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Abstract: Sugarcane (Saccharum spp.) is one of the most important industrial cash crops, contributing
to the world sugar industry and biofuel production. It has been cultivated and improved from
prehistoric times through natural selection and conventional breeding and, more recently, using the
modern tools of genetic engineering and biotechnology. However, the heterogenicity, complex poly-
aneuploid genome and susceptibility of sugarcane to different biotic and abiotic stresses represent
impediments that require us to pay greater attention to the improvement of the sugarcane crop.
Compared to traditional breeding, recent advances in breeding technologies (molecular marker-
assisted breeding, sugarcane transformation, genome-editing and multiple omics technologies) can
potentially improve sugarcane, especially against environmental stressors. This article will focus on
efficient modern breeding technologies, which provide crucial clues for the engineering of sugarcane
cultivars resistant to environmental stresses.
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1. Introduction

Sugarcane (Saccharum spp.) is an important agricultural crop for various subtropical
and tropical countries, such as Brazil, India, Thailand, China, Australia, Pakistan, Philip-
pines, Cuba, Colombia, and the USA [1]. It can produce various industrially valuable
products, such as sugar, waxes, biofuels, and bio-fibres [2,3]. Globally, about 75% of sucrose
is obtained from sugarcane, whereas the remaining 25% is obtained from Beta vulgaris [4].
There are two wild (S. robustum and S. spontaneum) and four cultivated (S. edule, S. bar-
beri, S. sinense, and S. officinarum) main species in the Saccharum complex. However, the
current commercial sugarcane cultivars, which are allopolyploids of high ploidy level,
contain a narrow genetic range due to breeding via popular cultivars of the early 1900s,
e.g., NCo0310, Co419, and POJ2878 [5], whereas more recent cultivars have been developed
via interspecific hybridisation of S. officinarum and S. spontaneum [6]. These commercial
varieties are selected from an intervarietal hybrid population through clonal selection.
The mechanism of diploidised meiosis makes them responsive to further breeding through
hybridisation, even at the ploidy level of 10x or more. Gene introgression to produce
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intergeneric/interspecific hybrids with Erianthus, Miscanthus, Narenga, Sclerostachya, and
Sorghum has been performed through intergeneric hybridisation. These sugarcane hybrids
are fertile, vigorous, and could be maintained through vegetative propagation for vari-
ous years; thus, they are termed perennial hybrids. Allopolyploid hybrids of Saccharum,
due to their duplicated genomes, proved an ideal material for genetic modification re-
search as compared to other seed-propagated annual plants. Transgenic protocols through
Agrobacterium-mediated transformation and the biolistic approach have been used in sug-
arcane in the study of duplicated genes (mechanism of generating new genetic material
during molecular evolution) [7]. Sugarcane can act as a model organism for studies on
hybridisation, genome restructuring, chromosomal elimination, the effect of gene dosage,
chromosomal bivalent pairing of higher polyploids, allelic variation, and so much more [8].
Erianthus arundinaceus presents a strong tolerance against abiotic stresses and could be
widely used in modern breeding of sugarcane for producing cultivars with better stress
tolerance, as well as enhanced sucrose content [9,10].

Considering the interest in rapidly improving sugarcane tolerance to stress under the
current climate change scenario, conventional breeding programmes are time-consuming
and ineffective [11]. Most importantly, several biotic and abiotic stresses can restrain the
performance of sugarcane cultivars from emergence to harvesting [12]. Sugarcane’s het-
erogeneous nature, its vegetative propagation through stem cuttings, and poly-aneuploid
genome make the research advances quite complex [13]. High sucrose/cellulose, ethanol-
based biofuel production, and resistance to biotic and abiotic stresses are the distinct
components considered by breeders for sugarcane improvement [14,15]. Beyond the over-
all improvement in carbohydrate contents, other traits such as higher emergence potential,
plant vigour, and agronomic parameters—tillering, plant height, stem diameter, flowering,
and resistance to biotic and abiotic stresses—are of paramount importance for achieving
the highest potential of the sugarcane production system [16,17].

In the last decade, sugarcane genetic transformation and multiple omics technolo-
gies have received increasing attention, as they can open novel and unique research
pathways [18]. The advent of recombinant DNA technology holds great potential, incor-
porating one or more specific genes via genetic engineering, to control single or multiple
traits [19]. More recently, genome-editing techniques have been developed to achieve ge-
netic modifications in which a gene/DNA fragment is replaced, deleted, or inserted into an
organism genome using nucleases: meganucleases, zinc-finger nucleases (ZFNs), transcrip-
tion activator-like effector nucleases (TALENS), and, at present, mostly the CRISPR/Cas9
system. During the process, the nucleases cause double-strand breaks (DSBs) at specific
DNA regions; finally, non-homologous end joining (NHE]) or homologous recombination
(HR) result in the restoration of the induced DSBs [16]. Molecular markers associated with
specific loci of the genome could be used for the analysis and detection of various genotypes
in a gene pool of sugarcane [20]. Omics technologies, such as genomics, transcriptomics,
proteomics, and metabolomics reveal complex connections between metabolites, proteins,
and genes, which could help understand the genetic regulation and molecular mechanisms
controlling both yield and stress resistance [21]. However, the limited use of this omics
knowledge in sugarcane improvement against environmental stresses is presently frustrat-
ing. On the contrary, the development of transgenic sugarcane plants with significantly
higher yield potential and better adaptability to fluctuating environmental conditions
is moving towards a remarkable success [22]. Nevertheless, a comprehensive statistical
genetic analysis is still required to identify genes associated with the increased yield and
resistance to biotic and abiotic stresses of sugarcane cultivars.

