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Foreword

As a C4 plant, sugarcane has very efficient system for carbohydrate metabolism
through photosynthesis and sugar accumulation. Crop improvement efforts have
concentrated mainly on improving quality traits, mainly sugar content. This being
a complex trait, involves a large number of target genes in the metabolic pathway.
The complex polyploid nature of the crop makes it more difficult to pin point the
key players in this complex pathway. Despite its importance, little is known about
the exact mechanism of sucrose accumulation and its regulation in sugarcane.
Many enzymes have been proposed to have a key role in determining the ultimate
sucrose content in sugarcane. Especially in a crop like sugarcane where the
classical techniques are of limited help in elucidating various genetic complexities,
molecular techniques can be of help in throwing some light on the grey areas.
Molecular marker strategies will help in understanding some aspects of sucrose
metabolism and its regulation in this crop, thus complementing the ongoing crop
improvement programmes.

The review seeks to look into the crop improvement programmes in brief, in
this crop, gradually resulting in the biotechnological interventions. The initial
studies on molecular markers with respect to quality attributes, mainly sugar
content, like diversity studies, marker identification, mapping strategies and other
applications leading to functional genomics and the impact of these techniques in
improving the sugar content, directly or indirectly have been dealt with. The
possibility of diverse roles being played by some of the genes calls for more
detailed analyses to study their possible role in sugar accumulation. Comparative
genomics, which has an important role in the genomic analysis in this crop is
another aspect reviewed. The complexities Associated with the crop make it a
difficult candidate for molecular studies too, compared to other crops. The possible
implications of the polyploidy and other peculiarities of this crop will help us to be
cautious in our approach towards molecular marker applications in this crop, even
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though the rapid advancements in this field may be of help in overcoming many of
these difficulties. Thus this book will serve as a useful guide to researchers who are
engaged in molecular genetic studies related to quality attributes in sugarcane.

M. Swapna
Sangeeta Srivastava
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Molecular Marker Applications
for Improving Sugar Content in Sugarcane

1 Introduction

Sugarcane is an important crop which plays a substantial role in the world
economy. About 75% of the world sugar is produced from sugarcane and the rest
is from sugarbeet. The mature stalks of sugarcane contain juice with sucrose
content as low as 8–9% to 18–19%. Sugarcane is unique in the sense that storage
of sucrose in the storage parenchymatous tissue takes place at a very high
concentration, as against starch storage in most other higher plants. Sugarbeet and
sweet sorghum are other important crops that store photosynthetic assimilates in
the form of sucrose. Apart from the traditional use as a source of sugar, sugarcane
is fast becoming a source for ethanol and biomass production as an alternative
energy source. The residue after sugar extraction from the sugarcane stalk,
i.e., bagasse, is a used for generating electricity. Direct utilization of bagasse for
bioethanol production has also been facilitated by novel fermentation technolo-
gies. Even though the concept of sugarcane as a bioenergy crop is fast picking up,
the use of sugarcane as a primary source of sugar remains the top priority till now.
Sucrose is considered to be the major sugar, making upto almost 60% of the dry
weight of sugarcane culm, with glucose and fructose present at lower concentra-
tions. Thus sucrose accumulation, its retention in the stalks and regulation of the
process assumes great significance.

Sugarcane is a complex polyploid belonging to the subtribe Saccharinae of
tribe Andropogoneae. The genera Saccharum, Erianthus (sect. Rimpidium),
Miscanthus (sect. Diantra), Sclerostachya and Narenga constitute a closely
related inbreeding group referred to as ‘‘Saccharum complex’’ (Mukherjee 1957).
The genus Saccharum comprises of six species—Saccharum officinarum,
S. barberi, S. sinense, S. edule, S. robustum and S. spontaneum—the first four
are cultivated and the last two grow wild in nature (Daniels and Roach 1987).
Modern sugarcane varieties are derived from the interspecific hybridization
involving S. officinarum, S. spontaneum and S. barberi with contributions from
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other species also. For the successful utilization of any crop in breeding, the
interrelationship among the different members of the species/genus/related
genera has to be understood. Several workers have suggested various groupings
among the Saccharum complex and related genera with modifications from time
to time (Dutt and Rao 1951; Daniels and Roach 1987).

Sugarcane improvement, from selection of existing variation in pre-historic
time to the current bi/multi-parental crossing and subsequent use of non-conven-
tional techniques, has concentrated mostly on improving the yield and sugar
content. Due to the complexities associated with this crop, not many investigations
were made regarding the genetics and inheritance of important traits. Since most of
the economically important characters are quantitative in nature, the quantitative
inheritance has been studied. Hogarth (1968) and Brown et al. (1968) have
reviewed some of the problems associated with quantitative genetic studies in this
crop. The general assumptions for any quantitative genetic analysis may not be
met in the case of sugarcane. Even then, the developments in the field of genetics
and breeding—both at classical and molecular level—has helped us to make a
quantum leap in the area of sugarcane improvement.

2 Sugarcane Cytology

The cytology of the crop has been studied in great detail by earlier workers
(Bremer 1961a, b, c, d; Price 1964, 1965, 1968, 1969). It has been described as a
complex autopolyploid with many cytogenetic complexities like high chromosome
number, variability in chromosome number, en masse elimination, female
restitution in interspecific or even in species X cultivar, crosses etc. Mostly, the
chromosome number in various species and cultivated clones were studied during
the early years, with the numbers varying from 80–120. In general, normal
bivalent formation, low to fairly high frequencies of univalents, and other irreg-
ularities like laggards, bridges and spindle abnormalities have been reported in
different species level clones and species hybrids. The cultivated clones mostly
have a range of chromosome number between 100 and 130 (Sreenivasan et al.
1987). Chromosomal studies conducted earlier were not confined to Saccharum
species clones or cultivated hybrids. Interspecific hybrids, intergeneric hybrids,
crosses with related genera like Erianthus and Miscanthus, Sorghum, Zea mays
etc., were also studied in detail by earlier researchers (Jagathesan and Ramadevi
1969; Jagathesan and Sreenivasan 1967, 1971; Jalaja 1983; Janaki Ammal 1938a,
b; Janaki Ammal et al. 1972). Chromosomal irregularities were reported in all the
above material.

An important peculiarity in sugarcane is the 2n ? n transmission that has been
observed in interspecific crosses. Interspecific hybrids, particularly involving
S. officinarum 9 S. spontaneum with S.officinarum as the female parent, have a
triploid chromosome number relative to the parents (Bremer 1923, 1924, 1925,
1961a, b, 1962; Dutt and Rao 1933). This was attributed to the transmission of
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double the haploid set (2n) of chromosomes by the female parent and haploid set
(n) of chromosomes by the male parent. It has also been reported that this increase
in chromosome number continues only up to the second back cross (Bremer
1961b, c, 1962). 2n+n transmission of chromosomes has been reported in
S. officinarum X cultivar crosses also (Piperidis et al. 2010) indicating that this
phenomenon is not confined to interspecific crosses alone. Even though several
mechanisms have been postulated to explain this phenomenon the exact process
has not been unambiguously established. Unreduced egg cells, endoduplication,
post-meiotic fusion, endomitosis, differential survival of gametes, selective zygotic
failure etc., are some of the possible reasons suggested (Sreenivasan et al. 1987;
Bhatt and Gill 1985). These cytological peculiarities invariably effect the pattern
of meiotic chromosomal transmission and thereby, the inheritance of important
economic traits. Needless to say, these will have an effect on the efficiency of
techniques like molecular marker applications.

A comparison of the initial advancement in the field of biotechnological
interventions in other crops like rice, wheat, maize and in sugarcane brings out the
fact that the initial progress in sugarcane was not as quick as in other crops. It is
here that conventional cytological tools assume significance. If we look into the
cytogenetic studies in these crops, availability of cytogenetic tools like monoso-
mics, nullisomics, addition-substitution lines, transposons etc. have had important
roles in conventional gene location and mapping studies. In rice a complete series
of monosomic alien addition lines (MAALs) were produced (Jena and Khush
1989), each with a complete set of chromosomal complement from Oryza sativa
and a single chromosome from O.officinalis. Such lines have been useful in
transferring important traits to cultivated rice and also to study the gene/chro-
mosomal effects. In maize, tomato and barley extensive studies were undertaken to
assign linkage groups to specific chromosomes using trisomics (McClintock and
Hill 1931; Rick and Barton 1954; Rick et al. 1964; Tsuchiya 1959; Riley et al.
1968). Trisomics have also been used in locating genes on specific chromosomes
and for physical mapping (Tsuchiya 1991). Monosomics and nullisomics have
been used in locating genes to specific chromosomes and chromosome arms in
wheat. Transposon-tagging has helped in initial genetic studies in maize. Thus a
lot of work was done using these conventional cytogenetic tools in chromosome
mapping, physical mapping etc. This had given the workers of these crops a
starting point from where, molecular tools had taken over. In the case of sugar-
cane, the large genome and the numerical complexities, along with the small size
of individual chromosomes had been a hindrance to the development and
successful utilization of such cytogenetic tools. The buffering capacity of this
genome would also have been a drawback to study any gene/chromosomal effects
in monosomics, nullisomics or substitution lines. Thus no such cytogenetics based
gene location or chromosome mapping was carried out in this crop during the early
days. Researchers employing the molecular tools did not have much initial data to
rely upon, thus slowing down the pace of molecular studies in this crop at the
initial stages. But with the advent of advanced molecular tools, the pace in this
crop has also picked up.
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3 Breeding in Sugarcane for Quality Attributes

As mentioned before, crop improvement efforts have mainly concentrated on
improving the sugar yield. Final sugar yield involves many component traits like
stalk length and stalk girth, sugar content and cane yield. Thus sugar yield can be
improved by improving the sugar content or the cane yield. Selection criteria in
sugarcane include commercial cane sugar (CCS) apart from cane yield. The sugar
content in the commercial crop has reached a plateau with not much improvement
being brought about by conventional practices. Thus, many a times, cane yield
forms a major criteria for selection. Since this is an industrial crop, the sugar
factories and mills which procure the canes from sugarcane growers, play a major
role in the sugarcane development scenario. In many countries including India, the
sugarcane growers are being paid on the basis of cane yield rather than by the final
sugar content (even though there are incentives for growing an early maturing high
sugar variety). Thus many a times, the emphasis for breeding shifts to a better
yielder along with the sugar content. This might be one reason due to which the
molecular interventions for increasing sugar content per se has not been put to
practice to a greater extent in this crop.

A successful breeding programme necessitates proper flowering of the parental
lines. Suitability of different climatic zones for sugarcane flowering varies. For
example in India, Coimbatore at southern part of the country is best suited for
flowering. Here also, a lot of variation exists among different clones with respect to
flowering and extent of flowering. Temporal variation can also be observed for the
same genotype. This, to some extent, creates difficulty in repeating specific crosses
during subsequent years. The flowers are bisexual and depending on the pollen
fertility the individual varieties/clones are designated as male or female. No
emasculation is carried out in artificial crossing programmes and thus, unless a
genotype is male sterile with zero pollen fertility, there may be chances of selfs even
among progenies of controlled crosses. Some desired genotypes may not flower at
all during a particular year or the flowering of desired parents may not synchronize at
a given time. Thus the sugarcane breeding programmes have been more of a ‘‘hit and
miss’’ affair. All these peculiarities in the reproductive biology of this crop deter-
mine to what extent the application of molecular marker techniques (and for that the
matter, that of other biotechnological tools) are successful in this crop.

As in any other crop the conventional methods of selection, hybridization etc.
have been the method of choice for breeding in sugarcane also. Collection,
maintenance and proper evaluation of germplasm is an important prerequisite for
success in breeding. Traditional breeding starts with the selection of parental
material from the source population. For each breeding programme the selection of
parental material depends on the aim of the programme. Since the commercial
breeding activities invariably emphasizes on high sugar varieties, the parental
material for commercial breeding programme essentially involves utilization of
high sugar parents. Hybridization follows, with the crosses consisting of biparental
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crosses, polycrosses or general crosses (where the pollen from many unknown
parents can pollinate a single female parent). Selfing too forms a part of varietal
development strategy, as enough variation can be obtained in selfed progeny also.
Thus this can also serve as a source population for elite clone selection. In India as
mentioned before, Coimbatore situated in the tropical region (77�E longitude and
11�N latitude) is endowed with suitable climatic conditions for flowering. So most
of the hybridization programmes are carried out at the National Hybridization
Garden (NHG) situated at Sugarcane Breeding Institute, Coimbatore, established
under the All India Coordinated Research Project (AICRP) on Sugarcane (even
though some individual research centres make crosses on a small scale at some of
their own facilties. After seed set the fluff is collected, dried appropriately and is
sent to the different research centres for further studies. The fluff obtained after
crossing are sown in glasshouse or mist chambers. The seedlings can be
transplanted to a secondary nursery or to individual polybags at about 2 months
stage. Under proper conditions the seedlings are transplanted to the field. Since
each clump has its own unique genetic constitution, individual clumps can be
considered as separate entity. Individual seedlings are subjected to hand refrac-
tometer brix (HR Brix) observations to identify the high sugar clones. This is
followed by selection of suitable clones. These are advanced further and after a
series of vegetative propagation cycles the superior clones are released as elite
varieties for commercial cultivation.

