) is another enzyme that catalyzes 
the synthesis of sucrose in reversible reaction. However, the equilibrium of SuSy 
activity is towards degradation of sucrose rather than synthesis. Hence, it is consid-
ered as an important enzyme required for maintaining high carbon pools for energy 
metabolism during plant growth (Goldner et al. 1991; Schafer et al. 2004). SuSy 
activity is high in young internodes of sugarcane stems, negatively correlated with 
sucrose levels and positively correlated with hexose levels (Verma et al. 2011).

Sucrose synthesized in the leaves is transported through phloem to the storage 
cells in the stem, possibly through symplastic and apoplastic system (Rae et  al. 
2005a, b) and mainly the symplast in mature internodes (Patrick 1997; Grof and 
Campbell, 2001; Patrick et al. 2013). Therefore, distribution and storage of sugars 
between the apoplast, cytosol, and vacuole is a very important feature of sucrose 
accumulation in sugarcane stem parenchyma cells. Sucrose is unloaded from 
phloem into the apoplast and stored in compartment (vacuoles) of parenchyma cells 
through two paths. In the first path, sucrose is transported directly into parenchyma 
cells by sucrose transporters of the plasma membrane, then into the vacuole. This 
happens mostly under low turgor conditions. In the second path, sucrose in the apo-
plast is hydrolyzed by apoplastic/cell wall acid invertase (CWI) into glucose and 
fructose and transported by hexose carriers. Sucrose is resynthesized in cytoplasm 
prior to vacuolar storage.

Sucrose transporters of the plasma membrane play an important role in loading 
and unloading of sucrose in phloem, and also in transportation of sucrose in apoplas-
tic and symplastic compartments (Riesmeier et al. 1994; Burkle et al. 1998; Braun 
and Slewinski 2009; Chen et al. 2012). Sugarcane stem transcripts analysis revealed 
higher levels of sugar transporters compared to sugar metabolizing enzymes in matur-
ing culms (Carson et  al. 2002; Casu et  al. 2003). Novel sucrose transporter gene 
“ShSUT1” transcripts were reported to be abundant in both source leaves and sink 
stems (Rae et al. 2005a, b). The functional role of ShSUT1 in sucrose transport was 
confirmed by the presence of high number of transcripts at the periphery of the vas-
cular parenchyma and bundle sheath cells, instead of in the phloem. This indicates 
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two different possible roles of ShSUT1. Eventually, this may contribute to a bio-
chemical barrier that inhibits sucrose apoplastic back-flow out of tissues and also aid 
retrieval of sucrose released to the apoplast (Rae et al. 2005a, b, 2009). Thus ShSUT1 
protein plays an important role in the partitioning of sucrose between vascular tissue 
and storage sites in sugarcane stem parenchyma cells (Reinders et al. 2006).

Apart from sucrose synthesis and transport, storage of sucrose in vacuole, cyto-
sol, and apoplast is a critical function under the regulatory action of invertases [EC 
3.2.1.26; β-fructosidase], a family of enzymes that hydrolyze sucrose into glucose 
and fructose (Moore 1995). Sucrose stored in sugarcane internodes is cleaved into 
glucose and fructose by invertase (Hatch and Glasziou 1963). In sugarcane, sucrose 
is unloaded from the phloem and passes through three distinct cellular compart-
ments: apoplastic space (cell wall), metabolic compartment (cytoplasm), and stor-
age compartment or vacuole (Sacher et  al. 1963). Each compartment contains a 
characteristic invertase isoform: acid invertase located in the apoplastic space (cell 
wall invertase, CWI), vacuolar acid invertase (VAI) or soluble acid invertase (SAI) 
located in the vacuole, and a neutral invertase (NI) located in cytoplasm. SAI activi-
ties are usually high in rapidly growing tissues, such as root apices and immature 
stem internodes. SAI is more active in immature internodes that accumulate the 
least sucrose and minimally active in maturing internodes that accumulate high 
sucrose (Ma et al. 2000). In general, SAI activity decline with ageing coupled with 
rapid rise in sucrose/reducing sugar ratio indicated better sink strength (Batta et al. 
2008). High activity of CWI enzyme is found to be associated with low level sucrose 
accumulation phenotype of a sugarcane genotype (Batta et al. 2002).

8.3  �Genome Biology of Sugarcane

Understanding the genomic structure and biology of sugarcane is prerequisite to 
any researcher working in this crop. The genus Saccharum belongs to the Poaceae 
family that consists of different species, namely S. officinarum, S. spontaneum, S. 
barberi, S. robustum, and S. edule. In the early nineteenth century, sugarcane breed-
ers in Java and India carried out crosses between S. officinarum and S. spontaneum 
to develop high sucrose, disease and pest resistant sugarcane cultivars (Grivet and 
Arruda 2001). Modern sugarcane cultivars are developed from crosses of early 
interspecific genotypes with repeated intercrossing and selection. They are poly-
ploidy aneuploid hybrids with unequal contribution from S. officinarum (80–90%) 
and S. spontaneum (10–20%) parental genomes and a small percentage of recombi-
nant chromosomes (Piperidis et al. 2010; D’Hont 2005). Recent sugarcane hybrids 
record ploidy level of 10 or more and have a much larger total genome size 
(10,000 Mb and 2n = 115) as compared to maize (5500 Mb, 2n = 20), Sorghum 
(1600 Mb, 2n = 20), or rice (860 Mb, 2n = 24) reflecting the high polyploidy level 
of sugarcane cultivars (D’Hont and Glaszmann 2001).

The closest relative of sugarcane is Sorghum, and hence Sorghum genomic 
resources are widely used as reference genome for comparison with sugarcane. 
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Using modern bioinformatics tools, it has become very easy to annotate the gene 
sequences and their regulatory mechanism. The regulatory genes for sucrose bio-
synthesis and their pathways have been functionally characterized for the allelic 
variation, copy number, and expression pattern in modern sugarcane cultivars. 
However, the complex polyploidy nature of sugarcane cultivars limits the breeders 
in understanding genotype to phenotype allelic variation and dosage. There is big 
challenge ahead in elucidating the complete genome sequence of sugarcane due to 
its complex ploidy and aneuploidy nature.

8.4  �Molecular Breeding for High Sucrose Yield

Increasing sucrose content through introgression of new genes is a major objective of 
sugarcane breeding programs. The key regulatory enzymes like sucrose phosphate 
synthase, sucrose synthase, and invertases have been used as biochemical marker to 
develop high sucrose sugarcane cultivars in the breeding programs. The crossing 
between S. officinarum genotype and sugarcane hybrids with subsequent backcrosses 
is the most common practice in sugarcane breeding to develop high sucrose hybrids. 
Further measurement of SPS, SuSy, and invertase enzyme activities in the progenies 
is the precise way to confirm the high sucrose sugarcane hybrids. The enzymes 
sucrose-phosphate synthase (SPS), three isoforms of invertase, and sucrose synthase 
were used as biochemical markers and evaluated their activities in four high and four 
low CCS clones from an initial cross between a S. officinarum and the commercial 
cultivar Q165. Later, SPS and the two soluble isoforms of invertase were measured 
in clones derived from a backcross of one of the progenies to another commercial 
cultivar Mida (Grof et al. 2007). Enzyme activities were measured in tissue from 
internodes taken from four different positions down the stem profile. SPS was sig-
nificantly higher in the upper internodes (one to three) of high CCS clones as com-
pared with low CCS clones in both populations, suggesting that this enzyme may 
have a key role in establishing metabolic and developmental processes, necessary for 
high sugar accumulation during stem growth and maturation (Grof et  al. 2007). 
Advancement DNA marker technology allowed the breeders to develop and identify 
the marker linked to the important traits in plants. Expressed sequence tags (ESTs) 
derived from RFLP marker associated with sucrose synthase gene is identified and 
used to identify QTL for sucrose content in sugarcane (Da Silva and Bressiani 2005).

8.5  �Sugarcane Transcriptome and Gene Expression Profiling 
in Relation to Sucrose Metabolism

Genes associated with sucrose content have been characterized in sugarcane at tran-
scriptional level. Traditional approaches like northern blotting, RT-PCR, quantita-
tive PCR, and micro arrays have been extensively used to study the gene expression 

8  Biotechnological Interventions for Improving Sucrose Accumulation in Sugarcane



116

pattern in sugarcane. Differential expression pattern of sucrose phosphate synthase 
(SPS), sucrose synthase (SuSy), and invertase enzymes between mature and imma-
ture internodes have been observed in high and low sucrose sugarcane genotypes 
(Verma et al. 2011; Prathima et al. 2011; Chandra et al. 2015). From these studies, 
it is clear that expression of SPS is very high in mature internodes and positively 
correlated with sucrose content whereas SuSy and invertases are high in immature 
internodes and negatively correlated with sucrose content. cDNA microarrays were 
also employed in sugarcane to identify differentially expressed transcripts for 
sucrose content (Papini-Terzi et al. 2005).

Most recently NGS technologies have been applied in sugarcane (Wu et al. 2013; 
Cardoso-Silva et  al. 2014) for identification of differentially expressed pathogen 
responsive genes for smut disease caused by Sporisorium scitaminea by using 
Solexa technology (Wu et al. 2013). De novo assembly and transcriptome annota-
tion of six sugarcane genotypes involved in bi-parental crosses were performed with 
the Illumina RNA-seq platform to generate a dataset for future genetic and genomic 
studies (Cardoso-Silva et al. 2014). The transcriptome of a high-sucrose sugarcane 
variety, GT35, was sequenced using high-throughput Solexa technology and identi-
fied many unigenes involved in various metabolic pathways (Huang et al. 2016). 
Tissue specific transcriptome analysis of mature sugarcane stalks revealed the spa-
tial deployment of pathways responsible for sucrose accumulation and fiber synthe-
sis within the stalk (Casu et al. 2015). Expression profiling of storage parenchyma, 
vascular bundles, and rind dissected from a maturing stalk internode of sugarcane 
has identified ten cellulose synthase subunit genes and several sugar transporters 
with significant differences in the expression of their corresponding transcripts. The 
sugar transporter genes ShPST2a, ShPST2b, and ShSUT4 were significantly upreg-
ulated in storage parenchyma while ShSUT1 was upregulated in vascular bundles. 
Specific group of genes involved in sucrose accumulation and cell wall synthesis 
provides the new information on the mechanism sucrose transport and fiber synthe-
sis in sugarcane (Casu et al. 2015).

8.6  �Genetic Engineering of Sugarcane for Enhanced  
Sucrose Accumulation

Genetic engineering has revolutionized the modern field of biotechnology. Many 
attempts have been made to modify sugarcane plant for improving overall sugar 
yield through genetic engineering (Table 8.1). Sucrose enhancement through trans-
genic approach necessitates complete understanding of mechanism of sucrose accu-
mulation process and its regulation in sugarcane (Watt et al. 2005). Sucrose phosphate 
synthase is the principal regulatory enzyme of sucrose metabolism. Although SPS 
activity correlates with sucrose content in diverse sugarcane genotypes, overexpres-
sion of SPS alone in transgenic sugarcane plants has not led to improved sucrose 
yields (Vickers et al. 2005; Grof et al. 2007). Apart from SPS, invertase has been a 
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Table 8.1  Metabolic engineering and genetic manipulation for increasing sugar yield in sugarcane

Source Gene/enzyme Approach
Sugar 
accumulate References

Pantoea 
dispersa UQ68

Sucrose isomerase 
(SI)

SI gene 
overexpression in 
vacuoles

Isomaltulose Wu and Birch 
(2007)
Basnayake et al. 
(2012)

Malus domestica Sorbitol-6-phosphate 
dehydrogenase gene 
(mds6pdh)

Mds6pdh gene 
overexpression

Sorbitol Chong et al. 
(2007)

Grifola frondosa Trehalose synthase Trehalose 
synthase gene 
overexpression

Trehalose Zhang et al. 
(2006)

Pseudomonas 
mesoacidophila 
MX-45

Trehalulose synthase Trehalulose 
synthase gene 
overexpression

Trehalulose Hamerli and 
Birch (2011)

Sugarcane Neutral invertase 
(NI)

NI gene: 
Downregulation 
of endogenous 
gene by antisense 
repression

Sucrose Rossouw et al. 
(2010)

Sugarcane Proton translocating
vacuolar pyro 
phosphatase 
(VPPase)

VPPase gene: 
Downregulation 
of endogenous 
gene by antisense 
repression

Sucrose Swart (2007); 
South African 
Patent 
No:2007/02680

Sugarcane Pyrophosphate 
fructose 
6-phosphate1-
phosphotransferase 
(PFP)

PFP gene: 
Downregulation 
of endogenous 
gene by antisense 
repression

Sucrose Groenewald and 
Botha (2007) 
and van der 
Merwe et al. 
(2010)

Sugarcane Soluble acid 
invertase (SAI)

SAI gene: 
Downregulation 
of endogenous 
gene by antisense 
repression

Sucrose Botha et al. 
(2001) and Ma 
et al. (2000)

Yeast Soluble acid 
invertase (SAI)

SAI gene: 
Apoplasmic 
overexpression of 
yeast invertase 
gene (SUC2)

Sucrose Ma et al. (2000)

Sugarcane UDP-glucose 
dehydrogenase 
(UDP-Glc DH)

UDP-Glc DH 
gene: 
Downregulation 
of endogenous 
gene by antisense 
and RNAi 
repression

Sucrose Bekker (2007); 
South African 
Patent 
No:2006/07743
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main target for molecular manipulation in a number of plants, including Arabidopsis 
(von Schaewen et al. 1990), tobacco (von Schaewen et al. 1990; Sonnewald et al. 
1991), tomato (Ohyama et al. 1995), potato (Bussis et al. 1997), and carrot (Tang 
et al. 1999). Many efforts have been made to control invertase enzymes (both SAI 
and SNI) activity in sugarcane through transgenesis and despite having successful 
transgenic events, there was no significant increase in sucrose accumulation (Botha 
et al. 2001; Rossouw et al. 2007; Ma et al. 2000). Although suppression of the solu-
ble acid invertase also increased sucrose content in sugarcane in suspension cell cul-
ture (Ma et  al. 2000), a similar response was not evident for the overall sucrose 
content of mature, transgenic sugarcane plants (Botha et al. 2001). This might be due 
to the regulatory feedback mechanism between culm (sink) and leaf (source) during 
sucrose accumulation in sugarcane (McCormick et al. 2006, 2009; Chandra et al. 
2011). The balance between soluble acid invertase and SPS activities influences the 
sucrose accumulation in sugarcane internodes, favoring sucrose storage when SPS 
predominates whereas there was a critical threshold of SAI activity above which high 
concentrations of sucrose did not accumulate (Zhu et al. 1997). Downregulation of 
neutral invertase activity to the tune of 40% in transgenic lines has increased both 
sucrose and hexoses content (Rossouw et  al. 2010). Specifically, sucrose content 
increased by 25% and 14% in the immature and mature culms, respectively, but this 
benefit was outweighed by a severe reduction in plant vigor (Rossouw et al. 2010). 
The reduced neutral invertase in these stems appeared to be compensated by an 
increase in SuSy activity (Rossouw et al. 2010). Cell wall invertase is also important 
for providing hexoses for growing tissue involved in sucrose loading through apo-
plastic route (Moore 1995). Increases in cell wall invertase activity are associated 
with higher sucrose content in sugarcane (Lingle, 1989). High cell wall invertase 
activity in high-sugar genotypes may operate by enhancing sucrose unloading into 
the internode tissue (Chandra et al. 2012).