This review attempts to provide comprehensive information regarding sugarcane ge-
netic improvement for developing cultivars possessing better survival capacity in response
to biotic and abiotic stresses, highlighting the different molecular techniques that can be
applied to achieve this goal.
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2. Molecular Markers-Assisted Breeding (MAB)
2.1. Diverse Molecular Markers

The complex poly-aneuploid genome and narrow genetic base are the main limi-
tations in breeding commercial varieties of sugarcane. Despite sugarcane nobilisation,
little improvement has been achieved in enhancing sugar content [23]. Knowledge rele-
vant to genetic diversity among elite cultivars is essential for further crop improvement
and can be obtained through investigating morphological traits, pedigree analysis, or
molecular markers [24]. Among these approaches, molecular markers have been widely
used in the germplasm characterisation of Saccharum species. Besides, paternity analysis,
phylogenetic relationship analysis, genetic mapping, QTL (quantitative trait loci) map-
ping, and MAS (molecular-assisted selection) have also received greater attention from
researchers. Molecular markers and fragments/small regions/pieces of DNA sequence
show polymorphism and reveal variations among different organisms (Figure 1). Differ-
ent molecular markers, such as RAPDs (random amplified polymorphic DNA), RFLPs
(restriction fragment length polymorphisms), AFLPs (amplified fragment length polymor-
phisms), SNPs (single nucleotide polymorphisms), TRAPs (target region amplification
polymorphisms), SSRs (simple sequence repeats), and ISSRs (inter simple sequence repeats)
have been widely used in the genetic study of sugarcane [20,25,26].
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Figure 1. Modern breeding technologies for sugarcane genetic improvement against environmental stresses.

Genetic diversity in sugarcane germplasm was successfully identified using microsatel-
lite DNA markers based on phenotypic traits and pedigree records [27]. Genetic diversity
and phylogenetic relationship assessment by DNA markers can be crucial in germplasm
classification and selecting breeding methods in sugarcane [28]. Molecular markers such
as AFLP, SSR, and TRAPs have been successfully used in sugarcane to evaluate the ge-
netic variations on a molecular level without the influence of environmental factors [29].
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Genetic diversity analysis of 1002 accessions of sugarcane and related grasses, using 36
SSR markers, revealed the identification of 209 alleles associated with traits of agronomic
importance [30]. Furthermore, 25 genotypes of sugarcane were also subjected to genetic
diversity analysis through TRAP markers, which resulted in 70% genetic similarity between
all accessions [31]. More recently, 150 of the most popular sugarcane accessions of China
were successfully subjected to genetic diversity analysis with 21 fluorescence-labelled SSR
markers and HPCE (high-performance capillary electrophoresis) for parental germplasm
management [32]. Molecular markers help understand the genetic structures by identifying
QTLs and developing genomic maps [33]. Incomplete genetic maps and linkages have
been obtained using F1 individuals for Saccharum species such as S. officinarum [34], S. spon-
taneum [35], and a few modern sugarcane cultivars [36]. Genetic mapping of S. officinarum
with 72 SSR and 40 AFLP primer pairs revealed 28 repulsion linkages [37]. A genetic map-
ping study of S. officinarum and S. spontaneum was carried out with AFLP, SRAP, and TRAP
markers, which proved that AFLP is a better choice than SRAP and TRAP markers for
sugarcane genetic mapping [24]. Whole-genome mapping of 183 sugarcane accessions was
genotyped with 3327 DArT (diversity arrays technology), SSR, and AFLP markers to study
13 traits associated with morphology, the residual content of bagasse, resistance against
diseases, and yield [38]. Phenotypic characterisation of 32 traits of 92 sugarcane varieties
was performed using 174 SSR primers [39]. Linkage map construction and identification of
genomic regions associated with traits of interest in the bi-parental population were carried
out by QTL mapping [40].

2.2. Molecular Markers Related to Biotic Stresses

Genetic mapping of sugarcane is a challenge due to the presence of multiple alleles for
a single gene. However, QTL mapping was proven to effectively discover various trait loci
concerning yield [41] and disease resistance [42]. Several QTLs for disease resistance have
been successfully identified in sugarcane, including 11 DNA markers for smut disease,
five for resistance against fiji leaf gall, four for resistance against leaf scald and pachymetra
root-rot [43], Brul for resistance against brown rust [44], and 18 QTLs for resistance against
yellow leaf virus [45]. QTL mapping in association with AFLP and SSR markers resulted
in the identification of one QTL link for resistance against yellow leaf spot disease [46].
Similarly, another QTL mapping via AFLP and SSR markers identified one major QTL link
against the sugarcane yellow leaf virus [47]. Chilo sacchariphagus, the spotted-stem borer
(SSB), is one of the major sugarcane pests. To understand its genetic basis, QTL mapping
was performed with AFLP, RFLP, and SSR markers and resulted in identifying nine QTLs,
ranging in phenotypic variation from 6 to 10% [48]. Additionally, genome regions associ-
ated with sugarcane resistance against leaf scald disease were successfully identified by
QTL mapping with SNPs, SSRs, and ISSRs [49].