The involvement of high sugar parents in hybridization invariably calls for
some pre-breeding strategies which forms an important component of crop
improvement programmes. A pre-breeding programme for high sugar parental
development (and also for other traits) exists in most of the crop improvement
activities. Pre-breeding for high sugar involves crossing among high sugar elite
clones and indigenous as well as exotic parents and further selection. The idea is
essentially to introgress new gene combinations in the progeny that can eventually
result in high sugar early maturing clones. For this a recurrent selection cycle for
high sugar can be employed. The initial cycle of crossing and selection will give
rise to a set of high sugar parents, which in turn can be intercrossed among
themselves. Alternately, this can also be an outcome of the regular varietal
development programmes, For example, elite clones which have high sugar
content but do not meet the expectation of a commercial variety due to disease and
pest incidence, low yield etc., can be used as parental lines after studying
their reproductive behaviour. One such programme at India has yielded a large
number of high sugar breeding stocks which have been included in the National
Hybridization Garden facility for use by other researchers in their breeding
programmes. Selection history and contribution of S. spontaneum to the clone’s
pedigree influence adaptation to sugar yield and its components as proposed by
Srivastava et al. (1994). In a study involving a random sample of 64 clones from
the germplasm collection of CSR, Australia, and their bi-parental progenies,
(6 each, from each of the 32 full-sib families) a strong association, was recorded
between the level of expression of characters including those for sugar, with the
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minimum number of backcrosses to S. spontaneum in the pedigree of the clones.
Importance of S. spontaneum component was suggested by Reffay et al. (2005)
also in his molecular marker studies. Roach (1989) had argued that clones which
had undergone less nobilization would be better suited to stress and other
unfavourable conditions.

High correlation of brix with sucrose content was reported very early (Hebert
and Henderson 1959) with the suggestion that selection for high sucrose is possible
at single stool stage itself. Sugar accumulation and final sugar content have been
reported to be quantitative characters with more than one gene affecting the trait.
Most of the variation was attributed to additive effects (Hogarth et al. 1981).
The role of female parent in the inheritance of brix in early stages has been reported
to be more, compared to that of the male parent by several workers, even though the
role of male parent cannot be ignored (Hsu et al. 1995; Shanthi et al. 2005).

4 Sugar Metabolism in Sugarcane

Sugarcane is a C4 plant which very efficiently transforms carbohydrates into
sugars. The crop is unique in the sense that storage of sucrose in the storage
parenchymatous tissues takes place at a very high concentration as against starch
storage in other higher plants. Sucrose is considered to be the major sugar making
up almost 60% of the dry weight of sugarcane culm, with glucose and fructose
present at lower concentrations. Thus sucrose accumulation, its retention in the
tissues and the regulation of the entire process are important. As in any other crop,
a large number of enzymes are involved in the sugar metabolism in this crop.
Sugarcane is a crop which grows in tropical and sub tropical conditions.
For example in India, the sub-tropical region comprises of a major sugarcane
growing belt. Here the spring planting is done during February–March when the
temperatures are not very high. The germination is followed by the tillering and
grand growth phase when the temperatures are very high (40–45�C). This
continues till August–September coinciding with the monsoon season when the
biomass accumulation takes place. By the onset of winters the temperature
decreases and carbon partitioning into sucrose takes place resulting in sucrose
accumulation. Autumn planting is also adopted by some growers where the
planting takes place during October, at the onset of winter and the crop is in
the field for 12–16 months. Thus the crop passes through a gamut of environmental
conditions in the course of its life cycle. In tropical belt, sugarcane grows very well
even though the temperature conditions are significantly different. Here the crop
enjoys an extended growing period the resulting in good yield. Thus several
factors can be identified that may influence sugar accumulation and ripening of
sugarcane in these different climatic conditions.

Let us have a brief overview of the sucrose metabolism pathway that is well-
known in sugarcane. Sugarcane is a C4 plant where most of the carbon dioxide is
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initially fixed in a 4-carbon form—malic and aspartic acid (Kortschak et al. 1965;
Hatch 1977). The occurrence of Kranz anatomy in the sugarcane leaf cells is
specific to this C4 cycle. In monocots where C4 photosynthesis occurs the leaf
anatomy is peculiar. The vascular bundles are invariably covered with one or two
distinct layers of thick-walled bundle sheath cells, thus separating them from the
mesophyll cells. This concentric arrangement of bundle sheath cells gives rise to
the Kranz anatomy (Kranz—wreath like, in German) (Laetsch 1974). These
bundle sheath cells have thicker walls than that in C3 plants (where the bundle
sheath cells are themselves less prominent), contain more chloroplasts, mito-
chondria and other organelles and smaller vacuoles. It has been observed that there
is a clear cut spatial demarcation between the site of C4 acid formation and that of
sucrose-starch production. While the first reaction takes place in the mesophyll
cells 3-PGA, sucrose and starch are present in the bundle sheath cells. Thus the
complete Calvin Cycle occurs in the bundle sheath cells and the C4 acid formation
occurs in the mesophyll cells. The initial developmental pathway during leaf
formation and development resulting in this peculiar leaf architecture thus favours
the C4 type of photosynthesis. How great a role does this peculiar leaf anatomy
per se have in the high sugar accumulation capacity exhibited by these C4 plants
needs to be studied so that the genes responsible for this architecture can also be
effectively put to use in future breeding programmes.

The C4 plants are found to be more efficient especially under high temperature
conditions. The problem of stomatal closing and reduced CO2 availability during
high temperature encountered by the C3 plants is not observed in C4 plants. There
is an effective pumping of CO2 into the bundle sheaths cells thus doing away with
the possibility of CO2 being a limiting factor in this group of plants. Also, the
losses due to photorespiration are practically nil in C4 plants compared to C3

plants. All these factors together contribute to an increased efficiency in C4 plants
(Salisbury and Rose 1992). The potential of these plants is best exploited under
tropical conditions, even though these perform well under sub-tropical/temperate
conditions also.

As can be visualized, several factors are responsible for the ultimate sugar
accumulation in a genotype. The total amount of sucrose resulting from pho-
tosynthesis also forms the source for signalling for modulation processes,
transport and storage, flowering induction, differentiation processes etc. Thus
apart from the genes directly responsible for sucrose synthesis and/or its
breakdown, the genes involved in these metabolic pathways will have a role in
determining the final sugar content of a variety (Ming et al. 2006). Thus there
can be a large number of genes that are linked with final sugar content. Needless
to say, the variations observed with respect to these aspects, among the sugar-
cane clones may also have to be studied to explain the differences in sucrose
accumulation capacity observed among the different clones. Ming et al. (2006)
have reviewed the possible pathways involved in sugar accumulation. The
important pathways suggested may be depicted as those occurring at different
points throughout the plant.
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The photosynthesis pathway, sucrose metabolism and carbon partitioning taking
place in leaf, sucrose transport and its translocation in the phloem tissues, and
partitioning and remobilization of sucrose synthesized in the stalk tissues along
with the various signalling functions involving sucrose, determine the final
sucrose content in the variety. There are enzymes which are involved in the
photosynthetic cycle. The enzymes responsible for sucrose synthesis and break
down also play significant role in the final sugar content. The bio-synthesis of
sucrose is catalyzed by Sucrose Phosphate Synthase (SPS) and Sucrose Phos-
phate Phosphatase (SPPase). Sucrose Synthase (SuSy) is another enzyme
involved in carbohydrate metabolism. In monocots two non-allelic forms of the
enzyme—SuSy1 and SuSy2 are found to be involved [a third form SuSy3 being
reported in rice by Huang et al. (1996)]. Acid and neutral invertases are another
set of enzymes that play a major role in sucrose brake down at different stages of
maturity. Once sucrose is synthesized, this needs to be transported to the dif-
ferent storage sites, with different transporters responsible for this. Other prob-
able candidates are the genes responsible for cell membrane permeability, genes
related to osmotic balance, carbon partitioning etc. Apart from these metabolic
pathways the genotypic and environmental effects also play a significant role in
the final sucrose content. The timing of maturation adds another dimension to the
process.

Overall, the entire network of sucrose synthesis, accumulation, storage and
retention is a complex mechanism where several metabolic pathways interact with
each other. It is therefore not surprising that the conventional methods of genetics
and related branches have been not able to fully elucidate this complex metabolic
pathway. It is in this context that the role of the modern tools of molecular biology
assumes significance in elucidating the sugar accumulation mechanism, thus
complementing the conventional breeding programmes.
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5 Molecular Markers and Their Use in Sugarcane

Before going into the details of molecular marker applications, let us have a very
brief overview of the molecular markers commonly used for different applications
in sugarcane.

Any character or trait that can differentiate among individuals and that are
accurately heritable can be considered as a marker. These can be either visual
markers or biochemical markers like enzymes or molecular markers. Molecular
markers can be molecular cytogenetic markers based on variations in chromo-
somal segments or DNA based markers based on differences at DNA sequence
level. The pre-dominant markers used during earlier days were morphological and
biochemical markers. With advent of recombinant DNA technology the use of
molecular markers especially DNA based markers became more common. DNA
based markers are small regions of DNA showing sequence polymorphism in
different individuals that are heritable. Some of the salient advantages that are
associated with DNA based markers are:

• Abundance in the genome
• Extensive genomic coverage
• High levels of polymorphism
• Independent of developmental stage
• No tissue specificity
• Less environmental sensitivity (though recent findings with respect to QTL

analysis points towards the possibility of environmental dependence at least in
some cases).

A very brief description of these markers is presented here (reviewed in
Prasanna 2002) though it may be very preliminary to many readers.

5.1 Different Types of Molecular Markers

Restriction Fragment Length Polymorphism (RFLP). RFLP markers are based
on polymorphism generated by restriction enzymes and this is an application of
southern hybridization (Botstein et al. 1980). These markers are defined by specific
probe-enzyme combinations. A typical assay would involve the following
procedures:

• Digestion of plant genomic DNA with restriction endonucleases
• Separation of generated fragments by electrophoresis
• Southern blotting and southern hybridization to expose the membranes to

suitable probes
• Autoradiography/Chemiluminescence to detect polymorphism

Polymorphism is detected due to different sizes of the restriction fragments in
different genotypes to which the probe may be homologous.
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PCR based markers. These markers make use of the Polymerase Chain
Reaction (PCR) where small DNA fragments are amplified many times in a dif-
ferential manner. This procedure involves the denaturation of DNA strands,
annealing of primers to the complementary sequence in the DNA strands and
extension of the primes to form short DNA fragments of 200 bp or even up to
3–4 kb, using a thermal cycler. The polymorphism arises due to differential
amplification of DNA sequences in different genotypes and can be visualized by
electrophoresis or other suitable non-gel based methods.

The PCR based markers may involve the use of random primers as in Random
Amplified Polymorphic DNA (RAPD) (Williams et al. 1990) where the target
DNA is amplified many times using random primers. Here there is no pre-requisite
of knowledge of gene sequence information, but there is the disadvantage of lack
of reproducibility as the assay is sensitive to experimental conditions.

Specific sequences or sequences from known genes can also be used as in
Simple Sequence Repeats (SSR) or Sequence Tagged Sites (STS) or micro-
satellite markers. Microsatellite markers are short repetitive sequences which
help in identifying the polymorphism based on Polymerase Chain Reaction (Gupta
et al. 1996; Powell et al. 1996). Here sequence specific primers are used instead of
random primers. Thus the repeatability and reliability are more in this case. These
are powerful tools for genotype differentiation, genetic diversity analysis, purity
evaluation of seeds, mapping studies, marker assisted selection etc.

Amplified Fragment Length Polymorphism (AFLP). AFLP combines both
restriction and amplification of DNA using various combinations of restriction
enzymes and primers and the variability is visualized by autoradiography (Vos
et al. 1995). This involves

• Digestion of genomic DNA with restriction enzymes-a rare cutter and a frequent
cutter

• Ligation of adapters to the cut end
• Pre-selective and selective amplification
• Separation of the fragments by electrophoresis
• Visualization by autoradiography

Single Nucleotide Polymorphism (SNP). SNP are point mutations in which
one nucleotide is substituted at a particular locus. They represent an inexhaustible
source of polymorphism which are useful in high resolution mapping studies.
These can put to use where the genomics is well advanced.