8.7  �Conclusion

With the rapid increase in population, the demand of sugar is also increasing. One 
of the most significant works in sugarcane transgenics was the transformation of a 
bacterial sucrose isomerase (SI) gene to convert sucrose to isomaltulose, a metabo-
lite not synthesized in higher plants. Transgenic sugarcane lines expressing bacte-
rial SI which were targeted to the vacuole increased the total sugar content in mature 
sugarcane stem to 50% (Wu and Birch 2007; Wu and Birch 2010). This has doubled 
the total sugar content in sugarcane. A similar effect was also achieved by overex-
pressing a fructosyl-transferase gene from the Cynara scolymus in transgenic sug-
arcane. Resulting plants converted 78% of culm sucrose to fructans, which led to 
63% greater total sugar content (Nell 2007). These studies showed that additional 
metabolic sinks for sucrose could increase sink capacity, and lead to expected 
enhancement of photosynthesis and overall sugar accumulation (Koch 1996, 2004). 
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With the advent of biotechnological strategies and novel sequencing technologies, 
the possibility of enhancing sugar accumulation has been broadened. A system biol-
ogy approach combined with metabolic engineering would be of great significance 
in the near future for sugarcane crop improvement.
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Chapter 9
Sugarcane as a Potential Biofuel Crop

Diganggana Talukdar, Deepak Kumar Verma, Kamla Malik, 
Balaram Mohapatra, and Roni Yulianto

Abstract  Sugarcane (Saccharum spp.) belonging to family Poaceae is a tropical 
perennial grass used widely for sugar production. Research scientists have discov-
ered sugarcane as an alternative biofuel source to conventional petroleum fuels that 
lead to global warming. The sugars extracted from sugarcane can be easily fer-
mented to produce ethanol. In addition, the bagasse (biomass remaining after the 
juice is extracted from the stalks) can be further used by sugar mills to generate 
steam and electricity. The current total global production of renewable fuels is 50 
billion liters a year, and sugarcane alone accounts for about 40%, thus becoming a 
major contributor for biofuel production. The tremendous success of sugarcane 
industry to produce ethanol as biofuel in Brazil has also enhanced the interest in 
other parts of the world. With conventional technologies, sugarcane can yield sev-
eral products from fiber to chemicals. But with the help of genetic recombination, 
sugarcane would roll to produce the novel biofuels more efficiently. Research scien-
tists have identified the key enzymes that can hasten the process of ethanol produc-
tion more powerfully. There is tremendous potential of sugarcane as a biofactory 
which can uplift both socioeconomic status of a country and sustainability of natu-
ral resources. Now, it’s time to augment weightage to produce biofuels in developing 

D. Talukdar, Ph.D. (*) 
Department of Plant Pathology and Microbiology, College of Horticulture Under College  
of Agricultural Engineering and Post-harvest Technology, Central Agricultural University, 
Ranipoo 737135, East Sikkim, India
e-mail: talukdardiganggana@gmail.com 

D.K. Verma, M.Sc. (*) 
Agricultural and Food Engineering Department, Indian Institute of Technology,  
Kharagpur, West Bengal, India
e-mail: deepak.verma@agfe.iitkgp.ernet.in; rajadkv@rediffmail.com 

K. Malik, Ph.D. (*) 
Department of Microbiology, Chaudhary Charan Singh Haryana Agricultural University, 
Hisar, Haryana, India
e-mail: kamlamalik@rediffmail.com; kamlamalik06@gmail.com 

B. Mohapatra, M.Sc. 
Department of Biotechnology, Indian Institute of Technology, Kharagpur, India 

R. Yulianto, M.Sc. 
Grassland Ecology, Development of Technology Science, International Development 
Education and Cooperation (IDEC), Hiroshima University, Hiroshima, Japan

mailto:talukdardiganggana@gmail.com
mailto:deepak.verma@agfe.iitkgp.ernet.in
mailto:rajadkv@rediffmail.com
mailto:kamlamalik@rediffmail.com
mailto:kamlamalik06@gmail.com


124

countries like India which would initiate rural development, create more job oppor-
tunities, and also save foreign exchange to great extent.

Keywords  Biofuel • Ethanol • Genetic recombination • Socioeconomic • Sugarcane

9.1  �Introduction

Globally with rapid increase in population along with increased demand of the fossil 
fuels, a time will come which will reveal the truth of the extinction of these renewable 
sources. The world population is estimated to increase from 6.7 billion to 8 billion by 
2030 (USCB 2016). On the other hand, global oil production is expected to decline 
from 25 billion barrels to 5 billion barrels by 2050 (Campbell and Laherree 1998). 
But with a new discovery of use of biofuel, now the demand of this biofuel has 
increased to many folds. Sugarcane is one of the main source for biofuel that would 
totally replace the fossil fuel in coming years and would not only contribute to main-
tenance of ecological balance but also would strengthen the industry and contribute 
to energy source diversification worldwide (Ericlam et al. 2009). Use of biofuel has 
positive impacts as it eliminates lead compounds from petrol as well as reduction of 
poisonous emission of harmful gases (Goldemberg et  al. 2008). There is also the 
reduction of CO2 emissions as sugarcane ethanol requires only a small amount of 
fossil fuels for its production, belonging to a renewable source of fuel energy. Out of 
total global production of renewable fuels of 50 billion liters a year, about 40% of it 
comes from sugarcane that is mostly produced by Brazil. Brazil tops the annual pro-
duction with 73,93,000 metric tons while India ranks 2nd with 341,200 metric tons 
and third comes China with annual production of 125,500 metric tons. Bioethanol 
production from sugarcane and starch-rich feedstocks such as corn and potato is con-
sidered as the first-generation process and it has already been developed. Sugarcane 
(Saccharum spp.) is now considered as the most productive first-generation energy 
crop. The success of the Brazilian sugarcane industry in ethanol production has 
increased interest in producing sugarcane for ethanol throughout the world. The sug-
ars extracted from sugarcane can be easily fermented to produce ethanol. In addition 
to this, the bagasse (biomass remaining after the juice is extracted from the stalks) is 
used by sugar mills to generate steam and electricity (Salassi and Breaux 2006; 
Mahmood-ul-Hassan et al. 2015). Brazil, which is considered as leading producer of 
sugarcane (Orellana and Neto 2006), has revealed that in last 20 years, the amount of 
sugarcane harvested and processed has almost tripled to meet the demand for sugar-
cane ethanol and bioelectricity within the country. As compared to other agricultural 
activities, sugarcane occupies only petite quantity of land, but yet, this small portion 
has been able to swap almost 42% of its gasoline needs with sugarcane biofuel (etha-
nol). In 2015/16, Brazilian ethanol production reached 30.23 billion liters (8 gallons) 
(Barros 2015). Brazil has been considered as a commendable model in developing 
and commercializing use of biofuels in its proposition to minimize enslavement on 
foreign oil alone with decreasing hydrocarbon air pollution and maintaining 
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ecological balance. There is a positive correlation between increase in atmospheric 
greenhouse gases such as carbon dioxide with that of petroleum use and contributes 
global warming has created a vital need to develop and optimize “green fuels” that 
will have carbon neutral or even carbon negative capabilities (Graham-Rowe 2008) 
and sugarcane-based ethanol is the answer. Thus we can say that there is tremendous 
prospective of sugarcane biofactory which can boost both socioeconomic conditions 
of a country and sustainability of natural resources. Now it’s the phase to produce 
biofuels in the developing countries like India which would strengthen rural prog-
ress, create greater job facilities, and also save foreign trade to great point.

9.2  �Biology of Sugarcane

Sugarcane belonging to the genus Saccharum L., of the tribe Andropogoneae in the 
grass family (Poaceae) (Hodkinson et  al. 2002) is a tropical perennial grass. 
Although sugarcane performs best in tropical and subtropical environments with 
temperatures between 70 and 90 °F, it is highly sensitive to cold, and yields are 
reduced in areas that experience frequent frost and below freezing temperatures. 
Commercial sugarcane varieties are complex hybrids of Saccharum officinarum and 
other Saccharum spp. like S. spontaneum, S. robustum, S. officinarum, S. barberi, S. 
sinense, and S. edule. This hybridization results in a wide range of physical charac-
teristics, pests and disease tolerance, fiber and sucrose content, and cold tolerance. 
The height of the mature hybrid is about 16 ft. Likewise; stalk diameters can range 
from pencil-thin to up to 2 in. The inflorescence, or tassel, of sugarcane is a red- to 
white-colored, open-branched panicle. Sugarcane is clonally propagated by means 
of “seed-cane” which is a section of a mature cane stalk with buds or “eyes” located 
at the nodes. Sugarcane is harvested after 9–14 months of growth in Florida, but in 
other countries it is harvested 10–12 months after growth. Once an established sug-
arcane crop has been harvested, it ratoons annually from underground buds on basal 
portions of old stalks (Sandhu et al. 2016) and typically four rations can be used 
(Bull 2002). Sugarcane is having stout jointed fibrous stalks that are rich in the 
sugar sucrose accumulating in the stalk internodes. Sucrose is extracted and purified 
and fermented to produce ethanol which can be used as biofuel.

9.3  �Sugarcane Biofuel Production

9.3.1  �First-Generation Biofuel

The first-generation biofuel plants utilize either sugars or starch and sugar-based 
biofuel are predominately produced in Brazil from sugarcanes. Globally, 21 million 
m3 ethanol is produced from sugarcane while 60 million m3 ethanol is produced 
from corn and grains (REN21 2012). The foremost step is the liquidification of the 
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sugar extracted from the sugarcane. This is followed by the hydrolysis or sacchari-
fication that releases the sugars (glucose) monomers into the solution. During the 
subsequent fermentation with yeast (Saccharomyces cerevisiae) the sugar mono-
mers are converted into ethanol and carbon dioxide. An ethanol concentration of 
10% (w/v) is obtained at the end of the fermentation. The fermented liquid is then 
distilled to separate and purify the ethanol, which is then dehydrated to concentra-
tions above 99.7% applicable for fuel (NSAI 2014). In the bottom of the distillation 
column, the sillage consisting of about 10% total solids (which includes residual 
substrate, yeast, and by-products). Some of the solid particles are removed from 
liquid via centrifugation by a decanter and the remaining thin silage is sent to an 
evaporator. The centrifugation cake and the resulting syrup from the evaporation are 
normally mixed to produce distillers dried grains and soluble (DDGS) which is used 
as protein source for animal feed (Taherzadeh et al. 2013). The first-generation bio-
ethanol production is shown in the flowchart in Fig. 9.1.

9.3.2  �Second-Generation Biofuel

Second-generation ethanol utilizes different types of lignocellulosic materials as 
substrate. Here, the energy balance for production from cellulosic materials is 
predicted to be superior to the present methods from sugarcane (Larson 2006). 
Currently, only negligible amounts of second-generation biofuel are produced 
around the world and are not commercially feasible. In Norway, one company 
named Borregaard is considered to be the largest producer of second-generation 
biofuel production with annual production of 20,000 m3 (Rodsrud et al. 2012). 
The production of bioethanol from lignocelluloses is followed by few important 
steps, i.e., milling, thermophysical pretreatment hydrolysis, fermentation, distilla-
tion, and product separation/processing. It involves pretreatment and hydrolysis 
of the lignocellulosic material where steam explosion is followed by an alkaline 
delignification step. In the steam explosion, 70% of the hemicellulose is hydro-
lyzed into pentoses, with small cellulose losses and no lignin solubilization (Ojeda 
et al. 2011). The pretreated solids are separated from the obtained pentoses liquor 
using a filter. Pentoses are either fermented into ethanol or biodigested (producing 
biogas for the cogeneration system). In some cases, pretreatment is followed by 
an alkaline delignification step, where most of the lignin is removed from the 
pretreated material decreasing its inhibitory effects on enzymes in the enzymatic 
hydrolysis step (Rocha et al. 2012). The solid fraction obtained after filtration of 
the material is sent to enzymatic hydrolysis. The hydrolyzed liquor produced in 
the enzymatic hydrolysis, rich in glucose, is separated from the unreacted solids, 
i.e., residual cell lignin, which are used as fuels in the cogeneration system. In the 
integrated process, the hydrolyzed liquor is mixed with sugarcane juice; thus, 
concentration, fermentation, distillation, and dehydration operations are shared 
between both processes (Fig. 9.2).