2.3. Molecular Markers Related to Abiotic Stresses

Molecular markers have been utilised to select resistant genotypes against abiotic
stresses, including drought, salinity, or cold, in major crops such as wheat, rice, sugarcane,
maize, sorghum, and barley [50]. For example, AFLP, RAPD, and SSR markers have been
widely used for improving the adaptability of sugarcane to abiotic stresses. Thus, RAPD
markers analysis resulted in identifying molecular markers associated with resistance to
drought and salinity [51,52]. Drought tolerance screening of 23 sugarcane genotypes was
carried out using a SCAR marker generated from OPAK-127,4 (RAPD DNA-sequence).
This study identified 12 drought-tolerant genotypes, indicating that SCAR was 92% specific
in the selection and occupied the same locus as OPAK-127,4 [53]. Molecular selection in
eight sugarcane genotypes (BOT-41, Co-775, Co-997, F-153, F-161, GT54-9, G84-47, and
Sp80-32-80) regarding drought tolerance was also performed using RAPD, ISSR, and R-ISSR
(combined RAPD and ISSR) markers. Among these, the use of R-ISSR was proved to be
more efficient than the independent selection with RAPD or ISSR [54]. A further selection
of these genotypes was carried out with AFLP primers by amplifying 886 amplicons with
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6.2% polymorphism; this analysis established Co-997 as the most tolerant and Co-775 as
the most susceptible to drought of the eight tested genotypes [55].

Sugarcane, being a glycophyte, exhibits growth reduction, nutritional imbalance,
low-sprout emergence, low sugar content, and low productivity under salt stress [56].
Molecular markers can be used to track genetic loci related to salt resistance, avoiding
time-consuming phenotypic measurements. Indeed, several PCR-based markers have been
employed to assess the genetic diversity of sugarcane cultivars regarding their relative salt
tolerance. For example, in vitro mutagenesis and RAPD markers were used for the selec-
tion and molecular characterisation of salt-tolerant lines in S. officinarum; RAPD markers
indicated the genetic polymorphism in the control and salt-tolerant lines [57]. Screening of
salt-tolerant and susceptible lines in sugarcane was also conducted with 15 ISSR markers,
based on the similarity index among cultivars. This study proved that the ISSR markers
effectively assessed the genetic diversity of sugarcane cultivars [58]. Characterisation
between parents and mutant lines (drought and salt-tolerant) was carried out with RAPD
markers under tissue culture selection pressure. Sugarcane embryonic calli treated with
ethyl-methane sulphonate (EMS) were grown under drought and salt stress conditions,
and tolerant lines were separated from the controls, based on the polymorphisms revealed
by the RAPD profiles [59]. Similarly, in vitro molecular profiling of sugarcane variants
was carried out using RAPD markers under water deficit and salt stress treatments [60].
Furthermore, molecular characterisation of 18 sugarcane genotypes under salt stress was
undertaken using five TRAP markers. A similarity coefficient of 0.72 was observed, with
25 to 100% polymorphisms, which revealed a limited variation between the tested geno-
types under salt stress [61]. Overall, molecular markers are powerful tools for identifying
phenotypic and genetic diversity and provide a platform for introducing new desirable
traits in sugarcane against abiotic and biotic stresses.

3. Sugarcane Genetic Transformation
3.1. Transformation Approaches

Different physical and biological transformation methods, with varying success rates,
have been applied in sugarcane, such as electroporation, particle bombardment, PEG,
and Agrobacterium-mediated gene transfer. Particle bombardment and Agrobacterium-
mediated gene transformation are the most common methods applied in sugarcane due
to a higher transformation efficiency [62]. Over the past several years, biotechnologists
found particle bombardment a more helpful tool for direct gene transfer over a broad
range of cells and tissues [63]. In the case of sugarcane, due to its heterozygosity and long
generation time during vegetative propagation, bio-ballistics—commonly known as the
DNA-gun method—represents a more reliable tool for gene transfer [64]. Sugarcane cul-
tivars amenable to obtain embryonic callus cultures have been transformed by ballistic
bombardment. The first transgenic sugarcane plants regenerated from embryogenic calli,
transformed with the npt-II gene under the control of the Emu promoter, were success-
fully produced in Australia and required higher-velocity DNA bombardment compared
to suspension culture cells [65]. On the contrary, the development of transgenic non-
chimeric plants via direct bombardment to meristems or other tissues might be inefficient
or non-productive [66].

Agrobacterium tumefaciens is a Gram-negative soil bacterium that can transfer a copy of
the T-DNA sequences, present in its tumour-inducing (Ti) plasmid, to plant cells, where
they are integrated into the plant genome [67]. The natural DNA transfer system has been
adapted to use A. tumefaciens as a vector for gene transfer in plants [68]. Agrobacterium-
mediated gene transfer can be efficiently accomplished in sugarcane using improved vector
and promoters, signal molecules, meristematic tissues, and super-virulent strains [69].
In sugarcane, this transformation method benefits from numerous technical advances,
such as the availability of a reliable and stable in vitro plant regeneration system, high vir-
ulent strains, chemicals that activate the vir genes, and reduced necrosis resulting from
Agrobacterium callus browning [70]. In sugarcane, stem cuttings are also used for vege-
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tative propagation of crops due to its highly heterogeneous nature [71]. Protocols have
been standardised for in vitro production, micro-propagation, and tissue culture of sug-
arcane through shoot tip, meristem, or callus cultures. A decrease in the dispersal of
seed cane-related diseases (e.g., leaf gall, mosaic virus, or leaf scald) has been observed
after micro-propagation. Furthermore, seed cane developed by tissue culture performs
better in sprouting, growth, and sugar and cane yield, as compared to production through
conventional breeding [72,73].

3.2. Genome Editing

Genetic modification through DNA insertion/deletion in an organism is known as
genome editing (GE). Four nuclease families can be used for genome editing, namely,
meganucleases, transcription activator-like effector nuclease (TALEN), zinc-finger nuclease
(ZEN), and clustered regularly interspaced short palindromic repeats (CRISPR)-associated
nuclease (CRISPR/Cas9 technologies) [74]. CRISPR/Cas9 is the adaptive immunity of
prokaryotes against invading genomes or viral predators, established by memorising the
previous infections and integrating the spacers (short sequences of the invading genomes)
within the CRISPR locus. Integrated complexes, termed crRNAs (CRISPR RNAs), are then
used by Cas nucleases for targeting invader sequences in case of reinfection. This ability
of CRISPR/CAS9 to target the DNA sequences through programmed RNAs opened new
approaches in genome editing [75]. Although CRISPR is, by far, the genome-editing method
most used at present, TALEN-mediated GE has been proved successful in sugarcane to
increase bioethanol production [76].