Apart from these markers, several markers based on these marker systems have
been developed which have also been tried in sugarcane. Expressed Sequence
Tag (EST) based markers utilize the expressed portion of the genome or the
cDNAs (Sasaki et al. 1994; Yamamoto and Sasaki 1997; Wang and Bowen 1998;
Cho et al. 2000; Scott et al. 2000). EST sequences represent real-function genes
and thus are more useful as genetic markers. These provide useful targets for
incorporation into genetic maps. The increased transferability of these sequences
across genera due to their presence in the conserved regions is another important
advantage of these markers. Especially in a crop like sugarcane with a complex
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genome, where the use of classical tools are of limited advantage, EST derived
markers are useful candidates for accessing genetic information. A large number
of ESTs have already been reported in sugarcane. The sugarcane EST project
SUCEST has built a database containing 2,38,000 ESTs from 26 cDNA libraries
constructed from several organs and tissues sampled at different intervals (http://
sucest.lad.ic.unicamp.br/en/). The EST database in the public domain also serve as
a readily available inexpensive source of microsatellite markers. Single Strand
Conformation Polymorphism (SSCP) from genomic sequences as well as ESTs
(Swapna et al. 2011a) has been used in sugarcane also, as in other crops (Fukuoka
et al. 1994). Here the amplified products are converted into single strands and
electrophoresed. Polymorphism arising out of conformational changes in the single
strand are visualized in this case. The exact nature of sequence differences that
result in formation of different secondary structures as reflected in the shift in the
mobility in the gel remains unclear. This could be due to sequence rearrangements,
single nucleotide insertion-deletions or substitutions or more than one of these
changes as has been reported in other plants (Fukuoka et al. 1994; Bodenes et al.
1996). The exact molecular nature of these variations will be understood after
cloning and sequencing of the individual conformers. Targeted Region Amplified
Polymorphism (TRAP) is a PCR based marker system where an EST sequence is
used to design primers along with an arbitrary sequence (Alwala et al. 2006a, b).
A fixed primer is designed from an EST sequence and an arbitrary primer of the
same length with an AT or GC rich motiff (to anneal with an intron or exon
respectively) is designed. Sequence Related Amplified Polymorphism (SRAP)
has also been used in sugarcane for various purposes like mapping studies (Alwala
et al. 2009). Conserved Intron Scanning Primers (CISP) is another marker system
based on the conserved sequences that has been put to use in sugarcane also
(Khan et al. 2011).

In sugarcane, all these molecular marker systems have been put to use to assess
the naturally occurring genetic variability, to construct genome maps and to tag
genes for economically important traits and for comparative and functional
genomics studies. (D’Hont et al. 1993, 1994; Lu et al. 1994; Nair et al. 1999;
Ming et al. 1998, 2001, 2002; Aitken et al. 2005, 2006, 2008; Pinto et al. 2004;
Alwala et al. 2006a, b, 2008, 2009; Parida et al. 2009, 2010; Swapna et al. 2011a, b;
Singh et al. 2008, 2011).

5.1.1 Other Marker Systems

Ribosomal DNA and RNA (rDNA and rRNA) and other conserved sequences have
been used in sugarcane for phylogenetic and diversity studies (Glaszmann et al.
1990; D’Hont et al. 1998). Molecular cytogenetic techniques like Genomic and
Flourescent in situ hybridization (GISH, FISH) have also been used on a large
scale in sugarcane genome studies especially for genome analysis and related
studies (D’Hont et al. 1995, 1996). These investigations have helped in determi-
nation of basic chromosome numbers of Saccharum spp. clones and hybrid,
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genome characterization in modern cultivars and in related genera, understanding
the pairing behaviour etc.

Let us have a look at the various broad areas of molecular marker application. As
is common knowledge, the success of any crop improvement programme depends
on the variability present in a population. Recent studies reveal that variation exists
to a great extent in the naturally existing populations in sugarcane. This variation has
to be exploited for its effective utilization in plant breeding programmes. Thus
germplasm evaluation and screening are major areas where molecular markers can
be utilized through diversity studies, fingerprinting etc. Another area of molecular
application involves the hybridization carried out among desirable parental clones.
Here several aspects come into picture. Selection of parents, development of suitable
parents i.e., pre-breeding, crossing and further selection in different generations,
back crossing to introgress desirable genes/loci into a well-adapted variety, gene
introgression for genetic base broadening, etc., are some of the areas where
molecular markers can be used. Thus exploiting the existing variability, as well as
creation of new variability are important crop improvement activities where
molecular markers can be put to use. Molecular markers are useful in transgenic
research. If the loci linked to the marker are identified for any particular trait, the
sequence as such may be useful for transformation studies. On the other hand, once
transgenics for a particular trait are developed, efficient markers if identified can be
used for screening the transformants. The scope of development of new molecular
markers on the basis of information generated from transgenics is also a possibility.
Testing for distinctness, uniformity and stability (DUS testing) in a newly developed
variety, genetic purity testing to identify admixtures are other significant areas
where molecular markers play a role (Santhy et al. 2000; Prasada Rao et al. 2001).
Differentiation of varieties based on expressed genes assumes significance in the
light of UPOV initiatives aiming at establishing the distinctness, uniformity and
stability (DUS) using molecular markers. As outlined in the Article I of the 1991
UPOV Convention (UPOV 1992), a plant variety is defined by the expression of
characteristics and is distinguished from any other variety by the expression of at
least one of the characteristics. Distinctness of a variety established by DNA markers
based on non-coding regions of the genome therefore may not meet the above
requirement. Use of markers derived from the expressed genes is therefore more
appropriate, particularly for a plant species with a large polyploid genome.
Comparative genomics and functional genomics are other important areas where
information using molecular markers can be put to use.

5.2 Molecular Markers in Sugarcane: Applications

5.2.1 Germplasm Characterization and Diversity Studies for Sugar

Different Saccharum spp. clones and commercial hybrids show wide variation
with respect to the sucrose accumulation potential. Even though environmental
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conditions may influence sugar accumulation and ripening to some extent
genotypic differences are quite prominent for this trait. These differences have
been exploited by sugarcane researchers for selecting high sugar progenies from
large populations. Molecular marker studies for germplasm characterization has
been carried out by researchers from early days. Utilization of different types of
markers like RFLP, RAPD, SSRs, AFLP etc. have helped in understanding the
diversity present in different germplasm all over the world. Since most of the
diversity studies include the commercial high sugar varieties, the general diversity
studies in sugarcane will indirectly aim at studying the variation with respect to
sugar content at the molecular level. These have also been reviewed here.

When we talk about sugar accumulation in sugarcane, the very early works by
Hatch and his group (Hatch et al. 1963; Hatch and Glasziou 1963; Sacher et al.
1963) invariably finds a mention, even though strictly speaking their work does not
involve any molecular markers. Through their series of experiments using tissue
slices they had tried to identify some of the enzymes involved in sugar metabolism
in this crop. The salient findings include the proposal of a cyclic scheme for sugar
accumulation involving three distinct cell compartments viz., the outer space, the
metabolic compartment and the storage compartment. These workers identified the
presence of acid and neutral invertases in the immature and mature sugarcane
stems respectively. It was also suggested that the acid-invertase mediated inver-
sion taking place in the outer space, is an integral step in sucrose accumulation and
may even act as a rate limiting step. A schematic representation was suggested for
sucrose accumulation (Sacher et al. 1963).

In essence this was a preliminary assessment of the variation exhibited within
the stalks in different varieties of sugarcane with respect to the sugar related
enzyme activities. From these differences they had formulated a proposed cycle for
sugar accumulation. Lingle (1996, 1997, 1999) had also studied the differences
with respect to sugar accumulation and related biochemical processes in different
sugarcane genotypes to come to certain conclusions regarding the sugar accu-
mulation process in this crop. They postulated that acid invertase suppresses
sucrose accumulation in elongating internode (Lingle 1997) while this role may
be carried out by sucrose synthase in fully elongated internodes (Lingle 1996).
Rate of sugar accumulation was found to be faster in late developing internodes.
The role of sucrose phosphate synthase and acid invertase in determining sucrose
concentration during maturation in sugarcane internodes was emphasized by these
workers (Lingle 1999).

Use of biochemical markers like isozymes was reported for genetic diversity
studies in sugarcane (Glazsmann et al. 1989). Later the work on DNA based
markers started gaining momentum in this crop. Initial studies were dominated by
RFLP markers. With the advent of much simpler PCR based markers random
markers were used followed by other markers like SSRs, AFLP, SNP, SSCP based
markers and TRAP markers. Since many of the works involved the use of com-
mercial cultivars/varieties from different regions, it is assumed that indirectly these
studies lead to diversity with respect to sugar content and sugar yield, even though
the markers for sugar content may not have been specified.
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The initial molecular markers for studying germplasm and diversity comprised
of nuclear ribosomal DNA markers (rDNA) (Glaszmann et al. 1990). Restriction
studies using mitochondrial (D’Hont et al. 1993) and chloroplast DNA (Sobral
et al. 1994) indicated that S. spontaneum had a distinctly different restriction
pattern. Nuclear RFLPs analysis of germplasm diversity (Lu et al. 1994; Burnquist
et al. 1992; Jannoo et al. 1999) exhibited a high level of heterozygosity among
cultivated clones. AFLP markers were also used to study diversity and to char-
acterize germplasm in sugarcane (Lima et al. 2002; Selvi et al. 2005, 2006). But
the most widely used markers till date are the microsatellite based markers-either
genomic or EST (Cordeiro et al. 1999, 2000, 2001; Pan et al. 2004; Pan 2006;
Hemaprabha et al. 2006; Oliveira et al. 2007; Selvi et al. 2003; Parida et al. 2009,
2010; Swapna et al. 2011a; Singh et al. 2011). The different reports have revealed
different degrees of polymorphism among the sugarcane clones depending on the
plant material used and the marker system studied. In general the species level
clones exhibited a larger degree of variability with the molecular markers. Limited
levels of variability have also been reported among cultivated clones (Harvey et al.
1994; Nair et al. 2002) thus pointing towards a very limited capture of naturally
existing variation in the cultivated clones.

The moderately high genetic diversity observed among the cultivated varieties
commonly used in crossing programmes (Hemaprabha et al. 2006) opens up an
excellent opportunity for their utilization in commercial breeding. Since inter-
crossing of elite hybrids is a main component in varietal development, such studies
based on molecular marker information can be helpful in selecting diverse parental
combinations giving maximum diversity with respect to sugar content. This can be
an excellent strategy to concentrate different sucrose genes/alleles, facilitating the
build up of breeding stocks for sugar content, arising out of diversity and similarity
observed among closely related commercial varieties (Hemaprabha et al. 2006).
This points towards the scope for application of molecular markers not only in
varietal breeding, but also in pre-breeding, there by aiding the pooling of sucrose
genes through inbreeding, as suggested by Stevenson (1965).

The use of EST derived microsatellites for diversity studies have also revealed
the underlying variation existing in the germplasm. Through these markers, the
functional diversity has also been revealed among the different clones. Such
studies involving genomic and EST derived SSRs, using Saccharum spp. clones,
related genera and commercial hybrids demonstrate the contrast among the two
classes of microsatellites in their potential to reveal diversity (Cordeiro et al. 2001;
Pinto et al. 2006). The EST sequences are found to be more conserved among the
different genotypes, thus giving rise to monomorphic banding pattern in many
cases. The conserved nature of the EST sequences may be restricted to the flanking
sequences with its absence in the sub-repeat units of the sequence [reviewed in
Cordeiro et al. (2001)].

The comparatively limited availability of microsatellite markers in the func-
tional domain led to the use of Sugarcane Enriched Genomic Sequences (SEGMS)
and Unigene Sequences (UGMS) to develop microsatellite markers (Parida et al.
2009, 2010; Cordeiro et al. 2000) for diversity analysis. Many sequences having
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homology to retrotransposons could be identified in sugarcane also (Parida et al.
2009). This confirms the earlier reports of abundant distribution of retrotranspo-
sons in sugarcane (Rossi et al. 2001). Several sequences with homology to sugar
gene related sequences have also been identified from these SEGMS. A correlation
between the type and length of repeat motif and level of polymorphism revealed
was evident, with the Class I tetra and di nucleotide repeat motifs detecting a
higher level of variability than the Class I tri-nucleotide and Class II repeats. Even
though the level of transferability among the cereals as a whole is low for SEGMS,
transferability as high as 93.2% was observed for this class of markers among
Saccharum species and related genera (Parida et al. 2009).