Yeasts are specially used for the conversion of sugars into ethanol (mostly 
Saccharomyces spp.) to convert glucose into ethanol. C-5 sugars like xylose are 
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converted into ethanol at low rates by very few yeast (Pichia spp.) strains. 
Research has been carried out to undergo either to adapt yeasts for the use of 
both C-5 and C-6 sugars or to modify Saccharomyces genetically to obtain yeast 
that produces ethanol simultaneously from C-5 and C-6 sugars. Lignocellulosic 
biomass is the most promising feedstock for the production of fuel bioethanol. 
Large-scale production of bioethanol from lignocellulose containing materials 
has still not been implemented commercially in many places.
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Fig. 9.1  Flowchart for the bioethanol production process from sugarcane (Source: Dias et al. 2011)
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9.4  �Technological Improvement in Sugarcane Biofuel

Although ethanol is being successfully produced from the sugarcane, the produce is 
not up to the mark. There is a lot of scope for increasing production of novel biofuel 
(ethanol) and more efficiently in many ways. There are certain biological problems 
in the pathways of sucrose synthesis, translocation pathways, cell wall composition, 
and lignin synthesis and that needed to be more focused and carefully understood 
with the help of biotechnology approaches so that we can improve regulation of 
these and other pathways (Ericlam et al. 2009).

A big challenge is how to reduce cost of pretreatment and enzyme and how to 
enlarge the technologies for maximum efficiency of conversion of sugarcane bio-
mass into biofuels. So, it is possible through genetic approaches including genetic 
modification, molecular biology, and plant breeding efforts to improve sugarcane 
cultivars with high cellulose, biomass yields, less lignin, fiber content, and maxi-
mum conversion of the biomass to biofuels in addition to improve pretreatment 
process and enzyme hydrolysis process (Hoang et al. 2015). However, despite these 
limitations, significant progress has been made towards genetically modified micro-
organisms that will digest the cellulose organic waste and xylose utilizing yeast 
strains have been developed for ethanol production (Paula 2016).

9.4.1  �Importance of Genetic Engineering for Improvement 
of Efficacy of Biofuel

For efficient production of biofuels from plant materials, it requires proper pro-
cesses that would initiate the biochemical makeup of the starting materials. Microbes 
are commonly used in industrial processing of crop materials to produce biofuels. 
The biological processes of these microbes which involve breakdown of cellulose 
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Fig. 9.2  Flow chart showing bioethanol production from lignocelluloses (Kahr et al. 2012)
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and other molecules to sugar, fermentation of sugar to yield ethanol or butanol, etc. 
are involved in the stepwise process of converting plant materials to biofuels. Most 
of the plants, with the exception of sugarcane or sugar beet, do not store consider-
able amount of sugar. Starch is produced in many plants as a storage form of carbon 
and energy. Maize and cassava produce large amounts of starch in seeds (maize) or 
roots (cassava). Starch is composed of long chains of sugar molecules, which can be 
hydrolyzed to simple sugars using microbial enzymes. Sugar produced in this way 
can then be fermented to ethanol. Here lie the opportunities of genetically engi-
neered organisms producing starch hydrolyzing enzymes. Research is also being 
directed at identifying biochemical approaches to metabolize lignin and hemicel-
luloses present in plants so that usable products might be produced from these mol-
ecules as well. A much broader range of sugars can be fermented by organisms such 
as Saccharomyces, E. coli, Xymomonas, and Pichia, all of which have shown prom-
ising results for use in fermentation. These organisms produce enzymes that fer-
ment a broader array of five and six carbon sugars. Since the microorganisms used 
for fermentation cannot survive at ethanol levels greater than 10–15%, distillation 
must be used to remove the remaining water and achieve high concentrations of 
ethanol. The use of genetic engineering to increase the tolerance to ethanol of the 
organisms used in fermentation is an active field of research. The possibility to 
“engineer a single organism to secrete all the necessary enzymes and utilize all the 
available sugars in a process referred to as integrated bioprocessing” represents a 
goal that many recognize as achievable (Somerville 2007).

Secondly, there are other relevant problems like sucrose synthesis and transloca-
tion pathways, cell wall composition and pathways for lignin synthesis that are 
needed to be more thoroughly understood. Thus the traditional plant physiology 
studies combined with molecular techniques are to be developed for a better under-
standing of plant development and gene expression before taking any biotechno-
logical interventions to improve regulation of these and other pathways.

Many scientists have carried out the different interacting processes involved in 
accumulation of sucrose in sugar-storing stems of sugarcane. They have identified 
the key role of enzymes in this process through genetic engineering. Several genetic 
modification was done in sugarcane for boosting of the sucrose yield; for example, 
Groenewald and Botha (2008) identified a particular enzyme that raised the amount 
of sucrose in young stems of the genetically modified sugarcane plants and discussed 
metabolic engineering of sugars and its derivatives in plants (Patrick et al. 2013).

The prospect for genetic modification (GM) has large impact on devoted energy 
crops like sugarcane which started its pace from 2015 and continues till 2025 in the 
whole world. There is need for lot of technical challenges in using cellulose and 
lignin for biofuels production which have been already discussed above that can be 
solved with genetic modification. The most important impact of biotechnology on 
biofuels in the next 5 years will be on microorganisms involved in the processing of 
biomass to biofuels. Development and improvement of enzymes used for digesting 
cellulose, hemicellulose, and lignin into sugars and other simpler components are 
essential. Improvements in the efficiency and yield of fermentation will also con-
tinue till the time speculated.

9  Sugarcane as a Potential Biofuel Crop



130

9.5  �Benefits of Ethanol as Biofuel

Ethanol is a comparatively low-cost alternative fuel. Sugarcane ethanol is an 
alcohol-based fuel produced by the fermentation of sugarcane juice and molasses. 
It is clean, affordable, and low carbon biofuel; sugarcane ethanol has emerged as a 
leading renewable fuel for the transportation sector. Ethanol is used in mainly two 
ways, namely, blended with gasoline and as pure ethanol. The ethanol is better than 
petroleum because it reduces air pollution and harmful emissions by adding oxygen 
to gasoline. Ethanol-fueled vehicles produce lower carbon monoxide and carbon 
dioxide emissions, and lower levels of hydrocarbon and oxides of nitrogen emis-
sions. It always burns with a smokeless blue flame that is invisible in normal light 
(Sukesh et al. 2010). It is high octane fuel that helps prevent engine knocking and 
generates more power in higher compression engines. Moreover ethanol reduces 
global dependence on oil.

Below are some few valid reasons why to use biofuel instead of gasoline. They are:

9.5.1  �Balance in Energy Due to Ethanol Production

Ethanol production from sugarcane has become an attractive replacement for gas-
oline in context that it is basically a renewable source of fuel which supplies 
electricity in surplus (Goldemberg et  al. 2014). This is responsible for the low 
carbon emissions in the country Brazil (most of the carbon dioxide emission of the 
country), 75% of all national emissions, is due to Amazonia Forest deforestation 
(MCTI 2004). But for second-generation processes, the energy balance for pro-
duction from cellulosic materials is estimated to be much better than the present 
methods from sugarcane (Larson 2006).

9.5.2  �Environmental Aspects

As the amount of alcohol in gasoline increased, lead additives were reduced and 
they were completely eliminated by 1991. Brazil was then one of the first countries 
in the world to eliminate lead entirely from gasoline. The aromatic hydrocarbons 
(such as benzene), which are mainly harmful, were also eliminated and the sulfur 
content was reduced to many fold. In pure ethanol cars, sulfur emissions were 
eliminated. The simple addition of alcohol instead of lead in commercial gasoline 
has dropped the total carbon monoxide, hydrocarbons, and sulfur transport-related 
emissions by significant numbers. Due to the ethanol blend, lead ambient concen-
trations in Saa Paulo Metropolitan Region were reported to be dropped from 
1.4 mg/m3 in 1978 to less than 0.10 mg/m3 in 1991, according to CETESB (the 
Environmental Company of Sao Paulo State), far below the air quality standard of 
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1.5  mg/m3 (Coelho and Goldemberg 2004). Also, ethanol hydrocarbon exhaust 
emissions are less toxic than those of gasoline, since they present as lower atmo-
spheric reactivity.

9.5.3  �Social Aspects

Regarding socioeconomics aspects of the agribusiness, the most vital point is on 
the subject of job and income creation for a very wide range of workface capacity 
building programs, with the flexibility to support local characteristics using dif-
ferent technologies on the farm. Biomass and biofuels trade contribute to rural 
development, allowing additional income and job creation for developing coun-
tries, contributing to the sustainability of natural resources, collaborating with 
GHGes emission reduction in a cost-effective way, and thus diversifying the 
world’s fuel needs.

9.6  �Government Interventions

The global production of biofuels has almost tripled since 2005 in Brazil. This rapid 
increase in production in industrialized countries has been due to the fact that it 
reduces both their dependency on imported fossil fuel products and carbon emis-
sions. For many developing countries like India, this trend presents new trade 
opportunities, as it increases the rural employment opportunities and also decreases 
the dependency of oil import from foreign. However, this poses a number of gover-
nance challenges. There have been reports of emerging and developing economies 
in certain developing countries (Brazil, Mexico, Indonesia, Malaysia, Zambia, and 
Ghana). All these happened due to the active role of government in developing a 
viable domestic biofuel industry and then exploring the effectiveness of national 
governance systems in managing the potential externalities of biofuel sector 
expansion.

A case study has been reported here for Brazil and Indonesia to depict how gov-
ernment has played a major role in expansion of biofuel production in the 
countries.

9.6.1  �Government Role in Market Development in Brazil

One of the oldest and most competitive biofuel sectors compared to other parts of 
the worlds is Brazil having sugarcane-derived ethanol production since 1970s. 
Almost one-third of total global production has been accounted from Brazil, thus 
making it the second largest biofuel producer in the world. Government initiation 
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for the need to biofuel started with the country’s exposure to high oil prices during 
the 1973 oil crisis. With a well-established sugarcane sector, which at that time 
was under pressure from low world sugar prices, diversification into ethanol pro-
duction also created an opportune market outlet for sugarcane. Brazilian govern-
ment imposed the phased implementation of mandatory blending requirements, 
which now stand at 20–25%, and offered discount for ethanol fuels at the fuel 
pump. This created a guaranteed domestic market in the country. In addition, etha-
nol producers were eligible for several other incentives, including concessionary 
credit lines, price and offtake guarantees, and tax breaks. Moreover, research and 
development by public institutions was critical to sector innovation, especially 
with regard to agronomic and biotechnological improvements. Although the cost 
of production in the early stage was more but technological advances and gains 
from economies of scale brought down the cost of production to large extent. With 
pure ethanol typically selling at between 60 and 70% of the price of gasoline, pro-
ducer subsidies and pricing interventions are no longer necessary in the country 
(Goldemberg et al. 2004a, b).

9.6.2  �Government Role in Market Development in Indonesia 
and Malaysia

After Brazil, other countries started to give commitment on domestic biofuel sector 
after examining the profits of it. Domestic consumption of biodiesel was seen as 
offering two key benefits: it would support the creation of another, more profitable, 
market for palm oil products, and it could contribute to alleviating the burgeoning 
federal cost of fuel subsidies. The rise in oil prices between 2005 and 2008, in par-
ticular, put biofuels firmly on the political agenda in many countries. Both Malaysia 
and Indonesia, for instance, adopted biofuel policies and laws during this period. 
Like Brazil, both countries are well positioned to exploit a well-established feed-
stock sector. Both countries heavily subsidize the end-price of transportation fuels; 
they have sought to ease this burden through the blending of biofuels, particularly 
biodiesel (Chin 2011; Caroko et al. 2011). The effect of high oil prices was espe-
cially detrimental to Indonesia, which, in contrast to Malaysia, is now a net oil 
importer. When oil prices peaked in 2008, fuel subsidies in Indonesia constituted 
almost one-third of total government spending (Dillon et al. 2008). In response to 
these pressures, both countries announced ambitious blending targets and estab-
lished dedicated government agencies to oversee development of the biofuel sector. 
In response to this apparent government commitment and renewed global interest in 
biofuels, many sugarcane and palm oil sector actors in both countries made consid-
erable investments in their biodiesel production capacities. Total production capac-
ity in 2010 was estimated at 2.6 billion L for Malaysia and almost 4 billion L for 
Indonesia (Adnan 2010; Van Gelder and German 2011). Despite this early enthusi-
asm amongst both private and public sectors, current production remains well under 
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installed capacities, with Malaysia producing only 222 million L and Indonesia 104 
million L of biodiesel in 2009 (Hoh 2010; Baskoro 2010). In Indonesia, the govern-
ment has since introduced consumer subsidies over and above the existing fuel sub-
sidy, and is providing various producer incentives to encourage domestic biodiesel 
production and prevent price inflation at the pump.