With a genome size of approximately 10 GB and 8 to 12 homologous gene copies,
sugarcane is a classic example of a complex polyploid crop that faces several difficul-
ties regarding genome editing [77]. A drawback in sugarcane molecular improvement is
transgene-silencing at both transcription and post-transcriptional levels [78]. Efficient pro-
moters can regulate specific GE tools, e.g., Cas9. Not unlike other GE nucleases, Cas9 may
also have off-target effects, resulting in unwanted mutations. The gRNA-Cas9 complexes,
in addition to cutting target DNA, can cleave off-target DNA sequences [79]. However,
selecting specific promoters with truncated gRNA—Cas9 complexes can provide high muta-
tion rates with minimum off-target effects [80]. GE can be further improved using modified
variants of Cas9 to solve off-target cleaving issues [81]. Overall, although several chal-
lenges still need to be faced, the use of different Cas9 variants and other CRISPR-associated
nucleases can be soon a powerful tool to enable successful GE in sugarcane and other
polyploid crops.

3.3. Transformation Approaches against Biotic Stresses

Plant genetic engineering can enhance crop productivity and resistance to various
biotic and abiotic stresses and, therefore, can be utilised for genetic improvement of
sugarcane [82,83]. Over the last decades, rapid developments in genetic modification
methods allowed the direct manipulation of the genetic makeup of an organism for the
sake of introducing desirable characteristics [84]. Fundamental advances have been made
in plant molecular biology and genetic engineering, bringing scientists to the efficient
dissection and cloning of genes [85]. Cry genes such as cry1A [86], crylAb [87], crylAc [88],
and cry1Aa3 [89] from Bacillus thuringiensis have been used for the genetic modification of
sugarcane to enhance its resistance to borers.

Herbicide resistance is known as a prominent example of a trait introduced by ge-
netic transformation. Sugarcane plants transformed with the Bt insecticidal gene cry1Ab,
the glyphosate-tolerant gene EPSPS, and the selection marker gene PMI showed strong
herbicide tolerance under both laboratory and field conditions [90]. Independent transgenic
lines of herbicide-resistant, fertile transgenic sugarcane plants, with high transformation
efficiency and up-regulated bar transgene expression were successfully developed using the
DNA-gun [91]. Herbicide-resistant sugarcane plants with normal physiological and mor-
phological functions have also been obtained successfully using Agrobacterium-mediated
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transformation. In fact, Agrobacterium transformation was first employed in sugarcane to
develop herbicide-resistant sugarcane plants, in which the Pga492 binary vector contained
the neomycin phosphotransferase-11, bar, and B-glucuronidase (GUS) genes inserted between the
T-DNA borders [92]. Several similar experiments have been reported, also describing the
Agrobacterium-mediated transformation of sugarcane cultivars to obtain herbicide-resistant
plants [93,94].

3.4. Transformation Approaches against Abiotic Stresses

Abiotic stresses can disturb the growth, development, and metabolism of a plant [82].
There are various abiotic stress conditions that plants must face in a field, but low tem-
perature, drought, and salinity are the main environmental stressful factors negatively
influencing crop performance [95]. Molecular studies have revealed that, to withstand
these stresses, plants trigger various defence mechanisms, mediated by the activation
through different pathways of the synthesis of specific proteins, such as protease inhibitors,
antioxidant enzymes, late-embryogenesis abundant (LEA) proteins, and transcription
factors (WRKY, MYB, AP2/ERF, and NAC) [96,97].

Drought is one of the main concerns of sugarcane growers, as it constrains the growth
and productivity of the crop. Sugarcane, being a delta crop, needs heavy irrigation; there-
fore, only drought-tolerant varieties can grow in areas with limited water supply [98].
Numerous studies have been conducted to increase the resistance of sugarcane to drought
stress, for example, by the transfer of the Trehalose synthase (TSase) and the vacuolar-
pyrophosphatase (AVP1) genes to sugarcane apical meristem tissues [99]. In sugarcane,
genes expressed under abiotic stresses were identified through expression profiling. A wild-
type cultivar (Q117) was grown under drought, cold, and salinity conditions, and changes
in gene expression were evaluated. Significant variation was observed in four genes encod-
ing stress-related proteins, namely, late-embryogenesis abundant protein-3 (LEA3), early
responsive dehydration protein-4 (ERD4), pyrroline-5-carboxylase synthase (P5CS), and
galactinol synthase (GolS). These stress-induced genes showed up-regulation in response to
specific stresses: ERD4 under drought and LEA4 under cold, whereas P5CS and GolS were
strongly induced by salt stress. Further up-regulation of P5CS and ERD4 was achieved
by transforming Q117 with the Arabidopsis CBF4 gene; however, no such results were
reported in transgenic plants in the case of GolS and LEA3 [100]. An R2R3-MYB sugarcane
transcription factor (TF) gene ‘ScMYB2’ and its alternatively spliced forms (ScMYB2S51
and ScMYB2S52) were observed to play a positive role in drought tolerance mechanisms
through the ABA signalling pathway [101]. Over-expression of EaDREB2 (DREB2 gene
from E. arundinaceus) and pyramiding with PDH45 (a pea DNA helicase gene) can enhance
the salinity and drought tolerance in transgenic sugarcane cultivars [102]. Similarly, the
transformation of sugarcane plants with the PDH45 gene under the control of the PortUbi2.3
promoter was also shown to be effective against drought and salinity stresses [103].