Markers from unigene sequences have also been used for germplasm studies
and genome characterization in sugarcane (Parida et al. 2006, 2009). Polymor-
phism studies among members of cereal species have revealed many peculiar
features. Among rice, wheat, maize sorghum and barley, high degree of conser-
vation and cross transferability were evident. A set of Conserved Orthologous Set
(COS) markers were identified for use across the cereal genomes which may be
useful in sugarcane also (Parida et al. 2006). Functionally relevant unigenes
studies in sugarcane (Parida et al. 2009) revealed that the frequency of micro-
satellites in sugarcane was lower than that of rice, sorghum, barley and maize.
Frequency of mononucleotide repeat motifs was also less in sugarcane. About 39%
of the sequences corresponded to the sugar metabolism gene sequences and the
polymorphism revealed pointed towards possible variations with respect to these
genes. Microsatellite repeat variations in some of the Indian clones were identified
with respect to (AG)n repeats between some tropical and subtropical varieties.
Among the varieties from India, the tropical sugarcane varieties contained (AG)18

microsatellite repeats whereas the sub-tropical varieties had (AG)10 microsatellite
repeats. This variation in the number of repeats among the tropical and sub-
tropical varieties may have some significance in their adaptation to the different
conditions in the two zones. The fact that interspecific and intergeneric poly-
morphism were also revealed, makes these class of markers suited to various
applications like diversity studies, hybrid identification, assessment of gene
transfer to desirable genetic background etc. The use of unique gene sequences
generally calls for amplification of unique bands which does not seem to be the
fact in these studies, obviously due to the larger number of copies of gens/loci
present. The possibility of gene silencing taking place in the multi-copy loci
present, has also been speculated by the authors. Many workers have predicted
from their molecular diversity analyses that the genetic base of Indian varieties is
narrow, due to the limited number of genotypes that have been utilized in crossing
programmes (Nair et al. 1999, 2002; Selvi et al. 2003, 2005). Quite contrary to this
general belief, Parida et al. could gather evidence of a wide range of genetic
similarity (0.33 to 0.84) among Indian cultivars. Thus, the genetic base of Indian
sugarcane varieties may not be very narrow as predicted by earlier workers
(particularly in the genic genomic regions), as it is evidenced by the unigene-based
marker investigations. This is a classic example of the utilization of advanced
techniques and marker systems that can reveal new information leading to novel

5 Molecular Markers and Their Use in Sugarcane 15



conclusions even though the limited nature of such studies compels one to exercise
caution. The transferability of these SEGMS and UGMS derived microsatellite
markers to other germplasm was also tested (Liu et al. 2011). The fact that 70% of
these SSR markers amplified PCR products from the genomic DNA of a Louisiana
variety compared to the 30% transferability of ISMC SSR markers to US sugar-
cane cultivars (Pan 2006) is an indication of the role of Indian sugarcane varieties
in the lineage of elite clones of other countries.

Sugar Gene Sequences for Molecular Diversity Studies

Sequences from sugar genes have also been specifically used for polymorphism
studies in sugarcane. EST derived RFLP fragment cDNA for sucrose synthase
could demarcate the high and low sugar clones in a population, thus pointing
towards the possibility of these being used as markers for sugar content (da Silva
and Bressiani 2005). Lingle and Dyre (2004) identified polymorphism in the
promoter region in Sucrose Synthase 2 gene and speculated that a short simple
sequences repeat in intron 14 may be polymorphic among different sugarcane
genotypes. TRAP marker system as a tool for diversity studies and genome
characterization (Alwala et al. 2006a, b) has also helped in identifying species and
genus specific bands, thus making them useful in fingerprinting and gene intro-
gression studies. This has involved sucrose metabolism genes as fixed primers thus
revealing the diversity with respect to sugar sequences in the clones. The many
bands identified with respect to the genus and/or species and/or cultivars open up
opportunities for their use in varietal identification or fingerprinting and gene
introgression studies in commercial breeding programmes.

Sequence variation within a gene was also studied in the complex genome of
sugarcane (McIntyre et al. 2006). Molecular cloning of Sucrose-Phosphate Synthase
cDNAs and comparative analysis of gene expression revealed a difference in the
regulatory phosphorylation site between two genes SoSP1 and SoSp2 (Sugiharto
et al. 1997). A total of ten SPS gene family III alleles were identified in a mapping
population of Q 165 9 IJ76-514. Such information can be effectively utilized in
breeding for quality improvement. A fine analysis of 6-Phosphogluconate
di-hydrogenase (Pgd) by Grivet et al. (2001) revealed sequence diversity in different
sugarcane genotypes for the gene. The results suggested the existence of two Pgd
genes A and B with a single SNP in A sequence and 39 SNPs in B sequence. Thus the
variation among different alleles/genes with respect to the presence of SNPs within
is also revealed through this study, though a preliminary reason may be the differ-
ences in the number of EST sequences available in the genes A and B. Such dif-
ferences may be exhibited by sugar genes also and may be exploited in classical
breeding programmes. Singh et al. (2008) also identified a set of polymorphic
markers from cDNA library sequences in a bulk segregant analysis for high and low
sugar segregants, suggesting their utility in differentiating high and low sugar clones.

EST based microsatellites from Soluble Acid Invertase (SAI) genes were used
to identify polymorphism in this sequence among the different Saccharum spp.
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clones and species hybrids (Swapna et al. 2011a). Even though low level of
variation was revealed among the Indian cultivars, the species level clones showed
polymorphism esp., with respect to the S. spontaneum clones when Single Strand
Conformation Polymorphism (SSCP) was employed (Fig. 1). SAI has been sug-
gested to be an enzyme that has an important role in inversion of sucrose in the
immature culms of sugarcane. Thus these differences assume significance in any
study involving sugar variation.

Variation was revealed among some high sugar breeding stocks from India
using sugar sequence specific primers (Swapna et al. 2011b). Some breeding
stocks with the similar range of Pol% juice (17–19%) and same parentage in some
cases, exhibited differential banding pattern (Fig. 2). There is every possibility that
such variations may be due to different genes or alleles of the same gene. Such
high sugar parents showing polymorphism offer excellent source for accumulation
of different alleles that may contribute to increased sugar content in the progeny.
This can also be utilized in pre-breeding.

Diversity Array Technology (DArT) based markers are the most advanced
marker system used in the highly complex polyploid sugarcane (Heller-Uszynska

Fig. 1 SSCP patterns
obtained with the
microsatellite markers SAI-
MS Lanes 1–6 S. officinarum
clones, lanes 7–11 S. barberi
clones, lanes 12–16 S. sinense
clones and lanes 17–21 S.
spontaneum clones. M1 gene
ruler 50 bp DNA ladder
(denatured). M2 gene ruler
50 bp DNA ladder (non-
denatured)

Fig. 2 Polymorphism among
some high sugar clones using
EST derived primers. Lanes
1–4 have the same parentage
and lanes 5, 6 have the same
parentage

5 Molecular Markers and Their Use in Sugarcane 17



et al. 2011). DArT analysis demonstrated that the markers can effectively discover
and score a large number of polymorphisms. The genetic relationship revealed
confirmed a strong differentiation between S. officinarum and S. spontaneum, and
the ancestral species of the modern cultivars of Australia. The placement of the
S. officinarum clones was in agreement with the idea that almost 80% of the
genome of modern cultivars is derived from S. officinarum. Almost one-third of
these markers had similarity with sugarcane EST sequences originating from the
transcribed portion of the genome. Once sequencing of these markers are com-
pleted polymorphism with respect to sugar genes may also be revealed, thus
enhancing the utility of these markers in sugar related studies.

5.2.2 Linkage Mapping in Sugarcane

An important strategy for unravelling the complexity of sugarcane genome will
undoubtedly comprise of constructing saturated linkage maps and locating
important trait-linked loci at different positions on this map. Efforts in this
direction started long back, in early 1990s. Wu et al. (1992) had discussed in
detail, the theoretical aspects of genetic mapping in higher polyploids. Here the
pairing behaviour may be unclear in many cases. Genome duplication and other
complexities add to the problems. Construction of maps directly on polyploids is
difficult due to (i) large number of genotypes for each probe (ii) the higher ploidy
level-auto or allopolyploidy, or a mixture in some cases (Wu et al. 1992). For some
polyploid species, diploid relatives may be used as in the case of wheat
(Kam-Morgan and Gill 1989) and potato (Bonierbale et al. 1988). In sugarcane the
closest diploid relative is sorghum which is being utilized now-a-days for
comparative genetic studies on a large scale.

In polyploids the segregation of each DNA fragment/allele can be analyzed
based on its presence or absence in a particular genotype. Thus, single dose,
double dose or triple dose fragments can be identified based on the segregation
ratios obtained for the different markers. Of these, single dose markers (or SDRF
markers) are the most useful for construction of linkage maps in polyploids.
A family size of 75 plants has been suggested to be enough for detection of single
dose markers and linkages in coupling phase with 98% confidence level. Also, this
family size can detect repulsion phase linkages in autopolyploids with large error
variance. These single dose markers can also aid in distinguishing auto and
allopolyploids and for identifying preferential chromosome pairing in this crop.
Suitability of different mapping population was also discussed by the authors, with
a haploid population from a highly heterozygous plant being considered to be the
most efficient. A hybrid population from a cross between a heterozygous parent
and a haploid/homozygous parent is the next best option. Selfs of the heterozygous
parent can also be used although this has been rated the least desirable. Since most
of the sugar related mapping studies have used the basic information from linkage
mapping carried out earlier by the different groups, the linkage mapping by various
workers will also be dealt with some detail here.

18 Molecular Marker Applications for Improving Sugar Content in Sugarcane



The earliest attempt to construct a linkage map in sugarcane may be credited to da
Silva et al. (1993) using RFLP markers on a population of anther culture derived
haploid progeny of SES 208 and a cross population of ADP 068 (a doubled haploid
derived from anther culture of SES 208). The map comprised of 216 loci distributed
among 44 linkage groups. The estimated genome coverage was 86% with at least
one marker at every 25 cM distance. This was followed by detection of single dose
polymorphism using PCR based arbitrary primed reactions in the same cross
population by Al Janabi et al. (1993). Linkage analysis using these SD markers
resulted in a linkage map with 42 linkage groups. The predicted coverage was 85%
with a marker at every at 30 cM. The finding that SES 208, (and for that matter
S. spontaneum, for which the haploid chromosome number x = 8 had been
predicted before through cytological studies), is an autopolyploid with x = 8 was
derived from this study. Later these two maps were combined together to develop a
consensus map (da Silva et al. 1995) using single dose, double dose and triple dose
markers. The map had 64 linkage groups with a predicted genomic coverage of 93%,
and an average interval of 6 cM between the markers. Thus this consensus map can
be considered to be more saturated than the two previous maps. As in the other two
maps here also, repulsion phase linkages could not be detected. SES 208 displayed
polysomic segregation pointing towards autopolyploid nature. The auto-octaploidy
was confirmed in this map also. The domesticated species of S. officinarum also has
been mapped with a population of a cross of a representative of S. officinarum and its
putative wild ancestor S. robustum suggesting incomplete polysomy (Al Janabi et al.
1994). A linkage map using RAPD single dose markers was constructed by Mudge
et al. (1996) also, from the progeny of S. officinarum 9 S. robustum.

Attempts to utilize the cultivated genotypes for mapping studies were initiated
by Grivet et al. (1996). An RFLP map using the selfed cultivar R570 was con-
structed using a set of 128 RFLP probes and one isozyme. 480 markers identified
96 linkage groups. A tentative Saccharum composite map was constructed. No
significant structural differences between the genome portions inherited from
S. officinarum and S. spontaneum were uncovered. A significant revelation was the
possibility of the presence of clusters of almost non-recombining loci. Low
recombination areas were identified in a previous mapping attempt also
(D’Hont et al. 1994). This recombination heterogeneity present in the genome
has great significance in the context of linkage mapping and mapping of
economically important traits. Another interesting observation is the greater span
of S. spontaneum chromosomal regions identified in these mapping studies,
compared to that of other components. A possible explanation offered was that the
observed level of polymorphism revealed using the above-said marker systems
was more in the S. spontaneum genome than that in S. officinarum genome, due to
more number of polymorphic markers derived from S. spontaneum. As long as
more polymorphic markers are not detected from S. officinarum component, their
utility for mapping purposes will lag behind. This again has been attributed to the
2n ? n chromosomal segregation reported in the S. officinarum 9 S. spontaneum
crosses. Garcia et al. (2006) also used commercial cross progeny for linkage
mapping using maximum likelihood approach.
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With the advancement in the different types of marker systems developed, the
linkage maps constructed also advanced in the level of saturation and information
revealed. The self population R 570 was used for genome mapping using AFLP
markers (Hoarau et al. 2001). Using 37 primer combinations, 887 simplex markers
were assigned to 120 co-segregation groups (CGs), with 52 unlinked markers. The
cumulative length of the CG was 5,849 cm with an average distance of 6.5 cM
between two markers. Even though there was considerable improvement with
respect to the coverage and information revealed, this map also is not completely
saturated. A tentative determination of the marker origin was also done and this
was comparable with some earlier results using GISH (D’Hont et al. 1996). A very
interesting observation was that, most probably, GISH efficiently identified
S.spontaneum genome portions but its resolution power may have been insufficient
to identify all recombined chromosomes. Thus the mapping information obtained
with respect to recombination of genomes can be combined with the earlier
information from molecular cytogenetic studies for a better understanding of the
genomic constitution of cultivated sugarcane clones. Unlike many earlier maps,
the AFLP based map could detect 13 cases of repulsion linkages. Some prefer-
ential pairing identified pointed towards incomplete polysomy, even suggesting the
possibility of complete local disomy. The increase in the number of markers and
number of progeny used helped in better coverage and higher power of detection.