9.6.3  �Government Role in Market Development in India

India is one of the rapid growing economies in the world. The development agencies 
focus primarily on economic growth, equity, and well-being of human. Energy is a 
critical input for socioeconomic development. The energy plan of each and every 
country aims at efficiency and security and also to provide environment-friendly 
approaches and optimal use of primary resources for energy generation. Although 
fossil fuels plays a dominant role in the energy scenario in our country in the next 
few decades but this conventional fossil fuel resources are limited, nonrenewable, 
and polluting and, therefore, need to be used wisely. On the other hand, renewable 
energy resources are indigenous, nonpolluting, and virtually inexhaustible. India is 
endowed with abundant renewable energy resources. Sugarcane is a good source of 
renewable biofuel which is nonpolluting in nature. The petro-based oil meets about 
95% of the requirement for transportation fuels, and the demand has been steadily 
rising. The domestic crude oil is able to meet only about 23% of the demand, while 
the rest is meeting from imported crude for which India has to spent large bulk of 
money. Thus from the security point of view, alternative fuels like sugarcane biofuel 
need to be developed in order to curb pollution. Biofuels are environment-friendly 
fuels and their utilization would address global concerns about suppression of car-
bon emissions. In the context of the International perspectives and National impera-
tives, it is the endeavor of this Policy to facilitate and bring about optimal 
development and utilization of indigenous biomass feedstocks for production of 
biofuels. Thus our government policy has tried to accelerate the development and 
promotion of the cultivation, production, and use of biofuels to meet the increasing 
demand and substitute for petrol and diesel for transport and other applications 
which will not only throw in to energy security but also climate change mitigation, 
apart from creating new employment opportunities and leading to environmentally 
sustainable development. The scope of the Policy encompasses bioethanol, bio-
diesel, and other biofuels, as listed below:

	(a)	 Bioethanol: Ethanol produced from biomass such as sugar containing materi-
als, like sugar cane, sugar beet, sweet sorghum, etc.; starch containing materials 
such as corn, cassava, algae, etc.; and cellulosic materials such as bagasse, 
wood waste, agricultural and forestry residues.

	(b)	 Biodiesel: A methyl or ethyl ester of fatty acids produced from vegetable oils, 
both edible and nonedible, or animal fat of diesel quality.
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In India, bioethanol is produced mainly from molasses, a by-product of the sugar 
industry. Cultivators, farmers, landless laborers, etc. would be encouraged to under-
take plantations that provide the feedstock for biodiesel and bioethanol. Corporates 
would be enabled to undertake plantations through contract farming by involving 
farmers, cooperatives, Self Help Groups, etc. in consultation with Panchayats, 
where necessary. Such cultivation or plantation would be supported through a 
Minimum Support Price for the nonedible oil seeds used to produce biodiesel. 
Ethanol is mainly being produced in the country at present from molasses, which is 
a by-product of the sugar industry. 5% blending of ethanol with gasoline has already 
been taken up by the Oil Marketing Companies (OMCs) in 20 States and 4 Union 
Territories. 10% mandatory blending of ethanol with gasoline has become effective 
from October 2008 in the states of India. In order to boost up the availability of etha-
nol and reduce over supply of sugar, the sugar industry has been permitted to pro-
duce ethanol directly from sugarcane juice. Financial incentives, including subsidies 
and grants were being formulated by different government bodies. National Biofuel 
Fund has been considered for providing financial incentives for producing sugar-
cane biofuel. International scientific and technical cooperation in the area of biofuel 
production, conversion, and utilization will be established in accordance with 
national priorities and socioeconomic development strategies and goals. Both bilat-
eral and multi-lateral cooperation programs for sharing of technologies and funding 
projects would be urbanized, and participation in international partnerships, when-
ever necessary, will also be taken into account (MNERGOI 2016).

9.7  �Summary and Conclusion

Use of biofuel leads to breeze the gap between food, fodder, and fuel security. 
Biofuels have become agreeable to most of the developing countries because of 
their potentiality to stimulate economic development in rural areas and lessen pov-
erty by creating employment opportunities and increased income level in the agri-
cultural sector. Biofuel production is labor intensive and thus a good initiator of 
rural employment. In addition, the production of biofuels requires investment in 
roads and other forms of rural and transport infrastructure which will have a “host 
in” effect by encouraging other investments in this section (Hausman 2007, 2012). 
Many developing countries have therefore begun to explore biofuel policies of their 
own feasible ways. China, for example, has announced a biofuel fusing target of 
15% for all kinds of transportation by fuels by 2020 (Dong 2007). India too has 
implemented a 5% ethanol blend mandate for gasoline fuel, scheduled to be 
increased to 20% by 2017. By expanding sugarcane ethanol production, the 
Government of India hopes to increase domestic food and energy security, acceler-
ate rural development, and reduce carbon emissions (GOI 2016). India’s interest in 
improving its energy security stems from its rapidly growing dependence on foreign 
oil. India’s economy is growing at a rate of 7% per year, making it the second fastest 
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growing economy in the world. The country is projected to become the third largest 
consumer of transportation fuel in 2020, after the USA and China (Kiuru 2002).

In 2008 India imported 128.15 million metric tons of crude oil valued at $75.7 
billion, constituting 75% of its total petroleum consumption for that year. By 2025, 
it will be importing 90% of its petroleum (Parimal et al. 2010). India’s increasing 
dependence on foreign energy sources will make the country increasingly vulnera-
ble to external price shocks and supply distortions. Another reason for India to take 
an interest in a domestic biofuels industry is its potential to accelerate rural develop-
ment. As in most developing countries, the majority of India’s labor force works in 
the agricultural sector, therefore in India there is particularly high potential for bio-
fuels to raise incomes, provide employment, and contribute to rural development. 
This combined with India’s aforementioned concerns over energy security has led 
the Government of India recently to develop a keen interest in encouraging the 
expansion of a domestic biofuels industry. In 2003, they launched the first phase of 
their biofuels program in which 5% blending of ethanol in gasoline was mandated 
in certain areas of nine major sugarcane growing states and four union territories. In 
2009 the Indian sugar industry estimated that 680 million liters of ethanol would be 
needed to meet just a 5% blend but only 585 million liters of ethanol were produced 
that year (Bureau 2009). In December of 2009 the Government of India set an offi-
cial target of at least 20% blending of ethanol with gasoline by 2017 (IANS 2009).

Some important advances have been made by researchers for plant genetic engineer-
ing for biofuel production, but still there is dire need to develop technologies for elite 
sugarcane varieties having high sucrose content, less lignin, and easy to conversion pro-
cess for biofuel production. There are some specific challenges related to the cost of 
microbial cellulose enzyme because their production is still expensive. To solve these 
problems, research is being focused on the targeting of these enzymes to multiple subcel-
lular locations in order to increase levels of enzyme production and produce enzymes with 
higher biological activities. Genetic engineering play an important role in deconstruct 
plant cell wall polysaccharides, to suppress lignin biosynthesis enzymes, increase the 
level of sugars and plant biomass that have decreasing the overall biofuel production cost.
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Chapter 10
Plastome Engineering: Yesterday, Today, 
and Tomorrow

Sarma Rajeev Kumar, Pushpanathan Anunanthini, 
and Ramalingam Sathishkumar

Abstract  Plant transformation has made significant strides in last two decades with 
main focus on developing stress-tolerant crops  and pharmaceutically important 
compounds for therapeutic purpose. There are many success stories describing the 
production of therapeutic proteins in large scale that are targeted to either nuclear or 
plastid genomes. The plastid genome (plastome) represents an attractive target for 
genetic engineering in crop plants. Transgenes integrated to plastome have several 
advantages like high expression levels, genes can be stacked in operons and genes 
integrated to plastome do not exhibit silencing mechanism. An additional advantage 
lies in the maternal inheritance of plastids in most plant species, which addresses 
the biosafety concerns related to transgenic plants. The plastid engineering usually 
results in alteration of several thousand plastid genome copies in a cell. In this chap-
ter, the evolution of this technology with respect to the current state-of-the-art meth-
ods and the advantage of this technology over nuclear transformation are discussed. 
The recent advancement in plastome engineering and novel tools/methods devel-
oped to overcome potential limitations of chloroplast transformation are discussed 
in this chapter. Finally, future application of chloroplast engineering with a perspec-
tive for sugarcane plastome engineering is also briefed.
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10.1  �Introduction

A range of different expression platforms have been used for overexpression or 
heterologous production of recombinant proteins with pharmaceutical, industrial, 
and agricultural applications (Demain and Vaishnav 2009). From simple bacterium, 
Escherichia coli to Saccharomyces cerevisiae and Chinese Hamster Ovary (CHO) 
cells have been engineered for heterologous production of foreign proteins and 
novel metabolites (Rader 2008). Each system has its own advantage and demerits 
(Demain and Vaishnav 2009; Fernandez-Robledo and Vasta 2010). Plants have been 
used as an economic and easily scalable production platform for the expression of 
recombinant proteins, enzymes, and valuable metabolites. Plants can efficiently 
produce complex foreign proteins and process them post-translationally like in ani-
mals. Further, they are considered under category GRAS (Generally Recognized as 
Safe) organisms and can also be exploited for oral and mucosal delivery of vaccines 
(Demain and Vaishnav 2009; Karg and Kallio 2009). Moreover transgenic plants for 
therapeutic protein production avoid risk of contamination with animal pathogens 
including prions (Yao et al. 2015). Plants can be transformed stably, inserting for-
eign genes in either nuclear or plastid genome (Scotti et al. 2012). Plastid transfor-
mation results in accumulation of foreign proteins in the same organelles, whereas 
those targeted to nucleus are synthesized in the cytosol, and later directed to differ-
ent subcellular compartments based on the signal peptide. The choice of localiza-
tion of proteins in subcellular compartment depends on the nature of recombinant 
protein, downstream application, etc. (Daniell et al. 2009a, b; Lau and Sun 2009). 
Despite the above advantages, biocontainment of foreign genes and the level and 
stability of protein in transgenic hosts are the main concerns related to the use of 
plants as biofactories (Scotti et al. 2012).

10.2  �Advantages of Plastid Transformation

Plant cells have three genome containing compartments, nucleus, mitochondria, 
and plastids. The plastid genome (plastome) is semi-autonomous replicating unit 
with a small circular double-stranded DNA having own transcription-translation 
machinery. The genome size varies from 120 to 220 kb encoding more than 120 
genes. The plastome can be engineered by genetic transformation and this possibil-
ity has stirred enormous interest among plant biotechnologists (Bock 2014).

Plastome engineering emerged as an alternative platform to nuclear transforma-
tion for the expression of foreign proteins. There are several advantages associated 
with targeting transgenes into the plastid genome rather than the nuclear genome. 
The high number of plastids per cell and high copy number of plastome per plastid 
offer the possibility of expressing foreign genes to extremely high levels that is not 
possible with the nuclear genome (Oey et  al. 2009). Typical plant cell contains 
approximately 100 chloroplasts, each with about 100 identical genomes; a single 
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gene is represented perhaps 10,000 times in a cell. As transgene integration to 
plastome is by homologous recombination phenomena, plastome engineering is 
highly precise as compared to nuclear genome that follows non-homologous recom-
bination (Cerutti et al. 1992). Hence, plastid transformation vectors are designed to 
contain homologous flanking sequences on either side of the transgenes to facilitate 
site-specific integration (Kumar and Daniell 2004). Another major advantage of 
plastome engineering is that genetic machinery in plastids is devoid of position 
effect, gene silencing, and other epigenetic mechanisms that interfere with stable 
transgene expression (Ruf et al. 2007; Bock 2014). It has been reported that silenc-
ing was not observed despite accumulation of transcripts to more than 150-fold 
higher than nuclear targeted expression (Lee et al. 2003) and the accumulation of 
foreign proteins was 46% of total soluble protein (De Cosa et al. 2001). The feasi-
bility of stacking of genes in synthetic operons or as gene clusters represents another 
greatest attraction of plastome engineering technology that is very useful for pro-
duction of novel secondary metabolites (Fuentes et  al. 2016). Initial attempts to 
express bacterial operons in plastids were not successful. This has resulted in strate-
gies including reengineering of operons by altering untranslated regions (UTRs) 
and intercistronic spacers, codon optimization, and incorporation of intercistronic 
processing elements for efficient expression from plastome. Finally, plastid trans-
formation has received significant attention mainly because of transgene contain-
ment. Plastids are maternally inherited in most crops and are therefore not spread 
through pollen (Daniell 2002; Hagemann 2004). Plastid genetic engineering is 
therefore particularly suitable for the use of plants as biofactories for the large-scale 
production of different proteins. Infinite number of recombinant proteins including 
antigens, antibodies, and commercially important enzymes has been successfully 
expressed using plastid transformation (Table 10.1).