Enhanced proline accumulation was reported under drought [104] and salt stresses [105]
in sugarcane plants, in agreement with the positive role of proline accumulation in the
mechanisms of abiotic stress tolerance established in many other species, e.g., soybean,
onion, or rice [106,107]. Transformation of sugarcane plants with the P5C5 gene from Vigna
aconitifolia L. showed a 25% increase in proline content and better tolerance to salt stress
than non-transgenic control plants [108]. Similarly, sugarcane transformation with the
PDH45 gene, under the control of the Port Ubi2.3 promoter, was effective against water
deficit and salinity stresses [92]. Additionally, an increase in water stress tolerance was
observed in sugarcane plants transformed with the Arabidopsis Bax inhibitor-1 (AtBI-1)
gene [109]. Under cold stress, several differentially expressed genes were observed in a
clone of S. spontaneum (IND00-1037), such as the cold-responsive gene CBF6, associated
with cold sensing, genes of phytochrome signalling, MAP kinases, lignin and pectin biosyn-
thesis, soluble sugar, lipid, and calcium signalling pathways [110]. Metabolic (ethylene
and Ca™) pathways were investigated, searching for the activation of genes increasing the
tolerance of sugarcane to potassium deficiency [111]. Overall, one of the most relevant
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goals of sugarcane transformation is enhancing crop fitness against biotic (insect pests,
viruses, and bacteria) and abiotic (temperature, salinity, metal toxicity, and drought) stress,
which is challenging to accomplish without the use of modern breeding technologies.

4. Multiple Omics Technologies
4.1. Sugarcane Genomics

Genome sequencing of modern sugarcane cultivars is a far cry from completion
due to its heterozygosity, high polyploidy level, and repetitive content of the homolo-
gous/homeologous chromosomes [112]. Modern sugarcane (Saccharum spp.) cultivars
originated from two progenitors of different genome size, S. officinarum (930 Mb) and
S. spontaneum (750 Mb) [113]. Progress on sugarcane genome sequencing has been achieved
through de novo assembly using both short- and long-read techniques [37], BAC (bacterial
artificial chromosome) sequencing [114], studies on gene remodelling [115], the functional
transcriptomic approach [21], and genome-wide association studies (GWAS) [116].

The autopolyploid genome of S. spontanuem has been assembled using AP85-441
(haploid), which revealed that fission and translocation of two ancestral chromosomes
resulted in four rearranged chromosomes, thereby resulting in a reduction in the number
of chromosomes from 10 to 8. Surprisingly, in four rearranged chromosomes, almost 80%
of the nucleotide-binding site-encoding genes were associated with disease resistance [117].
Genome sequencing of sugarcane based on BACs was carried out to exploit the co-linearity
of sugarcane and sorghum. By referring to the sorghum genome, it was revealed that
S. spontaneum and S. officinarum differ by their chromosomal rearrangements and trans-
posable elements, which explains their distinct number of chromosomes, genome size,
and their role in high polyploidisation and divergence. Based on whole-genome profiling,
a minimal tilling path of the 4660 sugarcane-BAC was selected that covered the gene-
rich part in the genome of sorghum. The selected BAC was sequenced and assembled
in a higher quality single tilling path (382 Mb). As a result, almost 25,318 gen models
(protein-coding) were predicted, out of which 17% showed no collinearity with the re-
spective sorghum orthologs [112]. GWAS was used to identify 23 MTAs (marker-trait
associations) associated with quantitative traits such as stalk number, stalk height, stalk
weight, and cane yield and sugar contents, which were adequate for the identification of
superior sugarcane cultivars [116]. The same approach also allowed identifying sugarcane
cultivars resistant to yellow leaf virus and orange rust [118]. Xanthomonas albilineans is
the causative agent of leaf scald bacterial disease of sugarcane in most countries. Genomic
analysis can aid in understanding the genetic diversity of pathogens. Genome sequencing
of Xa-FJ1 (a strain of X. albilineans) and a comparative genomic analysis of GPE-PC73
(another strain of X. albilineans) and Xa-FJ1 were carried out. The results revealed that 82
genes in GPE-PC73 and ten genes in Xa-FJ1 were associated with DNA methyltransferases,
Zonula occludens toxin, and phage-related proteins, as well as homologous recombination,
transposable elements, and prophage integration. CRISPR systems linked with 16 in/dels
(insertions/deletions) were revealed between both strains under comparative genomic
analysis [119]. The whole reference genome of sugarcane is not available for public use due
to challenges of genome association. However, allelic variation and expression patterns of
target regions can be carried out by analysing the deep-sequence data of target-enriched
regions and RNA-seq data, respectively [120].

4.2. Sugarcane Transcriptomics

The transcriptomic analysis provides data on gene expression profiles, employing
various techniques, such as expressed sequence tags (ESTs), probe hybridisation arrays,
or known genes of allied crops. The Brazilian SUCEST (sugarcane EST) project by the
ONSA Virtual Genomics Institute [121] represents a major achievement in the EST collec-
tion, with 237,965 ESTs collected from 37 cDNA libraries [122]. A total of 43,141 SASs
(sugarcane-assembled sequences), encoding the putative transcripts, were organised from
these ESTs through cluster analysis [123]. The Gene Index (3.0 version) of sugarcane
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consists of 282,683 ESTs, which comprises 499 cDNA-sequences along with 121,342 uni-
genes. However, there are approximately 10,000 coding genes of sugarcane that are still
unidentified [124]. In addition to the ESTs, transcriptomics approaches have also been
used to define and validate the expression patterns of sugarcane genes [125], e.g., identi-
fication of genes for developmental responses, quality and quantitative traits, associated
with photosynthesis [126], leaf abscission [127], ripening [128], or lignin and cellulose
biosynthesis [129].