Simultaneous use of AFLP and SSR markers in a segregating population of IJ
76-514 9 Q 165 (Aitken et al. 2005) provided an extensive map coverage for the
sugarcane cultivar Q 165. Forty AFLP and 72 SSR primers were used to generate
967 single dose and 123 double dose markers. Out of a total of 136 markers, 127
markers were grouped to eight Homologous Groups (HGs).The presence of
S. spontaneum chromosomes homologous to two separate sets of smaller chro-
mosomes with S. officinarum origin suggested the existence of ten HGs for
S. officinarum. The bi-specific origin of sugarcane and the different basic chro-
mosome number for the two species have been suggested by Grivet and Arruda
also (Grivet and Arruda 2001). Use of additional double dose markers and 3:1
segregation markers enabled identification of an additional 18 LGs to the map. The
double dose markers helped to identify the large scale duplication of chromosomes
in this crop, thus bringing out the utility of these markers for polyploid linkage
mapping. This study detected more repulsion linkages than the earlier results and
also suggested translocations. Also a partial preferential pairing was speculated
within an HG with a possibility of recombination. From a comparison of the map
generated on R570 using EST-derived RGAs (Rossi et al. 2003), the authors
suggested that genetic maps produced for different cultivars may reveal different
chromosome arrangements even when some common markers are used. This may
be due to translocations and other chromosomal remodelling including recombi-
nations between HGs (Aitken et al. 2006). Such observations will have important
implications in molecular marker application studies.

A similar attempt to develop a genetic linkage map for IJ76-514 using both
simplex and duplex markers was made in a segregating population of Q 165 9 IJ
76-514 (Aitken et al. 2007). The same set of primers was screened revealing 595
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markers. Out of these only 240 (40%) were simplex markers showing (1:1)
segregation, again demonstrating the availability of less number of single dose
markers for S. officinarum. One seventy eight of these were distributed in 47 LGs
with 62 unlinked markers. An additional 234 duplex markers and 80 bi-parental
simplex markers generated a total of 123 LGs. Using the multi-allele SSR markers,
repulsion phase linkages and alignment with Q165 linkage maps were identified
with ten HGs from 105 LGs. Repulsion phase linkage analysis indicated that IJ 76-
514 is neither a complete polyploid nor an allopolyploid. Also, occurrence of
limited preferential chromosome pairing was suggested in this species.
An approximate coverage of 60% was observed. Use of EST markers for linkage
mapping in a commercial cross SP80-180 9 SP80-4966 was attempted by
Oliveira et al. (2007). 72.5% single dose markers were generated 192 Co-segre-
gation groups (CGs) were identified from which, 120 could be grouped into 14
homology groups (HGs). Putative functions were assigned to 113 EST-SSR
markers and six EST-RFLP markers based on BLAST studies. Thus this map is
populated with functionally associated markers. Alwala et al. (2008) used TRAP,
SRAP and AFLP markers for genome analysis and linkage mapping in the progeny
of an interspecific cross in sugarcane. The framework map comprised of 146
linked markers in 49 linkage groups for S. officinarum and 121 linked markers in
45 linkage groups for S. spontaneum.

Of late, DArT marker systems have been used in molecular analysis in a
population from Q165 9 IJ 76-514 (Heller-Uszyneska et al. 2011). Even though a
complete linkage map using DArT markers is still to be reported, the polymorphic
DArT markers were incorporated into the linkage map generated previously
(Aitken et al. 2005). Majority of the markers mapped to similar regions of the
genome as in AFLP and SSR marker generated maps.

5.3 Mapping of Sugar Related Traits in Sugarcane

As we all know, sugar metabolism involves a large number of players. Other
components like stalk girth, stalk height, number of millable canes etc. are also
important in the final sugar yield. Thus there may be a large number of genes/loci
which influence the trait. These may be spread on different homo(eo)logous
chromosomal regions in the entire genome. Hence multiple doses of each loci may
be present. Some of these may be linked to single dose markers, while some would
necessitate the application of double (or higher) dose markers. Thus a simulta-
neous utilization of different types of markers will help in a better coverage.
Another important aspect is the temporal regulations in the sugar accumulation
and sugar content. As the crop begins to ripen one can identify early varieties, that
give a reasonably high sugar content quite early in the season. Such early varieties,
if cultivated fetch an additional incentive to the farmer. Then there are the mid-late
varieties that meet the above-said criteria later during the season. Thus there are
temporal regulatory factors at play in sugar accumulation and cane ripening.
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Different loci may have roles to play here. All these factors need to be taken care
of in studies involving mapping for sugar related traits.

Among the trait specific mapping studies carried out so far, mapping for sugar
related traits have been exploited to the maximum by many groups. Other reports
were on association of DNA markers with disease resistance (Daugrois et al. 1996;
Asnagahi et al. 2004; Al-Janabi et al. 2007) and flowering time (Guimaraes et al.
1997). The earliest attempts to map sugar related traits in sugarcane was carried
out by Ming et al. (2001, 2002) for sugar content and sugar yield related traits.

Two interspecific segregating population (i) a set of 264 plants from S. officinarum
Green German (GG) 9 S. spontaneum IND-81-146 (IND) (ii) a set of 239 plants
from S. spontaneum PIN 84-1 (PIN) 9 S. officinarum Muntok Java (MJ) were used
for sugar related mapping studies by Ming and his group. A total of 36 marker trait
associations were identified—14 from GG 9 IND (8 from GG, 6 from IND) and
22 from PIN 9 MJ (18 from MJ, 4 from PIN). The eight GG QTLs explained
38.6% of phenotypic variation for sugar and six IND QTLs explained 36% of
variation. A total of 65% of the variation was accounted for by the 14 QTLs. Three
QTLs explained a portion of transgressive variation observed. The 22 QTLs from
PIN 9 MJ contributed to 68.3% of total variation with 18 MJ QTLs alone con-
tributing for 45.7% of variation and the four PIN QTLs accounting for 33.4%
variation.

Comparison with the sorghum linkage map revealed that the 36 sugar QTLs
corresponded to eight non-overlapping regions of the sorghum genome. In 75% of
these regions both high sugar and low sugar QTLs were detected, thus confirming
the importance of such loci in breeding for sugar content. The appropriate utili-
zation of these QTLs identified will depend on a proper analysis by which QTLs
with exceptional effects—i.e., QTLs in high sugar parent which decrease sugar
content and those from low sugar parents which increase sugar content- can be
detected. Dosage studies led to the conclusion that even though more than one loci
or more than one allele may be present, multiple doses of loci with favourable
alleles do not always lead to increased phenotypic expression, thus suggesting a
non-linear interaction or epistasis among the loci (Ming et al. 2001; Eshed and
Zamir 1996). As suggested by the authors, such interactions may exist among non-
linked loci also. It may be that a single copy of these multiple doses itself is
sufficient enough to give a desirable level of phenotypic expression. Thus incor-
poration of a single copy of multiple alleles for increased phenotypic expression is
a possibility in this polyploid. An interesting hypothesis proposed by the authors is
the evolutionary significance of these non-additive multi-dose QTLs and the
possibility of their role in imparting stability across environments. Among the 36
QTLs, candidate genes were detected only in 17.5% cases. The extent of associ-
ation between candidate genes and QTLs varied among the sources (strong for GG
QTLs and non-existent for PIN QTLs with those from IND and MJ in between).
The same population was used to map QTLs for other sugar related traits by Ming
et al. (2002). QTLs for sugar yield, pol, stalk weight, stalk number, fibre content
and ash content were searched with 735 DNA markers. One hundred and two
significant associations were mapped with 61 linked to QTLs and 41 unlinked.
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Fifty out these 61 mapped QTLs fell into 12 LGs of seven sugarcane HGs. These
50 QTLs have been grouped by the authors into different categories depending on
the regions where they were mapped. Similar conclusions were arrived at,
regarding transgressive segregants, dosage effects etc. as that was in the earlier
mapping study.

The selfed population of R570 was used for mapping sugar QTLs by Hoarau
et al. in 2002. Using 1,000 AFLP markers 45 Quantitative Trait Alleles (QTAs)
were mapped linking to four traits-stalk length (SL), Stalk diameter (SD), number
of millable stalks (NS) and Brix (BR). Single marker QTAs (S-QTAs), multi-
marker M-QTAs) and linear interactions between simplex markers (int-QTAs)
were analyzed in this study. Out of these 11 S-QTAs were detected for brix, 10 for
SD, 13 for SL and 11 for NS. Two S-QTAs were common in both the 2 years
studied for BR whereas one each was common for the other three traits, thus
making a total of five S-QTAs identified across the years. The digenic interactions
detected helped to illustrate epistasis which otherwise is difficult to assess in
sugarcane. The consistency across different years was low for the QTAs. This was
the first sugar QTL study in a cultivated sugarcane variety. In another QTL
analysis using the population from the cultivars Q 117 9 MQ77-340 (Reffay et al.
2005), a total of 23 Marker-Trait Associations (MTAs) were identified for CCS,
Pol and Brix, using ancestor-identified/known ancestor-origin markers. Only one
was found to be associated with all the three traits over the years. The study also
helped identify specific genomic regions contributed by specific ancestor
(i.e., Mandalay) to elite parental clones.

QTL affecting sucrose content in the Australian cultivar Q 165 were studied by
Aitken et al. (2006). The same population and set of markers were used as that for
linkage mapping (Aitken et al. 2005). Brix, Pol and commercial cane sugar (CCS)
were included as sugar traits. Both single dose and multi dose markers were used
for QTL detection. A total of 37 QTLs for brix and pol were identified, of which
eight were specific to early period and nine specific to mature cane. Each QTL
explained 3–9% of the phenotypic variation for the two traits. Thirty out of the 37
QTLs were mapped into 12 genomic regions, which in turn were spread over six
HGs. Thus 12 loci related to sugar related traits were mapped in this population.
Repeatability among the 2 years of study was not evident even though six of the
QTLs were involved in interaction in both the years. Also consistency with respect
to the direction of the effects was evident. The same population was used for yield
related trait mapping by the group (Aitken et al. 2008). The mapping was done for
stalk number (SN), stalk length (SL), stalk diameter (SD) and stalk weight. Both
simplex and multiplex markers were used Composite Interval Mapping (CIM) was
also carried out in this study. The markers could be located to 27 genomic regions
on 22 linkage groups and six HGs. Except in two cases, a group of significant
markers on one LG was considered as one Quantitative Trait Allele (QTA). Thus
there was a total of 22 QTAs with these individually accounting for 4–10% of the
phenotypic variation. A number of QTAs (1–3) at each QTL contributed to a
particular trait. These QTAs grouped into 16 genomic regions or QTLs, mapped by
SSRs. The variance explained in total ranged from 15 to 36%, with the value going
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up to 60% with the inclusion of digenic interactions. Evidence for epistasis was
strong in this study also as in many previous ones. As in earlier studies (Ming et al.
2002) association of a QTA with more than one trait was detected here also but the
level of significance varied in different interactions. Comparison with a previous
mapping attempt by Aitken et al. (2006) for sugar related traits revealed that nine
stalk-related QTAs mapped to similar locations to that of the twelve mapped sugar
related QTLs in the same population (Ming et al. 2002; Hoarau et al. 2002). Even
then, very poor correlation was detected among stalk traits and sugar related traits.
The lack of correlation exhibited between sucrose content and yield components in
this study prompts one to rethink the general notion among the breeders that
increase in sucrose content mostly leads to a decrease in yield (even though more
studies may be needed to confirm this). An analysis of the positive and negative
effect QTAs indicated that in this population, an average of four QTAs with
positive effects and 1.6 QTAs with negative effects combined together to give rise
to individuals having the highest values for stalk weight. Thus it is possible to
select for desirable traits by maximising the positive QTAs with additive effects,
while minimizing those with negative effects.

Sugar related traits (Brix and Pol) were mapped using AFLP, SRAP and
TRAP markers using the progeny of a cross S. officinarum Lousiana Striped 9

S. spontaneum SES 147B (Alwala et al. 2009). A total of 41 putative QTLs (30
from S. officinarum and 11 from S. spontaneum) were identified for the two traits.
Individual QTLs explained a phenotypic variation of 15.1–21.6%. Nine digenic
interactions (iQTLs) were also detected. Seven QTLs were consistent across the
years of study and two QTLs were unique to early plant growing season. The
utility of discriminant analysis (DA) to detect marker-trait association in this
polyploid species was also tested by the authors. Some markers either identical to
or localized to the vicinity of QTLs were identified by DA. Some unlinked markers
also could be detected by this method, there by suggesting the use of DA also as a
complementary method of mapping in this crop. Pinto et al. in his QTL mapping
attempts using RFLP-ESTs could associate a sucrose synthase derived marker with
a putative QTL having a high negative effect on cane yield and also with a QTL
having a positive effect on Pol in two crop cycles (Pinto et al. 2010). Thus different
marker systems have helped in locating a number of sugar related QTLs in
different sugarcane populations.