10.3  �Plastome Engineering

The major breakthrough that made plastid transformation possible was the inven-
tion and use of gene gun that can be used to bombard living cells with accelerated 
DNA coated with tungsten or gold particles. Transformation of the chloroplast 
genome was first accomplished in unicellular algae Chlamydomonas reinhardtii, 
harboring a single chloroplast that occupies approximately half the cell volume and 
contains close to 80 identical copies of the plastid genome (Boynton et al. 1988). In 
the beginning, plastid transformation was thought to be challenging in higher plants 
as a typical leaf mesophyll contain more than 2000 copies of the plastid genome 
with more than 100 chloroplasts. However, after the initial success with 
Chlamydomonas, chloroplast transformation was also achieved in model system 
tobacco (Svab et al. 1990; Svab and Maliga 1993). For more than two decades, these 
two organisms have remained the model system for plastid transformation. Although 
a few agronomically important crop species have been engineered, progress in 
developing plastid transformation technology for many genetic model species and 
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Table 10.1  List of therapeutic proteins and commercially important enzymes produced by 
plastome engineering

Sl. 
No Transgenic host

Recombinant protein 
expressed Source References

Therapeutic proteins

01 Tobacco Multi epitopic 
protein (gp120  
and gp41)

HIV Rosales-Mendoza et al. 
(2009)

02 Lettuce E protein of DENV 
domain I and II

Dengue virus Maldaner et al. (2013)

03 Chlamydomonas 
reinhardtii

Surface protein 
(Pfs25) and (Pfs28)

Plasmodium 
falciparum

Gregory et al. (2012)

04 Tobacco VP6 Rota virus Inka Borchers et al. 
(2012)

05 Tobacco/lettuce Proinsulin Human proinsulin  
A, B, C peptides

Boyhan and Daniell 
(2011)

06 Tobacco Anthrax protective 
antigen

Bacillus anthracis Gorantala et al. (2011)

07 Lettuce Thioredoxin 1 Human Lim et al. (2011)
08 Tobacco/lettuce Apical membrane 

antigen-1
Plasmodium 
falciparum

Davoodi-Semiromi 
et al. (2010)

09 Tobacco Immunogenic  
2 L21 peptide

Canine parvovirus Ortigosa et al. (2010)

10 Tobacco Coagulation factor 
IX

Human Verma et al. (2010a, b)

11 Tobacco Insulin like growth 
factor-1

Human Daniell et al. (2009a, b)

12 Tobacco E7-CP Human Papiloma 
virus-16

Morgenfeld et al. 
(2009)

13 Tobacco Alpha1-antitrypsin Human Nadai et al. (2009)
14 Tobacco Immunogenic fusion 

protein F1-V
Yersinia pestis Arlen et al. (2008)

15 Tobacco Aprotinin Bovine Tissot et al. (2008)
Commercially important enzymes

16 Tobacco Endoglucanase and 
exoglucanase

Clostridium 
thermocellum

Verma et al. (2010a, b)

17 Tobacco Lipase Mycobacterium 
tuberculosis

Verma et al. (2010a, b)

18 Tobacco Xylanase Trichoderma reesei Verma et al. (2010a, b)
19 Tobacco Choline 

monooxygenase
Beta vulgaris Zhang et al. (2008)

20 Tobacco Chitinase Brassica juncea Guan et al. (2008)
21 Tobacco β-Glucosidase Thermobifida fusca Gray et al. (2011)
22 Tomato Lycopene β-cyclase Narcissus 

pseudonarcissus
Apel and Bock (2009)

23 Tobacco Cellulase Thermobifida fusca Petersen and Bock 
(2011)

(continued)
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agriculturally relevant crops like cereals and monocots is slow and is still in its 
infancy (Maliga and Bock 2011; Bock 2014). In last few years, plastid transforma-
tion have opened new dimensions for using plants as a production platform due to 
several advantages offered by transplastomic plants compared to conventional 
transgenic plants (Bock and Warzecha 2010; Cardi et al. 2010).

The integration of foreign DNA in plastome occurs exclusively only via homolo-
gous recombination (Bock et al. 1994). Recently, Valkov et al. (2011) reported the 
extent of similarity between the plastid genome sequences involved in homologous 
recombination is crucial to ensure high transformation efficiency. Generally, plastid 
transformation vectors harbor plastid sequences involved in homologous recombi-
nation (flanking sequences), selectable marker gene (chimeric aadA gene that con-
fers resistance to spectinomycin and streptomycin) and foreign gene to be expressed 
in the cassette. Selection of recombination sites for integration of expression cas-
sette in plastome is one of the important parameters for higher expression of trans-
genes as different insertion sites are reported to have different levels of expression 
(Waheed et al. 2015). The location of insertion sites should be in actively transcrib-
ing region and within the inverted repeat region of plastome (Verma et al. 2008). 
Insertion site can also have some negative effects on expression of foreign proteins 
(Waheed et al. 2015). Several plastid sequences have been used as transgene inser-
tion sites; however, most commonly used vectors contain either trnV-3′/rps12 and 
trnI/trnA regions located in the inverted repeats (IR) (Zoubenko et al. 1994; Daniell 
et al. 1998) or trnfM/trnG region in the large single copy region (LSC) (Ruf et al. 
2001). Daniell et al. 2016 reported that IR regions are found in duplicate in most 
plastid genomes; hence transgenes inserted within the IR region (instead LSC 
regions) should have double the copy number of transgenes. Also, integration of the 
cassette into one copy of the IR facilitates integration into the duplicate copy. The 
extent of sequence divergence is reported to influence the frequency of recombina-
tion, transformation efficiency, and functionality of recombinant coding sequences. 
Due to sequence variability in different regions, incorporation of proper flanking 
sequence in vectors will determine the efficiency of protein expression in plastids. 

Table 10.1  (continued)

Sl. 
No Transgenic host

Recombinant protein 
expressed Source References

24 Tobacco (hemi) cellulolytic 
enzymes

Thermophilic or 
hyperthermophilic 
bacteria

Castiglia et al. (2016)

25 Tobacco Polyhydroxybutyrate Bacillus megaterium Bohmert-Tatarev et al. 
(2011)

26 Tobacco Agglutinin Pinellia ternata Jin et al. (2012)

27 Tobacco β-Mannanase T. reesei Agrawal et al. (2011)
28 Tobacco Cutinase Fusarium solani Verma et al. (2013)
29 Tobacco Swollenin T. reesei Verma et al. (2013)
30 Tobacco Protease inhibitor Sweet potato Chen et al. (2014)
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Nevertheless, it is technically challenging to develop species-specific vectors for 
different plants to be transformed due to lack of availability of complete chloroplast 
genome sequence in many plants. In addition, the expression cassettes usually con-
sist of a 5′-regulatory region, including a strong promoter and a translational control 
region, and a 3′-regulatory region with a terminator sequence that corresponds to 
the mRNA 3′-UTR. The presence of 5′UTR is crucial to obtain a notable increase 
in protein yield (Scotti et al. 2009).

Plastid expression cassettes can be delivered to the plastome either by the biolistic 
approach (commonly used technique) or by the polyethylene glycol (PEG) treatment 
of protoplasts (Cardi et al. 2010). Protoplast isolation is tricky and cumbersome pro-
cess for many plant species and lack of efficient regeneration method from proto-
plasts is the main bottleneck associated with protoplast mediated transformation. 
Even though transformation by biolistic method is expensive, it is the most widely 
used choice for chloroplast transformation (Verma et al. 2008; Bock 2014). As plas-
tids are polyploid in nature, the primary transformants always are heteroplasmic with 
mixed population of non-transformed and transformed plastomes in plastids. Hence, 
several rounds of selection and regeneration are required to achieve homoplasmic 
lines (Verma et al. 2008; Ahmad and Mukhtar 2013). Homoplasmy is a condition in 
which all plastomes in the plants are transformed, and to achieve homoplasmy, two 
or more extra regeneration cycle under selection pressure is necessary. Young leaves 
with immature chloroplasts having low plastome copy number are the best source for 
transformation, and homoplasmy can be quickly attained in these explants.

Recently, using reverse genetic approach, minimum gene set of a plastome that 
is functional under heterotrophic conditions has been designed using synthetic biol-
ogy approach (Scharff and Bock 2014). Similarly, a minimum plastid genome for 
tobacco plants has been designed and its synthesis and assembly is currently under-
way (Scharff and Bock 2014). The feasibility of transforming plastids with an entire 
genome is reported in C. reinhardtii (O’Neill et al. 2012). Due to sequence homol-
ogy between the transformed genome and the endogenous plastid genome, com-
plete genome replacement was not achieved. Homologous recombination between 
the two genome resulted in mosaic plastid genomes composed of endogenous and 
exogenous pieces (O’Neill et al. 2012).

10.4  �Novel Approaches in Plastome Engineering

The development of a tissue culture-independent plastome engineering technology 
would make this technology accessible to a much wider range of crops. Tungsuchat-
Huang and Maliga (2012) reported the manipulation of tobacco plastid genome in 
greenhouse-grown plants by site-specific recombination employing phage-derived 
recombinase targeted to chloroplasts. A recombinase gene was delivered by inject-
ing Agrobacterium to axillary buds of soil-grown tobacco plants. The lateral shoots 
formed from the injected site exhibited marker-free plastid genomes and, 
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interestingly, 7% of the plants transmitted the trait (marker-free plastid genome) to 
progeny. Although this attempt was not completely independent of tissue culture, 
complete culture-independent method for primary manipulation of the plastid 
genome (similar to transient Agrobacterium transformation using vacuum infiltra-
tion or virus-induced gene silencing method) is still far and will be difficult to 
achieve in near future.

Gottschamel et al. (2013) reported used of Gateway system to simplify the plas-
tid vector construction and also to improve the vector design for incorporating 
desirable sites. It was the first study that reported use of Gateway-based recombina-
tion system for plastid vector construction. Vafaee et al. (2014) developed modular 
cloning for designing and assembly of complete plastid transformation vector. The 
authors described three-level assembly process, including vector fostering gene 
expression and formation of griffithsin, a potential viral entry inhibitor and HIV 
prophylactic in chloroplasts of tobacco. Similar strategy could be used for efficient 
application of synthetic biology approaches for plastome engineering.

As mentioned previously, plastid transformation method is highly restricted to 
relatively few species (Maliga and Bock 2011). Efficient methods for plastome 
engineering in cereals and many monocots are still lacking and even closely related 
species or different cultivars or genotypes of the same species respond differentially 
to plastid transformation, and hence this makes the established method challenging 
(McCabe et al. 2008). Sigeno et al. (2009) reported transfer of engineered plastids 
from tobacco, an easy-to-transform species, to Petunia (unrelated and recalcitrant 
species) by protoplast fusion. Similar strategies have been employed for transfer of 
transgenic plastome to unrelated species (Kuchuk et  al. 2006; Ovcharenko et  al. 
2011). Nevertheless, the procedure is highly laborious, time-consuming, and still 
applicable only to a limited number of plant species. Stegemann and Bock (2009) 
reported that plastids can migrate between cells in grafted plants. This innate ability 
was later exploited by different research groups and showed that transgenic plastome 
can be exchanged in grafted species. Although this is tissue culture-independent 
method, its applicability is restricted only to the closely related species. The use of 
synthetic DNA and artificially synthesized plastid transformation vector including 
the flanking regions for integration of transgenes in plastome is another break-
through in plastid engineering.

10.5  �New Tools and Major Challenges in Transplastomic 
Technology

One of the main advantages of plastid transformation is the high level of foreign 
protein accumulation, which in some cases reached more than 50% of the total 
soluble protein in leaves (Oey et al. 2009; Ruhlman et al. 2010). Unfortunately, it is 
also worth to mention here that significant number of proteins whose expression in 
plastid was not preferred resulted in poor expression (Bock 2014). Stability of 
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foreign protein and or improper protein folding is key factor limiting accumulation 
in many cases. It was later found that N-terminus amino acid in the protein deter-
mines the stability of proteins expressed in plastids (Apel et al. 2010). Engineering 
of the N-terminus sequence of unstable proteins or fusing them to the N-terminus of 
stable protein alleviated the problems associated with protein stability in plastids 
(Elghabi et al. 2011; De Marchis et al. 2012). Unfortunately, not much is known 
about internal determinants of protein stability and folding of proteins expressed in 
the plastids. This is one of the major challenges that need to be dissected.

Post-translational modifications are one of the main points that should be consid-
ered when expressing eukaryotic genes in plants. Cysteine disulfide bridges are 
reported to influence the stability of the plastid-made foreign proteins (Tissot et al. 
2008; De Marchis et al. 2011). De Marchis et al. (2011) expressed fusion protein 
zeolin (a chimeric protein with bean phaseolin fused to truncated maize γ-zein) with 
its native signal peptide and two mutated forms, one without signal peptide and 
other without Cys residues. The signal peptide of phaseolin targeted zeolin to the 
thylakoid membranes and accumulated as trimers. Further, they were able to form 
disulfide bonds using plastid machinery. Recombinant proteins including interfer-
ons and insulin formed disulfide bridges and were functional when expressed in 
chloroplasts (Arlen et al. 2007; Boyhan and Daniell 2011). Interestingly, there are 
reports of formation of viral like particles (VLPs) in chloroplasts, Human papilloma 
virus L1 protein formed VLPs in tobacco and Dengue 3 premembrane and envelope 
polyprotein formed VLPs in lettuce (Fernández-San Millán et al. 2008; Kanagaraj 
et al. 2011). Different post-translational modifications like protein lipidation, multi-
merization, N-terminal methionine excision are known to function in plastids 
(Hennig et al. 2007; Tissot et al. 2008; Rigano et al. 2009). In general, proteins are 
not glycosylated in plastids; rather they are modified in endoplasmic reticulum and 
later transported as glycoproteins to plastids. Hence, proteins requiring glycosyl-
ation cannot be expressed in plastids. This is a major drawback as many of the thera-
peutic proteins including antibodies are glycated. The absence of protein 
glycosylation is also useful in some cases like expression of human alpha1-anti-
trypsin (α1AT), where the absence of glycosylation could be considered an advan-
tage (Nadai et al. 2009).