Red rot caused by Colletotrichum falcatum is notorious for affecting sugarcane devel-
opment and yield. Many studies have been conducted to understand the mechanism of
C. falcatum invasion and the development of resistant sugarcane cultivars. These studies
provided some essential information, such as the early induction of transcription factors
(NAC, WRKY, MYB, TLP, and bZIP) that could be actively involved or coordinate the
defence reactions against pathogen attack [130]. Acidovorax avenae subsp. avenae (Aaa) is
the causative agent of red stripe disease in sugarcane. Under Aaa invasion, sugarcane
transcriptomic analysis identified various differentially expressed genes (DEGs) involved
in oxidative bursts, ethylene biosynthesis, and cell wall fortification [131]. Furthermore,
transcriptome analysis of resistant (ROC22) and susceptible (MT11-610) sugarcane cultivars
revealed the positive role of eight DEGs of sugarcane resistance to Aaa [132]. Previous liter-
ature extensively reported the participation of different genes in biotic stress resistance in
plants; some examples are mentioned in Table 1.

Table 1. Biotic stresses and potential control in sugarcane.

Causal Agent Disease Main Findings Reference
Early induction of TFs (NAC, WRKY, MYB, TLP, and bZIP)
Colletotrichum falcatum Red rot can be actively involved or coordinate the defence against [133]
pathogen attack
Colletotrichum falcatum Red rot Clusters of ESTs expressed in resistant cultivars of sugarcane [134]

against red rot

A total of 1779 differentially expressed transcripts were
Fusarium verticillioides Pokkah boeng identified under F. verticilloides stress. Among these, several [135]
DEGs were associated with pathogenicity

Colletotrichum falcatum Red rot Expression of genes to control pathogenesis in sugarcane [136]
Activation of MAPK and NBS-LRR genes and signalling
Sporisorium scitamineum Smut pathways of various hormones, e.g., auxins, ethylene, abscisic [137]

acid, and salicylic acid, in response to sugarcane smut

Differentially expressed genes (DEGs) involved in the
biosynthesis of the cell wall, disease resistance, signal [138]
transduction, and phenylpropanoid pathway under )
disease stress

Sporisorium scitamineum Smut

Brown rust-responsive genes identification in Louisiana [139]

Puccinia melanocephala Brown rust
clone.

Identification of NBS-LLR, ZFP, and PAL genes responsive to

Lxx infection. [140]

Leifsonia xyli subsp. xyli Ratoon stunt

Identification of 267 DEGs and 150 differentially expressed
proteins (DEPs) involved in plant growth, signal [141]
transduction, hormone metabolism, and
defence mechanisms.

Leifsonia xyli subsp. xyli Ratoon stunt

DEGs were involved in phenylpropanoid biosynthesis,
Fusarium verticillioides Pokkah boeng nitrogenous metabolism, and wax and cutin biosynthesis [142]
under disease stress.

Xanthomonas albilineans (Xa) Induction of the stress-responsive genes ShtMAPKO7 and [143]

Acidovorax avenae subsp. Leaf scaldRed stripe SKMAPKKKO02 against Xa and Aaa stimuli
avenae (Aaa)

Environmental abiotic stresses also induce significant changes in gene expression
as a plant activates certain transcription factors (WRKY, MYB, AP2/ERF, and NAC),
through different transduction pathways, to trigger specific defence mechanisms [144].
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Among these stressful conditions, drought is one of the major limitations for the growth,
development, and yield of sugarcane throughout the world [82,145]. It has been observed
that, under drought conditions, various genes encoding aquaporin, coenzyme A-ligase,
ascorbate peroxidase, E3 enzyme for SUMO-protein-ligase SIZ2, and MYB are activated
in the drought-tolerant sugarcane cultivar SP81-3250 but not in the drought-sensitive cul-
tivar RB855453 [146]. Stress-induced genes such as RLK (receptor-like protein-kinase),
ACC (1-aminocyclopropane-1-carboxylate) oxidase, and bHLH (basic helix-loop-helix) tran-
scription factors were also shown to be effective against drought and other abiotic stresses [146].
Sugarcane cultivar Mex 69-290 responded to stress via up-regulation of genes related to
transcriptional regulation, antioxidant activities, flavonoid biosynthesis, carbohydrate
catabolism, ABA signalling, and biosynthesis of other important secondary metabolites [147].
The HT-Super SAGE technique was used to evaluate four drought-sensitive and -resistant
cultivars, which resulted in the identification of 9831 unitags induced in resistant culti-
vars under drought stress. Various genes play an essential role in sugarcane metabolic
processes, e.g., thioredoxin-like 1-2 in oxidative detoxification and protein degradation,
3 -expensin 8 as a precursor in root growth, acetyl-CoA carboxylase in fatty acids biosynthe-
sis, 1-aminocyclopropane-1-carboxylate deaminase in ethylene-stress attenuation, transke-
tolase in the pentose—phosphate pathway, and fructose bisphosphate aldolase/triosephosphate
isomerase/6-phosphofructo-2-kinase in glycolysis of carbohydrate metabolism [148]. Simi-
larly, another study was conducted under drought stress on S. narenga, which lead to the
identification of 3389 differentially expressed genes (DEGs) involved in signal transduction
via hormones, blue light response, and other metabolic pathways [149]. Overall, thousands
of TFs have been identified in different plants, many involved in the responses to abiotic
stress. However, there is a need in the future for more extensive studies to identify and test
the applications of these TF genes for producing stress-resistant sugarcane cultivars.