5.4 Mapping and Marker Assisted Breeding (MAB): Need
for a Cautious Approach?

Genetic recombination forms the basic principle of genetic linkage analysis which
in turn is used for detection of genes and QTLs (Tanksley 1993). Appropriate
statistical methods can be applied to detect trait linked DNA markers for a specific
trait and chromosomal region or loci can be located on a linkage map (Kearsay
1998; Paterson et al. 1988). Once DNA markers linked to QTLs are identified and
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mapped to different genomic regions, these QTLs are to be validated. Thus
preliminary QTL data may not be always applicable as such to the practical field
situations for marker assisted breeding. At the initial stages of QTL mapping
studies, researchers were highly optimistic about the scope of marker assisted
breeding in different crops. But with the progress of time and advancement in
knowledge in this field, it appears that results of Marker Assisted Selection (MAS)
and related strategies are not very much visible in the actual plant breeding pro-
grammes (reviewed in Collard et al. 2005, 2008; Hospital 2009). This is not
specific to sugarcane even though the situation is slightly different in other less
complex crops like rice. With respect to qualitative traits there are some examples
where QTL identification and subsequent steps have been actually applied in field
situations as in the case of soybean cyst nematode screening and Quality Protein
Maize (QPM).

Variation exists as to the ease with which linkage mapping and QTL mapping
can be accomplished in different crops. Genome complexity of the crop in question
is a major point of consideration. As is well known, the highly heterozygous
complex polyploid nature of sugarcane has been an important deterrent for such
mapping studies till early 1990s. The near absence of a close diploid relative as in
many other cases delayed the successful development of a well saturated linkage
map. With the designation of Sorghum as the closest relative and with advance-
ment in molecular mapping techniques, sugarcane too, has been included in the
elite group of crop plants whose linkage map is gradually getting saturated, there
by leading to mapping of several trait linked markers also.

Having studied the development of linkage maps and QTL mapping for sugar
traits in sugarcane, let us have an idea about the road blocks commonly encoun-
tered in this type of studies and in sugarcane, in particular. In sugarcane the exact
ploidy level of the crop has been a matter of debate for a long time. Of late some
of the mapping studies have confirmed the ploidy number of x = 10 for
S. officinarum and x = 8 for S. spontaneum species. With such a high ploidy level,
development of haploids for mapping studies is not a very feasible option. Sug-
arcane is not very responsive to anther culture techniques and other haploid
generation strategies. Thus the use of haploids for construction of genetic maps is
not an easy alternative. Till now SES 508 is the only haploid developed to our
knowledge that has been used in such type of studies.

Unlike in other diploid crops where two copies of a particular locus may be
detected, in sugarcane up to 11–12 alleles of a locus might get detected. These
different alleles may themselves exhibit interactions among themselves as
evidenced in the case of some multidose QTLs. Also, since there may be a large
number of loci affecting complex traits like sugar content and yield, individual
effects of these QTLs may be very little, sometimes making it difficult for
detection of such minor effect loci. The absence of segregating large QTL effects
for such traits may pose problems in their actual utilization, as they may result in
small genetic gains.

Sugar related traits being physiologically affected to a large extent, the loci
influencing such traits will be highly variable due to their interaction with the
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genetic background, physiological conditions etc. Thus QTL mapping for such
traits will give best results if they are carried out in such backgrounds similar to
that encountered in breeding programmes. Development of mapping population
using cultivated clones is one approach. A possible drawback in this case may be
the comparatively narrow differences among the available cultivated clones with
respect to some traits like sugar content. Among the cultivated clones, all the
individuals will have a minimum level of sucrose content below which it will not
be cultivated at a commercial level. Thus a parallel programme for identification
of low sugar parents and their utilization in parental line development will ensure a
population with a fairly wide range for sugar content. Needless to say, the already
reported mapping studies have a reasonable range with respect to the particular
phenotype and have served the purpose exceedingly well.

Compared to the other diploid crops where linkage maps can be developed for
both the parental lines, in sugarcane the maps have to be constructed for the two
parents separately. The genomes of cultivated clones have a constitution of
approximately 80% S. officinarum genome and approximately 10% of S. sponta-
neum genome (D’Hont et al. 1996), with almost 10% constituted by recombinants.
The mapping studies point towards a difference with respect to the two components.
It has been observed by many workers that the extent of coverage of S. officinarum
genome in the map is low compared to the S. spontaneum component. This has been
attributed to the low level of polymorphic single dose markers identified in this part
of the genome. This observation calls our attention to an important cytological
phenomenon that occurs in S. officinarum 9 S. spontaneum crosses (Bremer 1961)
or even in S.officinarum 9 a commercial clone (Piperidis et al. 2010). The 2n ? n
transmission or the female restitution taking place in such situations may be one
reason for the low level of polymorphism in the S.officinarum component of the
genome. Thus, the availability of lower number of single dose markers for mapping
purpose limits the extent of coverage in this part of the genome.

Another peculiarity in the plant genomes, is the existence of genomic regions
with variable levels of recombination. Such recombinational hot spots (with
increased recombination frequency) or cold spots (with lower frequency of
recombination) exists in sugarcane genome also (D’Hont et al. 1994; Grivet et al.
1996) as reported in other plants. This in turn, may determine the uniformity with
which the existing trait-linked loci can be located. Temporal variations may also
exist where the once identified hot spot may later become a cold spot or vice versa.
This may cause alterations in the population developed there by leading to
disappearance of some associations or appearance of new associations. This will
also determine how effectively the mapped loci can be used in breeding pro-
grammes. In sugarcane cytological peculiarities have been reported like en-masse
chromosomal elimination or segmental eliminations [reviewed in Sreenivasan
et al. (1987)].These may also act as a cause for genomic instabilities leading to
complications in marker assisted breeding applications. These may also result in
emergence new marker-trait associations or disappearance of some linkages in
future. Rossi et al. (2001) had identified 21 differentially expressing transposable
elements (TE) in sugarcane from the EST sequences developed in SUCEST
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project, which are potentially active. A search for TEs revealed the presence of
276 clones out of 2,60,781 sequences (81,223 Phraps) that had homology to
previously reported TEs. There is a remote possibility that some re-arrangements
in small portions in the genome or in the whole genome may take place in the
course of time, due to the activity of these TEs. Such phenomenon can also be a
cause of genomic instability giving rise to some discrepencies in QTL mapping
results, in the long run.

Effect of genetic background is an important factor determining the success of
the QTL in MAS and other applications (or for that matter its effectiveness in a
different genetic background). This is increasingly true in the case of traits like
sugar content as mentioned before. Such situations have been encountered in other
crops like rice and tomato (Liao et al. 2001; Lecomte et al. 2004; Chaib et al. 2006;
Causse et al. 2007). Sometimes this may be due to the small individual effects of the
QTLs identified. This may be particularly applicable to sugar traits in sugarcane,
where large number of genes, each with a minor effect, determine the final outcome.
Such loci when transferred in a different background may be difficult to detect as
observed by Charcosset and Moreau (2004). Also due to the selection for high sugar
and fixation of the loci, mapping studies have shown that segregating larger
chromosomal regions are very rare in sugarcane thus posing problems as they may
result in small magnitude of genetic gain. Interactions among QTLs is also another
factor that may influence the ultimate success of mapping programmes. In many
sugar related multi-dose QTLs non-linear allelic interactions have been observed.
These alleles when used in introgression studies may not give the expected level of
expression even if all copies are introgressed. Thus the optimal copy number may
be arrived at before application of QTLs for gene pyramiding. Also the QTLs, both
with normal and exceptional effects, may demand a detailed analysis before these
are put to use for gene introgression studies.

Even though the initial assumption was that QTLs are least affected by
environment, recent evidences suggest that environmental effect do have a role to
play in the success of MAS using QTLs. The magnitude and direction of QTL
effects may vary in different environment. Such results are reported for sugar
related traits in sugarcane also where across-the year-stability is not evident in some
cases. Approximately 40% of the sugar content QTLs could not be detected in the
same population over different years (Aitken et al. 2006) and in some yield related
traits it depended on the significance level employed (Aitken et al. 2008) There
were differences in the level of detection at a genome wide level of 5% and at an
individual detection level of 5%, pointing towards a high genotype 9 crop cycle
interactions for yield related traits. As mentioned before, both early sugar accu-
mulating and late sugar accumulating varieties exists in sugarcane, with the former
fetching more monetary gains for farmers and also ensuring an early and longer
crushing season for the factories. These temporal differences are reflected at QTL
level also. No QTLs linked to both the early and late sugar accumulation could be
detected in one such study (Aitken et al. 2006). This adds a new dimension to the
sugar related QTLs mapping studies. This also needs to be kept in mind while
planning a MAS strategy for sugar accumulation/sugar content in this crop.
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With the current level of technological advancements it has become possible to
overcome many of the problems in sugarcane. But still some difficulties pertaining
to the complexities of the crop will have to be encountered as we go along our
programmes. One has to also consider the traits that are suitable to be mapped, the
population to be used for mapping, the types of markers to be used in the study etc.,
so that the results can be used effectively in marker assisted breeding programmes.

5.5 Comparative Genetics and Genomics

Comparative genetic studies form an important strategy that can be effectively put
to use in the case of a highly polyploid, complex crop in sugarcane. In several
crops the concept of utilizing the information from a much simpler crop and
applying it to the target crop of interest which is more complex, had caught the
attention of researchers. In sugarcane not much advance was made in this area till
the 1990s. Gradually, with the concept of ‘‘grasses as a single family’’ taking root,
comparative studies were initiated with other crops of grass family like rice,
maize, sorghum etc. The finding that sorghum may be more similar to sugarcane
than other crops led to the demarcation of sorghum, also a C4 plant, as the closest
diploid relative of sugarcane. Since then several studies have been carried out in
the area of molecular diversity, cross-transferability of molecular markers,
comparative genome mapping, comparative functional genomics etc., utilizing the
information generated from sorghum.

Within the Andropogonaea tribe, early reports focussed on crops like maize and
sorghum (Hulbert et al. 1990; Whitkus et al. 1992) demonstrating that many
orthologous loci were common to the two. In sugarcane the first reports of com-
parative genetic studies were with maize (D’Hont et al. 1994). The results indi-
cated that comparative analysis using simpler and low ploidy level crops like
maize may help in unravelling of the complexities of sugarcane. Sugarcane, maize
and sorghum genomes were compared in some studies (Grivet et al. 1994; Dufour
et al. 1996, 1997; Glaszmann et al. 1997; Guimaraes et al. 1997; Ming et al. 1998).
These studies confirmed that sugarcane and sorghum are more closely related to
each other than either of them is to maize. Comparative studies by D’Hont et al.
(1993) demonstrated synteny between maize and Saccharum for several chro-
mosomal segments. Perfect collinearity at several locations between the genomes
of sorghum and Saccharum was reported by several workers (Grivet et al. 1994;
Dufour et al. 1996; Guimaraes et al. 1997). Large chromosomal rearrangements
like translocations, centric fusion etc., could also be detected in some cases and
these were presumed to have played a significant evolutionary role. Conservation
of physical structure of genome fraction was also suggested. Such similarities
provide some insight into the organization of a common ancestral genome from
which duplications, divergence and other modifications might have taken place.
A lower rate of chromosomal recombination was also speculated for sugarcane
in these studies (D’Hont et al. 1994; Grivet et al. 1994). A simple pictoral
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representation of one such comparative study is given in Fig. 3 showing the
synteny and collinearity with respect to sugarcane and sorghum genomic regions.
In maize there are rearrangements like inversions with respect to some loci.

Cross-transferability studies with different molecular markers also helped in
such comparative studies. The fact that several of the markers tried in one crop
amplified in other crops and could be located in both the genomes was an
indication of the similarities existing at many loci among these crops. Selvi et al.
(2003) demonstrated the transferability of maize microsatellite markers to
sugarcane and related genera. The increased transferability of EST-SSR derived
markers compared to genomic SSR derived ones across Saccharum species
and related genera was confirmed by many workers (Cordeiro et al. 2000; Pinto
et al. 2006). These also led to experimental confirmation that many of the
expressed portions of the genome are highly conserved across the Poaceae family.
Unigene sequences also revealed synteny of expressed chromosomal regions
in different members of the grass family like sorghum and maize (Parida et al.
2006). Such conservation among the different species level clones was also
exhibited by microsatellite markers from Soluble Acid Invertase EST sequences
(Swapna et al. 2011a).

Sorghum Sugarcane Maize
Group J(W) Group H Chr 9

SYNTENY CLUSTER H-Loci order and recombination rates

UMC113

UMC109

BNL5.10

UMC114

UMC113

UMC113
UMC109

UMC109

UMC114

UMC81

UMC81

BNL5.10

Fig. 3 A pictorial representation of the comparative analysis of genomic regions in sorghum,
sugarcane and maize in synteny cluster H (Adapted from Grivet et al. 1994)
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Unigene derived Sugarcane Microsatellites (UGMS) and Sugarcane Enriched
Genomic Microsatellites (SEGMS) were used (Singh et al. 2011) to study the cross
transferability in nineteen accessions (including Saccharum spp. clones, related
genera, rice, wheat, maize and sorghum). 74.07% of the primers amplified in sor-
ghum and 92.59% amplified in maize. This confirms the hypothesis that some level
of conservation exists among these genomes with respect to the functional portions
as is also evident from CISP marker studies by Khan et al. (2011).