Due to prokaryotic nature of the plastid gene expression machinery (Bock 2014), 
it is possible to stack multiple transgenes as in operons to co-express them from a 
single promoter resulting in a polycistronic mRNA. As many of the genes related to 
secondary metabolic pathway exist as clusters and are co-regulated; transgene 
stacking is useful for engineering of metabolic pathways. There are also several 
cases of poor expression of transgenes in an operon model in plastome (Bock 2013). 
This is mainly because many of the polycistronic transcripts undergo post-
translational cleavage resulting in monocistronic transcripts in plastids. To some 
extent, the above problem was overcome by including sequences that mediates 
intercistronic processing  elements into stable monocistronic mRNAs (Lu et  al. 
2013). These sequences act as a valuable tool for synthetic operon design and 
enhanced the probability of successful operon expression in transgenic tobacco and 
tomato plastomes (Lu et al. 2013). Lately, several novel metabolic pathways have 
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been introduced to plants by plastid transformation including biosynthesis of arte-
misinin (Fuentes et  al. 2016), improving tocopherol biosynthesis in tobacco and 
lettuce (Lu et al. 2013; Yabuta et al. 2013), enhancing triterpenoid precursor squa-
lene (Pasoreck et al. 2016).

The constitutive high expression of transgenes in plastids can interfere with plant 
development, inducing phenotypic alterations and reduced growth (Zhou et  al. 
2008; Rigano et al. 2009; Scotti et al. 2009). This could be due to enzymatic activi-
ties of foreign protein that might interfere with endogenous metabolic processes in 
the plastid, non-targeted interactions of foreign protein with plastid membranes or 
due to high metabolic burden imposed by extremely high levels of recombinant 
protein. An ideal strategy to deal with this situation would be to make transgene 
expression inducible. An ethanol-inducible T7 RNA polymerase was targeted to 
plastid, and transgenes with T7 promoter was transcribed only when nuclear gene 
was induced (Lössl et al. 2005). However, design of an efficient system in plastid 
that offers both tight control and high induction upon activation is still challenging. 
Two additional approaches were reported to induce the expression of plastid genes, 
the first one exploits the bacterial lac repressor and lac operator system, where trans-
gene expression is induced by spraying or leaf infiltration with IPTG (Muhlbauer 
and Koop 2005). The second one is an engineered “riboswitch” that functions as 
translational regulator of transgene expression in transgenic plastids in response to 
the application of its ligand theophillin (Verhounig et al. 2010). Although the con-
cept represents a very simple approach to regulate the introduced gene, the effi-
ciency of switching is very low and modulation of gene expression after addition or 
on removal of theophillin is poor (Jin and Daniell 2015). This technique requires 
further tuning for regulating foreign gene expression in plants.

Since plastids are active only in green tissues, low expression levels of trans-
genes in non-green plant parts like fruits, tubers, and seeds is another drawback with 
plastome engineering. Therefore, low transgene expression in non-green tissue is a 
major limitation. Transplastomic tomato expressing p24-Nef accumulated fusion 
protein only in green tomato whereas they failed to accumulate in ripe tomato fruits 
(Zhou et al. 2008). Very little information is known about the genes and regulators 
involved in plastome expression in non-green tissues. Transcriptome and trans-
plastome analysis of tomato fruit and potato tuber revealed that almost all plastid 
genes were highly downregulated at RNA and protein levels in these non-green 
storage organs (Kahlau and Bock 2008; Valkov et  al. 2009). Interestingly, tran-
scripts abundance of very few genes were high; however, they were poorly translated. 
Alternatively, few genes exhibited low transcript levels but exhibited strong ribo-
some association implicating active translation. The above finding resulted in a 
novel strategy in which chimeric constructs were made with promoter from a gene 
showing high mRNA accumulation in fruits or tubers with 5′UTR from mRNA 
showing strong polysome association. Transgenic plastome expressing foreign gene 
under the chimeric construct resulted in significant increase in foreign protein accu-
mulation in non-green tissues (Caroca et al. 2012; Zhang et al. 2012). Strategies or 
further modifications based on above methods could open new avenues for meta-
bolic engineering in plastids of non-green tissues.
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The biolistic transformation method predominantly used for plastid engineering 
involves relatively harsh mechanical treatments of foreign DNA. Transformation of 
plastid genome with very large DNA molecules is less efficient, which is attributed 
to mechanical shearing during DNA purification and coating. Although, damaged 
DNA molecules are repaired by endogenous DNA repair mechanism, how effi-
ciently plastids perform repair of fragmented DNAs is still not known. Hence, 
development of more gentle protocols for particle coating and DNA delivery into 
plastids would be highly desirable for efficient plastome engineering and expression 
of foreign proteins in plastids.

10.6  �Plastome Engineering in Sugarcane

Chloroplast transformation in sugarcane offers several advantages compared to 
nuclear transformation strategy. First and foremost, it leads to precise gene integra-
tion into plastomes of sugarcane through homologous recombination and avoids 
position effects or gene silencing. Secondly, multiple genes can be expressed as a 
single transcriptional unit that can lead to enhanced accumulation of recombinant 
proteins. This strategy also avoids pollen outflow as plastids are maternally inher-
ited. Finally, using this method, one can generate selectable marker-free transgenic 
sugarcane.

As discussed in other chapters of this book, sugarcane is one of the most produc-
tive species that converts the solar energy into carbohydrates more efficiently than 
any other crop plant. The plants possess the unusual ability to store sugars in vacu-
oles. The high biomass production and ease of cultivation enable sugarcane as a 
biofactory. Researchers have considered sugarcane as a potential biofactory for gen-
erating high-value products lately. Agrobacterium and biolistic mediated transfor-
mation met with varying degrees of success in sugarcane. Genetic engineering of 
sugarcane varieties for producing economically important metabolites, novel pro-
teins, nutraceuticals, biopolymers, and therapeutic proteins is concrete and will be a 
promising approach to launch sugarcane biofactories in near future.

Although plastid engineering is still in its infancy in monocots like rice (Lee et al. 
2006) and wheat (Cui et al. 2011), there are no reports for sugarcane. This might be 
achieved in near future as the chloroplast genome of sugarcane has been completely 
sequenced. The genome information could be used for designing recombination-
based transformation vectors. One of the major hurdles in developing plastid trans-
formation in sugarcane is low regeneration efficiency from non-green embryonic 
cells, containing undifferentiated plastids. Another impediment in developing homo-
plasmic lines is extremely low level of marker gene expression in non-green plastids 
in embryogenic cells due to low genome copy number and low rates of protein 
synthesis. Use of promoters and UTRs active in non-green tissues could help to 
overcome this limitation. The rRNA operon in plastids possesses two promoters, one 
for plastid-encoded RNA polymerase and other for nuclear-encoded plastid RNA 
polymerase. Use of rRNA-based promoters to drive transgene expression in plastids 
can recognize both polymerases and could result in enhanced accumulation of for-
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eign protein leading to development of stable homoplasmic lines of sugarcane. As 
described above, aadA is the marker used for selection of plastid transformants. 
Most of the monocots including sugarcane are naturally resistant to spectinomycin 
but are sensitive to streptomycin. However, another problem associated with using 
streptomycin is that it might prolong the selection of resistant shoots and subse-
quently hinder the recovery of homoplasmic lines. Plastome engineering using dual 
selection system was obtained in sugarcane and heteroplasmic shoots were recov-
ered on streptomycin and kanamycin as selection agents (Mustafa 2011).

Attempts to develop transplastomic lines in sugarcane have been unsuccessful so 
far. Researchers from Vasantdada Sugar Institute (VSI), Pune, used leaf discs as 
explants and transformed CoC671 variety with two chloroplast transformation vec-
tors. However, they failed to obtain any positive transplastomic lines (Singh et al. 
2013). Chloroplast genomes of sugarcane have been sequenced (Asano et al. 2004). 
Recently, a comparative study of the chloroplast genomes of Miscanthus, Erianthus, 
and sugarcane was reported (Tsuruta et al. 2017). Knowledge of the complete chlo-
roplast genome, proper vector design with sugarcane-specific flanking regions, and 
efficient transformation and regeneration strategies will  certainly aid to generate 
transplastomic sugarcane lines in the near future.

10.7  �Concluding Remarks and Future Perspectives

There is an increasing number of proof-of-concept reports employing progress 
made in plastome engineering in the past few years with respect to high level pro-
tein expression and gene stacking. The last few years have witnessed close to 100 
different recombinant proteins produced in transgenic plastids. The outcome from 
these studies holds great promise for the commercialization of the technology in 
near future. Further, the list of plants used for plastome engineering is also increas-
ing. It can be expected that plastid transformation approach will be applied to more 
plant species including monocots like sugarcane for wider applications. This tech-
nology could lead to new paradigm shift and it is expected to contribute for the 
development of sustainable production of high-value proteins and metabolites in 
plastids. Nevertheless, social and biosafety issues should be considered while devel-
oping plant-based production platforms.
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Chapter 11
CRISPR-Cas9 System as a Genome Editing 
Tool in Sugarcane

Sruthy Maria Augustine

Abstract  The CRISPR (clustered regularly interspaced short palindromic repeat)-
Cas9 (CRISPR-associated nuclease 9) system is a versatile tool for genetic engi-
neering that uses cas9 to target the sequence-specific region and introduce a 
double-stranded break in the target area. This simple RNA-guided genome editing 
technology has become a revolutionary tool in biology and has many innovative 
applications in different fields. This technique helps to make precise genome modi-
fication in many different tissues and organisms. Development of genetically edited 
crops will assist sustainable productive agriculture for better feeding of the rapidly 
growing population in a changing climate. The emerging areas of research for the 
genome editing in plants include rewiring the regulatory signaling networks, and 
interrogating gene functions and sgRNA library for high-throughput loss-of-
function screening. This chapter deals with the strengths and weaknesses of Cas9 
nuclease-mediated genome editing in plants for development of designer crops like 
sugarcane. With this powerful and innovative technique, the genetically engineered 
non-GM plants will support the sustainable agriculture and maximize yield by com-
bating abiotic and biotic stresses.

Keywords  CRISPR-Cas9 • Designer crops • Genome editing • gRNA • Sugarcane 
• Targeted gene editing

11.1  �Introduction

The targeted plant genome editing using sequence-specific nucleases opens a unique 
opportunity for crop improvement to meet the drastically increasing global food 
demands and to provide sustainable agriculture system (Liu et al. 2013). Usually, the 
crop improvement was done by conventional and mutation plant breeding techniques, 
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which are now getting constrained by the decline of existing genetic variation of 
plants, hampering the production for future feeding (Chen and Gao 2014). There is 
an urgent need for efficient crop improvement strategies with novel genome editing 
techniques like CRISPR/Cas9 system, which can improve the current essential func-
tions or make new valuable products (Zhang and Zhou 2014).

Genome editing is a type of genetic engineering with site-specific nucleases that 
allows genome engineering, reverse genetics, and targeted transgene integration experi-
ments in an efficient and a precise manner. It involves the introduction of targeted DNA 
double-strand breaks (DSBs) using an engineered nuclease, stimulating cellular DNA 
repair mechanisms. Genome modification will occur depending on the repair pathway 
and the available template for repair. Two different types of repair pathways have been 
identified: nonhomologous end joining (NHEJ) and homologous recombination (HR). 
In most cases, NHEJ causes random insertions or deletions (indels) that result in a 
frameshift mutation if it occurs in the coding region of a gene results a gene knockout. 
In some cases, a template with homology regions to the sequence surrounding the 
double-stranded break is available; the DNA damage can be repaired by HR.  This 
mechanism can be utilized to attain precise gene modifications or gene insertions. The 
most common double-stranded break repair mechanism is NHEJ in most of the organ-
isms (Puchta 2005). The potential outcome of genome editing is given in Fig. 11.1.

Sugarcane (Saccharum spp. hybrid), a plant of the Poaceae family, is an important 
commercial cash crop and is the largest source of the world’s sugar. Brazil leads the world 
in sugarcane production; India is the second largest producer and China the third largest 
producer (FAOSTAT 2015). Brazil uses sugarcane to produce sugar and ethanol for gas-
oline-ethanol blends (gasohol), a locally popular transportation fuel. In India, sugarcane 
is used to produce sugar, jaggery, and alcoholic beverages. Modern sugarcane cultivars 
are obtained from interspecific hybridization between Saccharum officinarum and 
Saccharum spontaneum, a wild relative of sugarcane, and result in a highly polyploid or 
aneuploid hybrid variety (Moore and Paterson 2013). From all over the world, there are 
many well-established protocols for sugarcane transformation. In Indonesia, the drought-
tolerant transgenic sugarcane is approved for commercial cultivation (Parisi et al. 2016) 
and in India (Augustine et al. 2015a, b, c), and some other countries, it is under pipeline. 
The biggest challenges for the sugarcane transformation are transgene inactivation, low 
transformation efficiency, and time constraints (Hansom et al. 1999; Joyce et al. 2010).