4.3. Sugarcane Proteomics

Proteomic analysis through protein quantification and post-translational derivatives
aids in providing insight into biological systems. An individual proteome shows variable
expression and post-translational modifications (acetylation, methylation, phosphoryla-
tion, glycosylation) under different environmental stimuli. Various protein isolation and
quantification tools, such as 2D-electrophoresis (2-DE), mass spectrometry (MS), and matrix-
assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF-MS),
are used for the determination of comparative and differential expression of sugarcane
proteins under biotic and abiotic stress conditions [150]. iTRAQ (isobaric tag for relative
and absolute quantitation) is another major proteome quantification tool [151].

Proteomic analysis of host—pathogen interaction aids in a better understanding of
the virulence of pathogens and disease mechanisms; it should also help develop toler-
ant/resistant cultivars. The identification of 20 DEPs (differentially expressed proteins)
related to photosynthesis, signal transduction, and defence responses was achieved through
2-DE/MALDI-TOF-MS techniques in sugarcane infected with Sporisorium scitamineum [152].
Similar experiments led to the identification of 53 proteins after the emergence stage;
those proteins were related to cell division, protein folding, metabolism, energy, stress,
and defence mechanisms [153]. Comparative proteomic analysis using the iTRAQ tech-
nique in sugarcane cultivars susceptible and resistant to S. scitamineum identified 341
and 273 DEPs, respectively. Most of these proteins, including endo-1,4-f3-xylanase, 3-1,
3-glucanase, peroxidase, heat-shock proteins, lectins, and PR1, were involved in resis-
tance against smut disease, whereas in the resistant cultivar, gibberellic acid and ethylene
pathways, PRs, and phenylpropanoid metabolism were particularly active [154]. The up-
regulation of proteins related to the ABA, ROS, calcium, and photosynthesis pathways was
detected in both smut-susceptible and -resistant sugarcane cultivars [155]. Proteomic anal-
ysis of sugarcane (stalk tissues) under Colletotrichum falcatum infection was performed by
2-DE and resulted in developing a reference map and establishing an extraction map [156].
On the other hand, proteomic analysis by 2-DE/MALDI-TOF-MS led to the identification of
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the C. falcatum EPL1 protein as a potential PAMP (pathogen-associated molecular pattern)
for the induction of systemic resistance in sugarcane [157]. Additionally, iTRAQ-based
proteomic analysis revealed differential expression of proteins in response to infection
stress caused by X. albilineans [158].

The extent of drought tolerance is affected by the synthesis, degradation, and modifi-
cation of proteins. Therefore, various proteomic studies have been conducted to address
this situation in sugarcane. The enhanced expression of SoDip22, a drought-inducible
gene regulated by ABA, was observed under drought stress in the bundle sheath cells
of sugarcane leaves [159]. Using the 2-DE method, an accumulated protein (18 KDa)
was detected under the increased expression of SoDip22, suggesting a possible role in
drought stress tolerance [160]. Another comparative proteomic study, based on 2-DE and
MALDI-TOF-MS, indicated that proteins associated with signal transduction, regulatory
processes, and photosynthesis were up-regulated in a drought-tolerant sugarcane cultivar
and down-regulated in a drought-susceptible one [161]. A quantitative proteomic analysis
of sugarcane stems under drought stress revealed that most affected proteins (74) were
associated with cell wall metabolism. Besides, 37 transcription factors, including the NAC
TF family, C2H2 (Cys2-His2) TF family, C3H TF family, myeloblastosis (MYB) TF fam-
ily, ARF (auxin response factors), or HSF (heat shock factors), belonging to the group of
low-abundance nuclear proteins, were also identified [162].

Differentially delayed responses of sugarcane root proteomes under salt stress were
studied through physiological and proteomic analyses. The results revealed that the differen-
tially expressed proteins were associated with growth, energy metabolism, carbohydrate
metabolism, development, ROS metabolism, membrane stabilisation, and protein protec-
tion [163]. Comparative proteomic analysis of two sugarcane cultivars, RB855536 and
RB867515, revealed that four proteins related to defence responses and energy metabolism,
i.e., germin-like protein, HSP70, fructose-1,6-bisphosphate aldolase (FBA), and glyceraldehyde-
3-phosphate dehydrogenase (G3PDH), were differentially expressed in stressed and control
conditions, suggesting a role in salt stress responses [164]. Overall, these research findings
highlight the importance of diverse proteins for maintaining homeostasis in sugarcane
under salt stress.