Such comparative analyses have been attempted in mapping studies also by
different researchers. In an attempt to map QTLs linked to sugar content in sugarcane
Ming et al., had hypothesized that candidate genes for carbohydrate metabolism in
biomass crop might be identified based on mutations effecting seed development in
other related crops (Ming et al. 2001). The group had earlier identified 84%
homologous loci that mapped to both the genomes (Ming et al. 1998), with only one
interchromosomal and two intra chromosomal rearrangements between Saccharum
and Sorghum. The comparative analysis of the sugar QTLs identified in sugarcane
with respect to the different sorghum linkage groups identified by these authors
(Ming et al. 2001) may be summarized as follows (Table 1)

These corresponded to eight non-overlapping regions of the sorghum genome.
In six of these eight regions, QTLs from both the parents (i.e., QTLs with both
increasing and decreasing effects) were found to co-exist. The study concluded
that seed and bio-mass crops may share common mechanisms for carbohydrate
metabolism, to some extent with a partly-overlapping basis for variation. More
recent QTL mapping studies for sugar content in sorghum (Shiringani et al. 2010)
may aid in a better comparison of this trait in the two genomes.

The first enzyme involved in C4 photosynthesis pathway is the C4 phospho-
enolpyruvate carboxylase (PEPC). The diversity of this enzyme was analyzed in
different sub-families including Andropogoneae (Besnard et al. 2002). Saccharum
officinarum, S. spontaneum and Sorghum bicolour were included in the study. The
amplicons obtained from specific primers showed 78–99% sequence homology
with known grass C4 PEPCs. Out of the four indels identified two were specific to

Table 1 Comparative mapping of sugar QTLs (including putative ones) from sugarcane (Ming
et al. 2001)

Sorghum linkage group QTLs/candidate genes mapped
to the linkage group

QTLs with correspondence to specific
regions and not to candidate genes

Sugarcane Maize Sugarcane Maize

A 5 2 4
B 4 2 2 –
C 1 1 2
D 2 1 2
F – – 3 –
G 2 1 3
H 1 1
I 3 1
J – – 2 2
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the tribe Andropogoneae. Further studies in this direction may help us in sugar
metabolism studies in this crop.

The advanced techniques of BAC library construction, screening and
sequencing has helped in successful application of comparative studies of sugar-
cane and sorghum genomes at a very basic level (Wang et al. 2010). The study
demonstrated that sorghum genome can serve as an excellent template for the
assembly of sugarcane anchor sequences, even when a high density sugarcane map
(approx. two markers per Mbp) or a physical map with an excellent coverage are
not available. Twenty sugarcane Bacterial Artificial Chromosomes (BACs) cor-
responding to each of the sorghum chromosome arms were sequenced. The genic
regions of these BACs had an average sequence identity of 95.2% with sorghum.
About 51.3% of these BAC sequences could be aligned with sorghum sequences
collinearly. The non-aligned regions were composed of non-coding and repetitive
sequences. One BAC sequence 1072L01 aligned with multiple sorghum chro-
mosomes indicating large scale chromosomal rearrangements. Within BACs also
minor rearrangements were reported between the two genomes. Some discrepan-
cies between direct sequencing comparisons and genome estimates exists, with
several possible reasons being suggested by the authors. More genes were found in
the sugarcane sequence fragments than in sorghum fragment (155 from sugarcane
ESTs, 28 from sorghum ESTs and 26 from sorghum annotated CDs). Thus the
authors demonstrated the usefulness and strength of comparative mapping strategy
in a complex crop like sugarcane were neither a high density map nor a well
saturated physical map is available.

Many sequences in the sugarcane BACs were aligned with the sorghum
chromosome arms, thus giving an idea about their probable locations in the gen-
ome. Putative functions for these sequences were also deduced from these
investigations. Among the many sequences that were aligned in the two genomes,
organization of one homeologous region of the two crops deserves special mention
(Fig. 4). Sorghum Chromosome 6 was aligned with sugar BAC 204D12 contig 5.
Here, among the three genes located, gene 1 has been reported to be having the
maximum hits with a sugar transporter protein. An efficient transport system
involving sugar transporter genes, among many others is a prerequisite for a
normal sucrose accumulation process in the plant. Thus these transporters may
have an important role in sugar metabolic pathway. Involvement of sugar trans-
porters in sugar signalling mechanisms regulating photosynthesis in higher plants
is well known form earlier studies also (Williams et al. 2000).

The varied level of conservation exhibited by some micro RNA (miRNA)
sequences from sorghum, sugarcane, wheat and switchgrass (Zanca et al. 2010)
has opened up another area of research in comparative studies. The authors could
identify distinct level of miRNA expression in leaf sheath, leaf roll, lateral bud
etc., with every possibility that these may be expressed in stem tissues also.
These may also be involved in sugar metabolism gene expression.The relatively
low level of variation in miRNA accumulation between S. officinarum and
S. spontaneum may reflect genetic buffering to maintain gene expression levels.
Most of the sugarcane miRNAs studied had homologs in rice and sorghum.
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Thus the scope of comparative genomics has widened, from the mere com-
parison of genome organization or to study synteny and collinearity, to comparison
of trait-specific genes, their location, their role in phenotypic variation etc. The
differences that are exhibited by sorghum and sugarcane compels us to practice
some level of caution in blindly fitting the experimental evidences from sorghum,
to sugarcane. The basic differences in ploidy levels, gene copy number etc., will
also have to be taken into consideration before applying the information generated
from sorghum or other members of the grass family to sugarcane.

5.6 Functional Genomics in Sugarcane: Unravelling the Many
Secrets of the Genome

In any plant, growth and development is characterized by a large number of
biochemical and physiological alterations that take place during the entire growth
period. In sugarcane, sucrose accumulation in the developing internodes form an
important criteria that characterizes growth and development. Besides, sugarcane
being a long term crop is subjected to a gamut of environmental stresses during
its entire growth period which will also determine the final products in the vari-
ous metabolic pathway (sugar being important among these). The recent devel-
opment in the functional genomics arena undoubtfully, aid in understanding these
complex regulatory mechanisms through expression analysis and other strategies
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42
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3

3

1

1
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1 2 3
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Sugarcane BAC 204D12 contig 5 
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Fig. 4 Comparison between partial sequences of Sorghum chromosomes and sugarcane BACs.
a Sorghum chromosome 8 partial sequence and sugarcane BAC 150M18 contig 6. Genes 1–4
showed maximum BLAST hits to SEU3A protein, thioredoxin M-type chloroplast precursor,
chloroplast protein and exonuclease family protein respectively. b Sorghum chromosome 6 partial
sequence and sugarcane BAC 204D12 contig 5 (showing expanded sugarcane sequences. Genes
(blue boxes) 1–3 showed the maximum BLAST hit to sugar transporter protein, hypothetical
protein OJ1065_B06.22 and expressed protein respectively. (Reproduced from Wang et al. 2010)
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(Manners and Casu 2011; Souza et al. 2011). The information generated from
functional genomics can be useful for such applications like molecular marker
development. The International Rice Genome Sequencing Programme was among
the first such attempts at a global level in unravelling the genetic information
encoded in the plant genome. In sugarcane also such attempts at an International
level has yielded very good results. The Sugarcane Expressed Sequence Tag
(SUCEST) Programme involving Brazil, USA, South Africa and Australia which
was initiated in 1998 was a crucial step in this direction. The SUCEST database is
the largest for any monocot species (Vettore et al. 2001). The sugarcane EST
project SUCEST has a database containing 2,38,000 ESTs from 26 cDNA libraries
constructed from several organs and tissues sampled at different intervals (http://
sucest.lad.ic.unicamp.br/en/). Studies on development of markers, RGAs and
mapping for important economic traits have made use of this valuable EST
database on a large scale. The Sugarcane Genome Sequencing Initiative (SUGESI)
Consortium is another collaborative attempt by Australia Brazil, France, South
Africa and United States, for unravelling the complexities of sugarcane genome/
transcriptome, mainly through BAC sequencing strategy. The cultivar with the
best characterized genome, i.e., R570 was chosen for this initiative. Recent
developments in this area have led to a vast increase in knowledge of sugar
metabolism and sugar accumulation in this crop.

One among the earliest strategies found to be effective was to combine cDNA
subtractive hybridization combined with microarray screening for candidate gene
analysis and identification (Carson et al. 2002). Among the many ESTs generated
from different organs those from the internodal tissues were expected to contain
information with respect to genes for sugar metabolism. Several ESTs with
putative identity showed homology to cell wall metabolism, carbohydrate
metabolism, stress response and regulation. About 10% showed homology to
carbohydrate metabolism, but none was directly related to sugar metabolism per
se. Later attempts (Casu et al. 2003, 2004) resulted in identification of novel sugar
transporter homologues and other differentially expressed transcripts from
maturing stem vascular tissues. Expression of trehalose-6-phosphate synthase
(TPS) and trehalose-6-phosphate phosphatase (TPP) were detected. Even though
the exact implication of this finding was difficult to be deduced at that time, later
studies suggested a probable role for changes in TPS:TPP ratio in sugar parti-
tioning and photosynthetic regulation in sugarcane leaves (McCormick et al.
2009). A very strong correlation of trehalose with sucrose accumulation has been
detected in metabolite abundance studies in the sugarcane stem, where correlation
of several metabolites with development was investigated (Glassop et al. 2007).

Anatomical and physiological modifications to maximize CO2 fixation have
been adapted by C4 plants like sugarcane. Three probable primary carbon cycle
pathways for C4 photosynthesis have been described. These differ with respect to
two aspects (i) 4-carbon organic acid intermediate transported from mesophyll
to bundle sheath cells, i.e., malate or aspartate (ii) 3-carbon acid returned to
mesophyll cells as well as the decarboxylation enzyme present in bundle sheath
cells. This can be NADP+-malic enzyme (NADP-ME), NAD+-malic enzyme
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(NAD-ME) or Phosphoenol pyruvate-carboxykinase (PEPCK) (Taiz and Zeiger
1998). Sugarcane has been classified to function using NADP-ME pathway
(Bowyer and Leegood 1997). But the frequencies of PEPCK related tags compared
to that of NADP-ME in a Serial Analysis Gene Expression (SAGE) study in
sugarcane leaves (Calsa and Figuera 2007) led to speculations that PEPCK
mediated decarboxylation pathway may predominate over NADP-ME pathway in
mature sugarcane leaves though both may occur in this crop. Gene expression with
SAGE could be correlated with arbitrary expression values from RT-PCR. Some
level of physiological plasticity with respect to these pathways has been predicted
for maize (Taiz and Zeiger 1998), which may be applicable in sugarcane also.

Potential anti-sense tags identified mostly corresponded to photosystem and
chloroplast components. The decarboxylating NADP dependant malate dehydro-
genase (NADP-MDH) antisense tag was more enriched suggesting a supposed
association with the putative downplay of NAD-ME C4 pathway. Lesser
suppression of non-decarboxylating MDH also suggested the occurrence of NADP-
ME pathway at a lower level. Regulation of metabolic activities by mRNA alternate
splicing or alternate termination was also indicated through these experiments.
There is every possibility that members of the sugar metabolism gene family may
also exhibit such transcriptional and post-transcriptional regulatory mechanisms.

Source-sink relationship has been demonstrated in sugarcane through regulation
of leaf photosynthetic activity by carbon demand from sink tissues. Leaf sugar
accumulation in C4 sugarcane may alter the expression of leaf photosynthesis
genes. This was confirmed through an Sugarcane Genome Array analysis
(McCormick et al. 2008a, b). This is a very powerful tool for profiling quantitative
changes in gene expression in response to developmental and environmental
changes. By artificially inducing sucrose and hexose accumulation in sugarcane
leaves through cold girdling, these workers were able to demonstrate that 21
photosynthesis related genes associated with Photosystem I, Photosystem II, C4

photosynthetic pathway and PCR cycle were down regulated. The regulation of
TPS and TPP indicated an important role for Trehalose 6 Phosphate (T6P) in sugar
signalling mechanisms. An increased expression of genes for cell-wall synthesis,
assimilate partitioning, phosphate metabolism and stress were also exhibited. Pi
translocators and PPases may be potential targets for manipulating sugar
accumulation in sugarcane culms. The possibility that hexose rather than sucrose
may be the key regulatory component in the photosynthetic activity was also
suggested in the context of source-sink relationship in sugar pathway regulation.
It has been reported that an increase in the hexose-phosphate concentration arising
from a restriction in the conversion of hexose phosphates to triose phosphates may
increase sucrose synthesis in young internodes (van der Merwe et al. 2010).
A definitive role of pyrophosphate: fructose-6-phosphate 1-transferase (PFP) in
sugarcane in carbohydrate partitioning has also been confirmed by these studies.
The possibility of increasing sink sucrose through effective manipulation of
source-sink communications has been speculated and discussed in the context of
Indian cultivars also (Chandra et al. 2011), where differences exists between the
subtropical and tropical regions of the country.
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Application of gene expression profiling through microarray in segregating
population for sucrose accumulation capacity has allowed identification of genes
for this important trait in sugarcane (Casu et al. 2005; Felix et al. 2009; Papini-
Terzi et al. 2009). A putative serine-threonine protein phosphatase encoding gene
and an unknown gene with altered expression in high and low sucrose segregants
were reported by Casu et al. (2005). Twenty four genes were reported to be
expressed differentially in high and low sugar progeny, with 19 having a higher
level of expression in low sugar genotypes (Felix et al. 2009) (Table 2). Evidence
of cross-talk between hormone biosynthesis exists in this study as pointed out by
other workers also (Vicentini et al. 2009). The over expression of a large number
of stress related genes in low sugar content plants indicates that the sugar accu-
mulation pathway is very complex with large scale interactions taking place
between these pathways The activation of signal transduction components appear
to be a long term mechanism, rather than being a one-time strategy.