The CRISPR-Cas (clustered regularly interspaced short palindromic repeat/Cas) sys-
tem was initially identified in bacteria as an adaptive immune system that helps the 
bacteria in protecting itself against invading foreign DNA. This system consists of a 
CRISPR locus in the genome and a cas9 protein (Kim and Kim 2014). The CRISPR loci 
contain sequences for noncoding RNA elements called CRISPR RNA (crRNA) and 
sequences for small trans-encoded CRISPR RNA, i.e., trans-activating crRNA 
(tracrRNA). The two RNA sequences crRNA and tracrRNA form a complex and 
together are called as guide RNA (gRNA), and this determines the specificity of the 
cleavage of the target sequence in the DNA along with the protospacer adjacent motif 
(PAM), a 5′-NGG sequence (Barrangou 2013; Jinek et al. 2013). The double-stranded 
target DNA cleavage occurs at 3 bp upstream of the protospacer region. The Cas9 pro-
tein is an RNA-guided DNA endonuclease associated with CRISPR type II adaptive 
immune system, which will introduce the double-stranded breaks (DSBs) at the site 
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when targeted by a guide RNA (Cong et al. 2013; Mali et al. 2013). In 2012, the molecu-
lar mechanism of the CRISPR has uncovered a vast area of applications as a potential 
component of genome editing termed as RNA-guided engineered nucleases (RGENs) 
that can be used as a sequence-specific nuclease for genome modifications. RGENs are 
composed of two major components: the cas9 nuclease and a single guide RNA 
(sgRNA). The sgRNA has a 20 bp sequence at the 5′ end that directs the cas9 to the 

Fig. 11.1  The Potential outcomes of genome editing. Genome editing with designer nucleases 
can have different outcomes depending on the double-strand break (DSB) repair pathway and the 
nature of any donor DNA. (a) The major outcomes depending on the DSB repair pathway. In 
nonhomologous end joining (NHEJ) repair mechanism, in the absence of donor DNA (I), tends to 
generate short indels shown as insertions (green) or deletions (red) with all four types of nuclease. 
Both events tend to cause gene knockout. (II) If donor DNA is available, which is flanked by the 
same target sites present in the genomic locus, then the designer nuclease will generate compati-
ble ends and this can result in the integration of the new sequence, often accompanied by small 
indels at the junctions. Homology-dependent repair (HDR) occurs if a donor DNA template is 
available carrying the desired mutation. Donor DNA carrying a subtle change such as a nucleotide 
substitution can be provided as either a duplex molecule (III) or a single-stranded oligo deoxyri-
bonucleotide (ssODN) (IV) and both will lead to allele correction. Alternatively, the homology 
region may be used to flank a new sequence (V), and this will lead to gene insertion. (b) The pos-
sible outcomes when two DSBs are induced and repaired by NHEJ. If the DSBs are generated on 
a single chromosome the region between the two breaks can be deleted (I) or inverted (II). If the 
DSBs are induced on two different chromosomes, a chromosomal translocation can occur (III). (c) 
Shows the potential consequences in diploid plants—the results of gene editing can be (I) hetero-
zygous (single allelic change), (II) homozygous (identical changes to both alleles), or (III) bial-
lelic (different changes at each allele) depending on which repair pathway is in operation (adapted 
from Zhu et al. 2017)
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target site. Any DNA sequence in the form of N20-NGG can be targeted by changing the 
20 bp sequence of the gRNA for genome editing applications (Sander and Joung 2014). 
Targeted genome editing is utilized for the creation of endogenous genetic modification 
like gene deletion or insertion by the introduction of nuclease-mediated DNA break 
using engineered nucleases. After the introduction of the double-stranded break in the 
target region, the recombination repair mechanism will do the modification. The discov-
ery of CRISPR-cas9 leads to the elucidation of many fundamental processes in biology 
(Doudna and Charpentier 2014). Nowadays, many cas9 and gRNA variants are available 
that can be further used for the crop improvement strategies in plant biotechnology.

11.2  �The cas9 Nuclease Variants

The cas9 endonuclease contains two different domains: a large globular recognition 
(REC)-specific functional domain and a smaller nuclease (NUC) domain. The NUC 
domain consists of two nuclease sites, i.e., RuvC and HNH, along with a PAM interacting 
site (Doudna and Charpentier 2014; Jinek et al. 2014). Recently, the cas9 nuclease mecha-
nism was revealed by crystal structure studies. This gives an understanding about how cas9 
can be engineered to generate variants with unique PAM specificities (Belhaj et al. 2013). 
Nowadays, there are many cas9 variants available; some of them are described here.

11.2.1  �The Native cas9

The occurrence of the double-stranded break can be repaired by either NHEJ or HR 
repair mechanism (Wyman and Kanaar 2006; Shuman and Glickman 2007). HR 
repair mechanism can introduce specific point mutations like nucleotide substitu-
tion or insert a sequence from an exogenously supplied DNA template to the target 
locus through recombination (Jiang et al. 2013). NHEJ repair mechanism helps in 
the efficient introduction of insertion or deletion of nucleotides that can create a 
frameshift mutation in the genome (Cong et al. 2013). Until now the native cas9/
sgRNA application has been demonstrated in many plant species including crop 
plants for gene knockouts or insertions as well as multiplex genome editing.

11.2.2  �The cas9 Nickase

Cong et  al. (2013) developed the cas9 nickase by introducing a mutation in 
native cas9 (D10A, aspartate-to-alanine substitution). The RuvC or HNH site 
with a cas9 nickase can make a nick in the genome instead of the double-
stranded break. The nicks in the genome will be further repaired through 
homology-directed repair (HDR) mechanism. The cas9n has also been used in 
paired nickase system along with two different gRNA to increase the number 
of specifically identified nucleotides for target cleavage that will increase the 
specificity and reduce the off-target effects (Cong et al. 2013; Mali et al. 2013; 
Ran et al. 2013; Fauser et al. 2014) (Fig. 11.2a).
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11.2.3  �The Inactive dCas9

The catalytically inactive nuclease-deficient cas9 (dCas9) has also been used 
for RNA-guided transcription instead of genome editing. The dCas9 can knock 
down the gene expression by interfering in the transcription. It can sometimes 
be fused with additional repressor peptides. This system has been used for 
many highly efficient and precise genome editing techniques like CRISPR 
interference (CRISPRi) and CRISPR activator (CRISPRa). The inactive cas9 
can incorporate the gRNA and bind the target genome region (Xu et al. 2014). 
In CRISPRi the sgRNA and dCas9 provide a minimum system for gene-spe-
cific regulation in any organism (Qi et al. 2013).

11.2.4  �Dimeric RNA-Guided FokI Nucleases (RFNs)

Dimeric RNA-guided FokI nucleases (RFNs) are a fusion of catalytically inactive 
nuclease-deficient dCas9 protein along with a FokI nuclease domain. For the effi-
cient genome editing process, dimerization of two RFNs rather than co-localiza-
tion is required. This as an advantage of RFNs compared to cas9 nickase for high 
genome editing frequencies and reduced off-target effects (Tsai et  al. 2014; 
Bortesi and Fischer 2015). The cleavage strictly depends on the gRNAs with an 
accurate spacing and orientation that will reduce the probability of target site pres-
ence more than once in the genome (Tsai et al. 2014) (Fig. 11.2b).

11.3  �Guide RNA Variants

Until now there are many improvements in the guide RNA of the cas9/sgRNA sys-
tem that will provide an improvement in the native system for better application of 
the CRISPR-cas9 technology. Some of the gRNA variants are described here:

Fig. 11.2  The different variants of Cas9 system. (a) The Cas9 nickase (Cas9n) with a RuvC or 
HNH mutation creates a nick instead of a DSB at the target site. The dimeric Cas9n can be used 
for enhancing specificity and reducing off-target effects. (b) Dimeric RNA-guided FokI nucleases 
(RFNs) are the fusion of a catalytically inactive dCas9 protein with the FokI nuclease domain. 
Dimerization of two RFNs used for high genome editing frequencies and reduced off-target muta-
tions (Khatodia et al. 2016)
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11.3.1  �Truncated Guide RNAs (truRNA)

The sgRNA variants with shorter regions of the target sequence that is 17 nucleo-
tides are known as truncated guide RNAs (truRNA). This offers a simple and effi-
cient strategy to improve the cas9 nuclease specificities or paired nickases by 
reducing the off-target effects (Fu et al. 2014; Bortesi and Fischer 2015). The trun-
cated RNAs can reduce some unwanted mutagenesis at some of the target sites 
without reducing the on-target efficiencies (Fu et al. 2014).

11.3.2  �Ribozyme-gRNA-Ribozyme (RGR)

An artificial gene that can generate RNA molecule with ribozyme sequences is known 
as the ribozyme-gRNA-ribozyme (RGR). This can undergo a self-catalyzed cleavage 
to create the appropriate gRNA both in vitro and in vivo (Gao and Zhao 2014b). An 
additional advantage is that it can transcribe from any promoter and that allows tis-
sue-specific genome modification and efficient detection of mutation (Fig. 11.3a).

11.3.3  �Polycistronic tRNA-gRNA (PTG/Cas9)

An array of tandem tRNA-gRNA units and each gRNA accompanied with a target par-
ticular spacer for simultaneously targeting multiple sites is known as the polycistronic 
tRNA-gRNA (PTG/Cas9) (Xie et al. 2015). Through an endogenous tRNA processing 
system, the primary transcript of PTG is cleaved after accurate processing by the RNase 
P and RNase Z. This process releases numerous amounts of mature gRNAs in vivo from 
a synthetic polycistronic gene. The excised mature gRNAs regulate Cas9 to target the 
multiple sites that will significantly increase multiple genome editing in plants. Targeting 
one gene with two gRNAs with the help of PTG enhances the efficiency of the gene 
knockout in comparison to the single gRNA (Xie et al. 2015) (Fig. 11.3b).

11.4  �The Crispr-cas9 System for Plant Genome Editing

At present, there are three classes of applications of the RNA-guided endonuclease, 
particularly in plants. In the first category, a double-stranded break generated by the 
Cas9 was repaired by nonhomologous end joining (NHEJ) repair method for the 
generation of indels that will be able to generate a frameshift mutation in the genome 
(Chen and Gao 2014; Saika et al. 2014). In the second category, a transgene or a 
small DNA repair template is introduced along with the Cas9 to repair the double-
stranded break through homologous recombination (HR). This can be used for the 
creation of point mutation or transgene insertion, gene replacement, and gene stack-
ing at target genome regions. The third category is the multiplex genome editing for 
targeting different target sites in the genome with multiple gRNAs along with the 
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Cas9 nucleases. Multiplex genome editing can be used for analyzing the function of 
gene family members with unnecessary functions and for analyzing the epistatic rela-
tionship in genetic pathways (Xing et al. 2014). The strategy of using plant genome 
editing using CRISPR-Cas9 is summarized in Fig. 11.4. Here is a brief description of 
the achievements of CRISPR-cas9-mediated genome editing in the plant genome.

Five reports were published in August 2013 discussing the first application of the 
CRISPR-Cas9 system in plant genome editing (Feng et  al. 2013; Li et  al. 2013; 
Nekrasov et al. 2013; Shan et al. 2013; Xie and Yang 2013). The first group demon-
strated the system in the model species Arabidopsis thaliana and Nicotiana ben-
thamiana as well as crop plants such as rice. Later the work was focused on 
monocots such as Sorghum (Jiang et al. 2013), wheat (Upadhyay et al. 2013; Wang 
et al. 2014), and maize (liang et al. 2014). These studies draw a clear picture about 

Pre-guide RNA
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Self CleavageHammerhead
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HDV
Ribozyme

gRNA(1) gRNA(2) gRNA(n)

Processed Multiple gRNAs

Cleavage with
RNase P and RNase Z
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Ribozyme-gRNA-Ribozyme (RGR)

Primary Polycistronic tRNA-gRNA (PTG)

a

b

Fig. 11.3  The different variants of Cas9/sgRNA system of genome editing. (a) Ribozyme-gRNA-
ribozyme (RGR) is an artificial gene, which generates self-catalyzed desired gRNA after tran-
scribed from any promoter for tissue-specific genome editing. (b) Primary polycistronic 
tRNA-gRNA (PTG) is tandemly arrayed tRNA-gRNA units, which is cleaved by the endogenous 
tRNA-processing system for simultaneously targeting multiple sites (Khatodia et al. 2016)
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the cleavage specificity, ability to create large deletions, mutation efficiency, and 
gRNAs that can express under the control of different promoters (Fauser et al. 2014; 
Feng et al. 2014; Gao et al. 2014; Jiang et al. 2013; Mao et al. 2013; Miao et al. 
2013; Sugano et  al. 2014; Upadhyay et  al. 2013; Zhang et  al. 2014; Zhou et  al. 
2014). Previous studies reported that single chimeric sgRNA is more efficient than 
separate crRNA and tracrRNA components in plants (Miao et al. 2013; Zhou et al. 
2014). A 1.8 kb resistance cassette was introduced into the ADH1 locus A. thaliana 
through homologous recombination and was described in Schiml et al. (2014). Ron 
et al. (2014) showed that CRISPR/Cas9 system in tomato hairy roots through trans-
formation using Agrobacterium rhizogenes. Sweet orange was the first fruit crop 
where genome editing was applied (Jia and Wang 2014).

Previous studies have shown that CRISPR-Cas9 system can generate homozy-
gous mutations directly in the first generation of tomato and rice plants and showed 
high frequency of efficiency in these crops (Brooks et al. 2014; Shan et al. 2013; 
Zhang et al. 2014; Zhou et al. 2014). Studies also showed that mutations induced by 
the CRISPR-Cas9 are present in germ line and were able to segregate in the next 
generations without any more further modifications (Brooks et  al. 2014; Fauser 
et al. 2014; Feng et al. 2014; Jia and Wang 2014; Schiml et al. 2014; Zhang et al. 
2014; Zhou et al. 2014). A list of applications of CRISPR-Cas9 in plant genome 
editing through NHEJ and HR is reviewed in Bortesi and Fischer (2015).