4.4. Sugarcane Metabolomics

A study that connects physiological and phenotypic alterations to external stim-
uli, based on changes in the levels of low-molecular weight compounds, is known as
metabolomics [165]. Sugarcane metabolomics is still at an early stage due to various chal-
lenges and difficulties; however, determining metabolites levels, mainly carbohydrates
(glucose, fructose, sucrose, raffinose, and inositol), does aid in understanding sugarcane
biology [166]. Metabolomics analysis is carried out using various techniques, such as mass
spectrometry (MS) [167], nuclear magnetic resonance (NMR) [168], and gas chromatogra-
phy (GC) [169]. Furthermore, a metabolomics study is also necessary to understand the
interaction of sugar-related transcriptomes and their proteomes [170]. The metabolomics
approach has recently been used to understand host—pathogen interactions and defence
mechanisms in sugarcane, to help develop resistant cultivars. With advances in genetic
transformation and molecular genetics, transgenic sugarcane cultivars with desirable traits,
e.g., insect resistance, have been developed by manipulating different molecules, such as
proteinase inhibitors, secondary metabolites lectins, insecticidal proteins, delta endotoxins,
or ribosome-inactivating proteins [171]. Metabolomics analysis of sugarcane plants infected
by sugarcane yellow leaf virus (SCYLV) revealed high levels of carbohydrates, hexose,
sucrose, and starch, the latter particularly observed in infected leaves. This high content of
carbohydrates in leaves indicated a reduced assimilates’ export [172]. Under yellow canopy
syndrome (YCS), high sucrose content and lower stomatal conductivity and photosynthetic
rate were observed in infected leaves in a metabolomics study, with another increment
in sugar levels as a secondary effect [173]. In an independent study, a metabolomics
analysis using liquid chromatography coupled with electrospray ionisation tandem MS
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(LC-ESI-MS) was performed on smut-susceptible sugarcane genotypes inoculated with
SSC39 teliospores of S. scitamineum to identify marker molecules. Biosynthesis of Apigenin
7-0-(600-O-acetylglucoside) was hindered due to infection; however, after the whip devel-
opment, an increasing pattern was also observed, making it a marker metabolite to identify
healthy plants [174].

Elongated roots and a high rate of photosynthesis were recorded under drought
stress, associated with high malondialdehyde (MDA) and hydrogen peroxide (H,O,)
contents [175]. HyO, acted as a secondary signalling metabolite and oxidant due to its
high penetration ability across membranes and relatively long half-life [176]. Heat stress is
another major constraint in sugarcane production, and metabolomics studies have also been
conducted regarding this stress factor. It was observed that an exogenous proline (20 mM)
treatment of sugarcane buds alleviated heat stress by decreasing H,O, and increasing
osmolytes and soluble sucrose contents. Similarly, exogenous proline application was also
shown to improve Ca®* and K* levels in crop plants [177]. Increased proline accumulation
was reported in stressed sugarcane plants, which pointed to a possible positive role of
proline in the mechanisms of tolerance to salinity and drought [178]. Similarly, high proline
content and lower concentration of Na* were observed in leaves of sugarcane plants
subjected to salt stress [179]. A research study on K92-80 (salt-sensitive) and K88-92 (salt-
tolerant) sugarcane cultivars revealed ~ 2-fold increased proline content in salt-stressed
K88-92 plants, as compared to the control, whereas no change was observed in K-92-80 [180].
Thus, the above-mentioned and similar studies indicate the importance of metabolomics
for identifying stress-tolerant sugarcane genotypes.

5. Conclusions

Sugarcane, one of the most important industrial cash crops worldwide, has been
improved for agronomic traits and resistance against biotic and abiotic stresses from prehis-
toric times. However, conventional breeding is time-consuming and not efficient enough to
deliver the improved varieties needed under the current climate change scenario. Success-
ful developments in the sphere of the genetic manipulation of plants using molecular tools,
as compared to classical breeding, have been proven beneficial for obtaining sustainable
and higher yields with lower susceptibility towards biotic and abiotic stresses. Besides,
advances in breeding technologies, such as molecular marker-assisted breeding, genetic
transformations, genome-editing, and multiple omics technologies, have a great potential
for sugarcane genetic improvement.

Molecular markers-assisted breeding strategies have been undertaken for pyramid-
ing multiple stress-tolerant genes/QTLs to develop robust tolerant sugarcane varieties
to ensure food security. Previously, several QTLs for disease resistance have been suc-
cessfully identified in sugarcane, including 11 DNA markers for smut disease, five for
resistance against fiji leaf gall, four for resistance against leaf scald and pachymetra root-rot,
Brul for resistance against brown rust, and 18 QTLs for resistance against yellow leaf virus.
In addition, AFLP, RAPD, and SSR markers have been widely used for improving the adapt-
ability of sugarcane to abiotic stressors such as drought, extreme temperature, and salinity,
among other stressful conditions. Multiple omics technologies, such as sugarcane genomics
(genome sequencing of Xa-FJ1, a strain of X. albilineans), transcriptomics (transcriptomic
identification of several DEGs for sugarcane resistance to Aaa), proteomics (quantitative
proteomic analysis of the sugarcane defence responses incited by Acidovorax avenae subsp.
avenae, causing red stripe), and metabolomics (smut-susceptible sugarcane liquid chro-
matography coupled with electrospray ionisation tandem MS) have been successfully
employed to ensure sustainable sugarcane production under a changing climate.

Overall, modern biotechnologies can lead to the release of genetically improved culti-
vars with better physiological and morphological traits and improved field performance
under varying environmental conditions and in a shorter time than conventional breeding.
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6. Future Prospects

Future trends and expectations should be aimed at cracking the current main hurdles
(biotic and abiotic stressors) to plants. Modern genome-editing tools (CRISPR/Cas9, base
editing) can provide a permanent solution by developing stress tolerant/resistant varieties,
although further studies are needed to reach these goals. The integration of all these ap-
proaches will lead to the sustainable production of the sugarcane crop, through the effective
management of environmental stresses under the present scenario of changing climate.
In addition, plant epigenetics, which is a conserved gene expression regulatory mechanism
including histone modification, DNA methylation, noncoding RNA, and chromatin remod-
elling, represents an emerging and efficient tool to better understand biological processes
in sugarcane. Overall, there is an urgent need for employing molecular breeding tools to
improve sugarcane cultivars, as this is a vegetatively propagated crop, with narrow genetic
pools and a complicated genome. Finally, an important step towards crop improvement
would be to promote a transparent dialogue between molecular biologists and plant physi-
ologists, on the one hand, and between farmers, breeding companies, and the public, on
the other, to jointly resolve the economic, sociological, legal, and ethical hurdles.
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