The complexity of sucrose accumulation pathway and its interaction with other
metabolic processes like stress regulation was observed by Papini-Terzi et al.
(2009) also in their investigation of 30 sugarcane genotypes with varying Brix,
using cDNA microarrays. Protein phosphorylation was found to have an associ-
ation with sucrose accumulation and culm development. A predominance of stress
related gene families among the genes associated with sugar content was reported
here also. A limited overlap with ABA signalling was observed. Several protein
kinases and transcription factors may act as regulators of sucrose accumulation.
Aquaporins, lignin biosynthesis genes and cell wall synthesis genes were other
categories of genes found to be associated with sucrose accumulation. This pos-
sible overlap among these different pathways also suggests the possibility of uti-
lization of some of these gene sequences as molecular markers for sucrose content
in breeding programmes.

In spite of a very strong overlap among the various pathways, the regulatory
mechanisms may vary in different situations as evidenced in the case of drought

Table 2 Differential expressions of genes in segregating population for sugar content

Category Level of expression Number of genes

High sugar clones Low sugar clones

Hormone biosynthesis : 1
Receptors : 1
Transcription : 1
No matches : 2
Adapters : 3
Inositol : 2
Protein kinases : 1
Putative protein : 1
Stress : 8
Transcription : 2
Ubiquitination : 1
Unknown : 1
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response (Iskandar et al. 2011). A sub-set of stress related genes identified (that
were potentially associated with sucrose content in sugarcane) were analyzed for
their expression and regulation. It was speculated that stress response genes may
be activated in sugarcane culm as a protective mechanism against the high solute
concentration in storage cells and associated osmotic gradients developed. The
stress tolerance mechanism that facilitates normal cellular functioning even under
high sugar load may get activated by sucrose accumulation. The genes activated
under such a situation may have similarities with those genes that are activated
under normal stress conditions. But the protection mechanism seems to be dif-
ferent in the two situations (Iskander et al. 2011). Here also, the role of the putative
sugar transporter gene PST5 in regulation of sucrose accumulation in sugarcane
was reinforced.

5.6.1 Molecular Marker Application Through Reverse Genetics Approaches

Reverse genetics strategies for improving sugar content also involve the applica-
tion of molecular markers, if not directly. As mentioned earlier, the sequences
identified through marker application can be used for transformation or the
information generated through reverse genetics can form a basis for molecular
marker development. The usual methods of reverse genetics involve (i) develop-
ment of mutant population (ii) gene silencing for reduced expression of target
genes and (iii) over expression of target gene in the plant. Due to the highly
polyploid nature of the plant, mutation studies may not be effective in sugarcane
for expression analysis. Since sugarcane is highly amenable to transformation and
regeneration (Bower and Birch 1992; Basnayake et al. 2011; Joyce et al. 2010) the
use of gene silencing and over expression studies hold great promise. Very few
studies have used these methods to study expression of specific genes in various
physiological processes in sugarcane.

Transgenic plants exhibiting alteration in sucrose levels have also helped in
understanding the sugar metabolic pathways to some extent. High yields of the
high value sugar isomaltulose (IM) was obtained by vacuole targeting of an
efficient sucrose isomerise (SI) without disrupting the growth and development of
the plant, through a transgenic approach (Wu and Birch 2007). This resulted
in doubling of total sugar content in mature internodes of an elite high sugar
variety overcoming the constraints of osmotic limits and osmotic constraints as has
been the belief before (Moore 1995; Jackson 2005). This in turn, opened up the
possibility of increased sugar: water ratio rather than increased sugar:fibre
partitioning for enhanced sugar content. But the recent field trials involving these
transformants indicated a comparable decrease in sucrose concentration in
these plants, with no overall decrease in total sugars. Thus there is a need for
further research in this direction (Basnayake et al. 2012). Reverse genetics analysis
of the function of pyrophosphate:fructose-6-phosphate 1-transferase (PFP) is a
classic example where the function of a gene has been dissected to reveal its stage-
specific role in sugar accumulation in sugarcane (Groenewald and Botha 2008;
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van der Merwe et al. 2010). Whittaker and Botha (1999) had demonstrated a
correlative association for this gene with sugar accumulation. Down regulation of
PFP led to an increase in hexose phosphate:triose phosphate ratio in immature
internodes there by leading to an increase in sucrose synthesis in immature
internodes. Gluconeogenesis was also found to increase in mature internodes.
Suppression of neutral invertase through antisense technology led to increased
sucrose content in sugarcane suspension callus. The regenerants (transgenic plants)
exhibited an increased sucrose: hexose ration and reduced sucrose recycling in the
culm (Rossouw et al. 2010). The essential role of PST2a gene, an important sugar
transporter in sugarcane culm in plant development as well as sugar accumulation
was demonstrated when RNAi strategy was tried for suppression of gene
expression (Casu et al. 2003). The low number of transgenic regenerants and
absence of reliable down regulation of this transcript proved this point.

Sugar manipulation by engineering a new carbon sink into sugarcane in the
form of sorbitol (Chong et al. 2007) was also attempted. Diverting hexose phos-
phate equivalents in sugarcane to an alternative carbon sink resulted in increased
expression of sucrose synthesizing and cleavage enzymes, without effecting sink
sucrose accumulation. This also suggested that sugarcane metabolic intermaedi-
ates that are normally used for sucrose synthesis may be diverted to alternate sink
without much adverse effects.

High Throughput Array Differential Screening revealed that promoters for genes
DIRIGENT (SHD1R16) and O-Methyl Transferase (SHOMT) conferred stem
regulated gene expression (Damaj et al. 2010). This points towards the possibility
of uitlizing these in carbon metabolism and bioenergy production studies.
The specificity of their expression in the stem, in particular in the vascular bundles,
and enhancement of their expression by stress regulators make these promoters very
valuable for metabolic engineering through sugar accumulation or fibre content as
the necessity demands. These may play a key role in carbon partitioning.

Though these studies may not directly involve molecular marker utilization, the
information generated can be successfully put to use in molecular marker studies.
Conversely, candidate gens identified through marker applications can be utilized
in these reverse genetics studies thereby aiding in sucrose manipulation in the
sugarcane culms.

5.7 Molecular Ctyogenetics for Sugar Trait

Even though molecular cytogenetic techniques like genomic in situ hybridization
(GISH) and fluorescence in situ hybridization (FISH) have made significant
contribution towards sugarcane improvement as mentioned before (D’Hont et al.
1995, 1996), no such studies have been reported where molecular cytogenetic
probes have been put to use in diversity studies, mapping or other such studies
related to sugar trait. But these investigations have been the basis of valuable
information that had been put to use in linkage mapping and QTL mapping studies
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in this crop. Piperidis et al. (2010) in their investigations on chromosome
composition and transmission in modern cultivars have confirmed that, on an
average, 70–80% of the genome was constituted by S. officinarum, 10–23% by
S. spontaneum complete chromosomes and 8–13% by interspecific exchanges
(Piperidis et al. 2010). These exchanges show progressive accumulation in
subsequent generations. The occurrence of 2n ? n transmission in S. officinarum
9 modern cultivars crosses also was demonstrated in this study. These findings
have important implications in molecular marker applications like linkage and
QTL mapping in this crop.

As in the case of other DNA based markers, sequences specific to sugar trait
once identified can be used as marker probes and these can be used to locate the
sugar related sequences in the genome of cultivated clones. The transmission of
these sequences in the progeny can also be studied thus, aiding in selection of
desirable progeny with target sequences. Identification of molecular cytogenetic
probes for sugar trait can be of help in further mapping studies, comparative
genomics and also in the functional genomic studies. Thus this is one area of
research that has great potential.

6 Molecular Markers in Sugarcane for Sugar Traits:
Where Do We Go from Here?

Having reviewed the various reports of molecular marker applications in
sugarcane for sugar and related traits, where do all these results lead us to?
Undoubtedly, the high scope that this area of research offers, in further under-
standing the complex pathway of sucrose metabolism is unparallelled.

The information revealed through expression analyses has helped us to identify
the role of several key genes in sugar accumulation. The role of source-sink
regulation in sugar accumulation, the possibility of uncoupling of sink to source
signals, the futile cycle taking place in the culm etc., in regulating the final sucrose
accumulation are being investigated with renewed interest at a molecular level.
Thus, in addition to the usual enzymes like SPS, sucrose synthase and invertases,
sequences coding for sucrose transporters, cell membrane permeability genes,
carbon partitioning genes or even genes for sucrose signalling and transcription
factors may be potential candidates for use in molecular marker identification
studies. The interaction with genes involved in other pathways makes those genes
also probable players. The role of alternative splicing and other regulatory
mechanisms also need to be addressed in detail. The difference in repetitive
sequences in varieties may have a role in their varying adaptability. This may also
play a role in the variation with respect to sucrose accumulation. This also forms a
potent area of research for the future. The genes that result in the peculiar Kranz
anatomy in these C4 leaves, those involved in the spatial separation of the various
processes etc., also need to be identified to study the specific role of this structural
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peculiarity in the sugar accumulation capacity of the crop. Mechanisms of
genomic buffering, repeat sequence restriction in sugarcane compared to sorghum
and its relation to sugar accumulation etc. are other important questions to be
answered making use of molecular markers. The finding that only single dose of
some multi-dose loci get expressed in sugarcane, points to some sort of regulatory
mechanism operating at this level, which opens up a possible role of this mech-
anism of regulation in sugar accumulation also. Selection of low copy number
sequences and euchromatin sequences using comparative genomics will provide a
reasonable starting point for such molecular marker related studies. Using pollen
to isolate DNA/RNA may also result in less copy number of genes to be handled.

Studies till now undermine the fact that strategies like marker identification,
mapping of trait linked loci etc. alone may not be sufficient for proper under-
standing of sugar accumulation. Thus other areas like expression studies also need
to be explored. MicroRNA (miRNA) based regulation is a potential area of interest
in sugarcane as indicated by Zanca et al. (2010). miRNAs are small regulatory
RNAs that play a role in various physiological and metabolic pathways like stress
response, signal transduction, protein degradation etc. This miRNA associated
RNA silencing leading to translational inhibition, mRNA decay/cleavage can
regulate different crucial steps in sugar metabolic pathway also. Another possi-
bility can be to utilize these miRNAs for reducing the level of inversion that may
take place in some early maturing high sugar varieties at later stages of the season.
Such early varieties which show a decline in sugar content during the later period,
can be potential candidates for miRNA induced silencing studies, thereby sus-
taining their high sugar content throughout the period. Since several of the miR-
NAs show homology with sorghum miRNAs these can be of use in comparative
genomics also. The possibility that some of the MITE-associated miRNAs may
lose their miRNA status over time, necessitates a cautious approach in this regard.

The evolution of molecular breeding has led to a deeper understanding of the
underlying trait-linked loci and their interactions. Gradually this is progressing
towards quantification of transcript levels or expression QTLs (eQTLS). Such
genetical genomic studies in the long run, will lead to elucidation of the entire
genome, and thereby the different biochemical pathways. Serial Analysis of Gene
Expression (SAGE), Massive Parallel Signature Sequencing (MPSS) etc. are some
of the techniques that can be employed. Though an initiation has been made in
sugarcane, large scale eQTLs studies neeed to be taken up in this crop. There is every
possibility that genes with no previously-assigned functions may act as master
regulators thereby, facilitating their incorporation at specific points in the sugar
metabolic pathway. Once allelic variations are linked with phenotypic variations
these cloned regulatory genes can be put to use in molecular breeding studies. Thus
QTL mapping combined with eQTLs can aid in identifying biomarkers for classical
phenotypes. A word of caution is needed here also. In polyploids like sugarcane, the
genome buffering may mask the functioning of some negative genes, which
may be problematic. Also the low level of resolution in most of the presently
available genetic maps in this crop may be a drawback for some applications
which may be overcome in the long run. Needless to say all these techniques should
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go hand-in-hand with proper phenotyping studies with sufficient sample size,
replications, locations etc., in the case of field trials and validation studies.

With all the techniques available, the utilization of proper bioinformatic tools
and software is very important for the successful implementation. The large scale
sequencing initiatives need to have excellent collaboration with the different
sugarcane research workers all over the world so that these initiatives can lead to
fruitful conclusions.
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