CRISPR-cas9 system can create heritable and stable mutation in the genome, 
and can easily segregate from the Cas9/sgRNA construct to avoid any further muta-
tions. This will allow for the development of homozygous transgene-free plants 
(Brooks et al. 2014; Fauser et al. 2014; Feng et al. 2014; Gao and Zhao 2014a; Jiang 
et al. 2014; Schiml et al. 2014; Zhang et al. 2014; Zhou et al. 2014). A transgene-
free rice plant was successfully developed with desired gene mutation by segregat-
ing out the transgene with self-fertilization in the T1 generation (Xu et al. 2015). 
The CRISPR-cas9 cleavage efficiency at the target site is found higher in compari-
son with the TALENs and ZFNs (Gaj et al. 2013; Johnson et al. 2015). A toolkit was 
developed by Xing et al. (2014) for multiplex genome editing using CRISPR-cas9-
based binary vector set and a gRNA vector set in plants. This toolkit will help to 
generate transient or stable transformants in a variety of plants, especially useful for 
multiplex plant genome editing (Xing et al. 2014). For an efficient genome editing 
technique, the only requirement is the successful delivery of the cas9 and gRNA 
into the host cell.

Gemini virus replicons (GVRs) can also be used for the transfer of Cas9/sgRNA 
into the plant system (Baltes et al. 2014). For further exploitation of CRISPR-cas9 
technology virus-based delivery methods can be used in all plant parts with higher 
repair efficiencies with desired modifications along with no transformations 
(Baltes et al. 2014; Ali et al. 2015). As an example of the direct delivery using 
virus, two recent reports are available: tobacco rattle virus (TRV) (Ali et al. 2015) 
and cabbage leaf curl virus (CaLCvV) (Yin et al. 2015). They have demonstrated 
the possibility of different virus-mediated Cas9/sgRNA delivery for efficient plant 
genome editing.
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11.5  �Advantages of the CRISPR-Cas9 System

CRISPR-cas9 has become very popular in a very short period because of its simplic-
ity, accessibility, cost, and versatility. This technique does not need any protein engi-
neering steps which makes it a more convenient and straightforward method for 
testing multiple gRNAs in a target region. The target specificity can also be changed 
by changing the 20 base pair sequence in the gRNA. Some gRNAs can be produced 
by in vitro transcription by using two complementary annealed oligonucleotides (Cho 
et al. 2013). All these allow an inexpensive assembly of large gRNA libraries and the 
system is available for high-throughput functional genomics in a cost-effective way.

CRISPR-cas9 system is also able to cleave methylated DNA in human cells that 
are beyond the reach of other nucleases like ZFNs and TALENs (Hsu et al. 2013). 
Until now this aspect is not explored in the plant genome. According to Vanyushin 
and Ashapkin (2011) approximately 70% of CpG/CpNpG sites are methylated in 
plants. Therefore the CRISPR-Cas9 technology is more versatile for plant genome 
editing especially with the monocots that have high GC content in the genome, e.g., 
rice (Miao et al. 2013).

The major advantage of CRISPR-Cas9 technology over TALENs and ZFNs is 
ease of multiplexing. CRISPR-Cas9 system can introduce double-stranded break 
simultaneously at multiple sites and therefore can be able to edit different genes at 
the same time (Li et al. 2013; Mao et al. 2013). This strategy can be used to knock 
out redundant genes or parallel pathways and can also be used to introduce large 
genomic deletions or inversions by targeting two target sites on the same chromo-
some (Li et al. 2013; Upadhyay et al. 2013; Zhou et al. 2014). In CRISPR-Cas9, 
multiplexing requires only cas9 protein and multiple gRNAs, but ZFNs and TALENs 
required separate dimeric proteins specific for each protein.

There are many online resources available for selecting the gRNA sequences and 
predicting the specificity (Table 11.1). Also, another community is available for 
providing access to plasmids, e.g., Addgene.

11.6  �The Specificity of CRISPR-Cas9

Previous studies reported a high frequency of off-target effects as a disadvantage of 
CRISPR-Cas9 technology (Cong et al. 2013; Fu et al. 2013; Hsu et al. 2013; Jiang 
et al. 2013; Mali et al. 2013; Pattanayak et al. 2013). Initially it was considered that 
a 20 bp nucleotide sequence in the gRNA is necessary to determine the specificity of 
the CRISPR-Cas9 technology, but later it was shown that an 8–12 bp sequence at the 
3′ end (the seed sequence) is only needed for recognizing the target and for the cleav-
age (Cong et al. 2013; Jiang et al. 2013; Jinek et al. 2012). If there are multiple mis-
matches in the distal regions of the PAM site, that can be tolerated depending upon 
the total number of mismatches and arrangement (Fu et al. 2013; Hsu et al. 2013; 
Pattanayak et  al. 2013). The off-target cleavage can also be induced if the DNA 
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Table 11.1  Available online resources for CRISPR-Cas9 system (Khatodia et al. 2016)

Name Remarks References

Addgene Reagents and resources https://www.addgene.org/
crispr/

sgRNA Designer Guide RNA design tool http://broadinstitute.org/rnai/
public/analysis-tools/
sgrna-design

Cas9 Design Guide RNA design tool http://cas9.cbi.pku.edu.cn
CHOPCHOP Target sites finding tool https://chopchop.rc.fas.harvard.

edu
CRISPR Design Design and analysis of guide 

RNA
http://crispr.mit.edu

CRISPR Genome Analyzer Genome editing experiment 
analysis platform

http://crispr-ga.net

CRISPR-PLANT Genome-wide gRNA 
prediction tool in plants

http://genome.arizona.edu/
crispr

CRISPRseek Target-specific guide RNA 
design tool

http://bioconductor.org/
packages/release/bioc/html/
CRISPRseek.html

DNA 2.0 gRNA Design Tool gRNA design tool https://dna20.com/eCommerce/
cas9/input

E-CRISP Target site design tool http://e-crisp-test.dkfz.
de/E-CRISP

RGEN Tools Potential off-target site 
prediction tool

http://rgenome.net/cas-offinder

sgRNAcas9 sgRNA design and potential 
off-target sites prediction tool

http://biootools.com

CRISPR MultiTargeter Multiplex design tool http://multicrispr.net/
CRISPR-P Guide RNA design in plants http://cbi.hzau.edu.cn/crispr/
AGEseq Analysis of genome editing 

by sequencing
https://github.com/
liangjiaoxue/AGEseq

Stupar Lab’s CRISPR Design Target site identifier http://stuparcrispr.cfans.umn.
edu/CRISPR/

sequence has an extra base (DNA bulge) or a missing base (gRNA bulge) is present 
at various locations along the corresponding gRNA sequence (Lin et al. 2014).

Nowadays there are several strategies adopted to reduce the off-target effects, and 
the most important one is the design of the gRNA. In the case of the ZFNs and TALENs, 
the target specificity is determined by the protein–DNA interaction, and that is unpre-
dictable. But in the case of CRISPR-Cas9 technology, it follows a Watson–Crick base 
pairing, and that allows predicting the off-target effects more reliably by sequence 
analysis (Cho et al. 2014). Also, the gRNAs can be tested for off-target effects rapidly 
and inexpensively. Another way to control the specificity is through optimizing the 
nuclease expression because high concentrations of Cas9 and gRNA can increase the 
off-target effects (Fujii et al. 2013; Hsu et al. 2013; Pattanayak et al. 2013).

The use of the mutated Cas9, e.g., Cas9 nickase (Fig. 11.2a), can create single-
strand nicks that will lead to a staggered double-stranded break. This strategy also 
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increases the number of base pairs that are individually recognized for the target 
cleavage and thereby reduces the occurrence of off-target cleavage. One limitation 
of this approach is that two equally efficient gRNAs are needed to generate an 
efficient nickase pair; not all the gRNAs are similar regarding activity (Cho et al. 
2014). The disadvantage of this system is that each component of the paired nick-
ase system remains active, and the nicks are repaired with high fidelity, but it is not 
possible to exclude the probability of forming additional off-target mutations. To 
overcome this problem, a fusion of catalytically inactive Cas9 and FokI nuclease 
is generated (Fig. 11.2b). This showed better efficiency like nickases and higher 
efficiency (>140-fold) compared to the wild-type enzymes (Guilinger et al. 2014; 
Tsai et al. 2014).

Another approach is by reducing the size of the gRNA or by adding two guani-
dine residues at the 5′ end of the gRNA were able to avoid the off-target effects 
compared to normal gRNAs (Fig. 11.5a, b). But the disadvantage is that it is less 
active on-target too (Cho et al. 2014). By combining the truncated gRNA and cas9 
nickase in the system will potentially increase the specificity (Fu et al. 2014).

The off-target effects showed a different pattern in various cell types in the same 
species. For example based on the whole-genome sequencing data the human plu-
ripotent cells showed less off-target effects compared to the cancer cell lines (Smith 
et al. 2014; Veres et al. 2014). Studies suggested that off-target effects are less in 
plants. Xie and Yang (2013) showed a 1.6% of off-target mutation rate in rice and it 
is five times lower than that of the on-target mutation. In case of the Arabidopsis, N. 
benthamiana, wheat, and sweet orange, no off-target mutation is reported (Feng 
et al. 2014; Jia and Wang 2014; Li et al. 2013; Nekrasov et al. 2013; Shan et al. 
2013; Upadhyay et al. 2013; Zhou et al. 2014) even in whole-genome sequencing 
(Feng et al. 2014). Further work is needed to confirm the off-target effect in plants, 
and it is clear that the careful selection of gRNA should reduce the risk of off-target 
effects in the genome.

Fig. 11.5  Strategies for making truncated sgRNA. (a) Extending the gRNA by adding two guani-
dine residues at the 5′ end. (b) Shortening it to a truncated gRNA (truRNA) of 17 nt (Bortesi and 
Fischer 2015)
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11.7  �Advantage and Complexities in Sugarcane Genome 
Editing

Sugarcane is a highly polyploid crop with chromosomes ranging from 80 to 120 
due to nobilization. Its genome size is about 10  Gb with homologous genes 
ranging from 8 to 12 copies (Souza et al. 2011) and the monoploid genome size 
is around 750–930 Mb (D’Hont and Glaszmann 2001). These complex genetics 
restrict conventional breeding in sugarcane. Nowadays, an array of protocols is 
available for developing genetically modified (GM) sugarcane. Facing chal-
lenges such as transgene inactivation, low transformation efficiency, and time 
restrictions prevent improvement of sugarcane through genetic engineering 
(Hansom et al. 1999; Joyce et al. 2010). Genetic engineering can be an insertion 
or a deletion or a replacement in the genome using engineered nucleases, and 
the genome editing is much easier with the CRISPR-Cas9. Recent studies 
reported that in sugarcane a targeted mutagenesis was introduced to modify the 
cell wall characteristics for increased production of lignocellulosic ethanol 
(Jung and Altpeter 2016).

CRISPR system offers the possibility to introduce double-stranded breaks at 
several sites in the genome; thereby it is possible to edit different genes simulta-
neously (Li et al. 2013; Mao et al. 2013). CRISPR approach also allows for stack-
ing the genes and that have strong applications in molecular farming and metabolic 
engineering approaches. At present, the plants which are genome edited through 
CRISPR are not classified under the GM, and in future, there might be another 
different regulatory policy that will arise for the CRISPR-edited plants.

Recently, Mohan (2016) elaborated the major challenges that hinder genome 
editing in sugarcane. The primary requirement for genome editing is the genome 
sequence information for designing specific gRNAs to target specific genes. In case 
of sugarcane, the genome is not annotated yet. Therefore, it’s hard to design gene-
specific gRNAs. Another major problem in CRISPR technique is the off targets. 
Previous studies reported that CRISPR technology has fewer off-target effects in 
various plant species (Belhaj et  al. 2013). In sugarcane, transgene silencing is 
another major drawback that hinders the crop development through genetic engi-
neering. Both transcriptional and posttranscriptional transgene silencing effects are 
reported (Hansom et al. 1999).

The major step in the CRISPR technique is the analysis of the mutation, and in 
sugarcane, it is the biggest challenge due to the lack of high-throughput screening 
methods. CRISPR analysis tools include T7 assay/surveyor assay, PCR, restriction 
analysis followed by Sanger sequencing/NGS. However, using these methods for 
analyzing sugarcane genome mutation is the greatest challenge and needs to be 
further explored for finding a suitable analysis tool.
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11.8  �Conclusion and Outlook

For sustainable agriculture, crops can be generated through genome editing 
with enhanced pest resistance and nutritional value and that can withstand 
adverse environmental conditions, in near future. CRISPR-Cas9 technology 
can facilitate both forward and reverse genetics even in model species such as 
Arabidopsis. Genome editing technology can contribute significantly in 
developing new bioenergy crops. Moreover, it can be utilized to improve 
crops for better nutrition and food security. Here are some possibilities 
(Fig. 11.6) that can be utilized for crop improvement and plant biotechnology 
applications. Genome editing technology is now simplified by using direct 
delivery of cas9 and gRNA (Hiei et  al. 2014; Khatodia and Khurana 2014; 
Nonaka and Ezura 2014, Liang et al. 2016; Mout et al. 2017). The generation 
of CRISPRi targeting the genes at a whole-genome level is also feasible for 
model plants (Heintze et al. 2013).

CRISPR technology can facilitate both forward and reverse genetics even in 
modal species such as Arabidopsis. The technique is becoming more efficient and 
precise with opportunities like the inducible cas9 expression and direct delivery of 
cas9 protein (Ramakrishna et al. 2014; Polstein and Gersbach 2015). These devel-
opments will help to avoid off-target effects by expressing cas9/gRNA only when it 
is required. The remarkable advantage of CRISPR technology is its accessibility 
and simplicity over other genome editing tools.
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