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In-vitro mutagenesis approaches for flowering control in sugarcane - A Review

ABSTRACT

Sugarcane (Saccharum officinarum L.) is one of the important commercial crops grown
globally as a source of raw material for wide range of sugar and bio-energy industries. Crop
being a member of family Poaceae, terminates its growth by flowering (arrowing). The
process of flowering is highly complex process and is mediated temperature;. photoperiod,
humidity, altitude and latitude besides crop genetic makeup. Though flowering is crucial for
crop improvement programmes, uncontrolled flowering under commercial cultivation poses a
serious problem for sugarcane farmers and millers with a considerable loss in yield and
quality. Therefore, in order to device sugarcane genotype with no flowering habit enormous
efforts have been made through various approaches, among.them mutagenesis is one such
approach wherein propagation materials will be exposed to chemicals or radiation in order to
bring desirable traits. This technique looks to be the prominent crop improvement strategy for
sugarcane. Hence, in this paper review we-brought togetherthe earlier work done in the field
of mutation breeding in devising non-flowering sugarcane genotypes and their impacts on

commercial sugarcane production.
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Introduction

Sugarcane (Saccharum spp.) is considered as one of the most important crops
cultivated in the tropics and subtropical areas around the globe. It belongs to the genus
Saccharum of the family Poaceae. The genus comprises six species that include Saccharum
spontaneum, Saccharum officinarum, Saccharum robustum, Saccharum edule, Saccharum
barberi and Saccharum sinensis (1). Botanically, sugarcane belongs to the Andropogonae
tribe of the family: Gramineae, order: Glumiflorae, class: Monocotyledoneae, subdivision:
Angiospermae, division: Embryophyta siphonogama. The subtribe is Sacharae and the
genus Saccharum, derived from the Sanskrit "sarkara = white sugar”. It was. believed that,
the plant reached the Mediterranean region from India. Physiologically:sugarcane ‘belongs to
C, plant commercially propagated through stems cuttings. The genus Saccharum composed
of six species which includes wild species, Saccharum spontaneum L. and Saccharum
robustum; cultivated species, Saccharum officinarum L,-Saccharum barberi, Saccharum
sinense and Saccharum edule. However, Saccharum officinarum L is the widely cultivated
cane all over the world which was evolved by hybridization between S. officinarum and S.
spontaneum. The first artificial interspecific hybrids between these two species were created
to overcome disease outbreaks and were ‘followed by repeated backcrossing using S.
officinarum as the recurrent female parent to restore high sucrose content; this process was

popularly termed as nobilization of cane.

At present, sugarcane is cultivated in more than 20 million hectares in tropical and
subtropical regions of the world, and approximately 1.3 billion metric tons of crushable stems
are produced. Top ten.producers and consumers of sugar are depicted in the table (Table 1&
2). For hundreds of years, sugarcane has served as a source of sugar and represents an
important renewable biofuel source, which is seen as a global commodity and important
energy source. Besides being purposely used to produce sugar, sugarcane accounts for
almost two thirds. of the world’s production and has lately gained more attention due to
increased ethanol production (2). Sugarcane is not only vital for sugar production but also for
its by-products are used as industrial raw materials for fuel, chemicals, bio-fertilisers, paper
and pulp production Bio-refining is a common process through which more products are
produced supplementing those already available for use. Through increased bio ethanol
production and consumption globally, it is highly anticipated that the need for more
sugarcane production is key since sugarcane can produce approximately 4000-6000 litre or |
/ha of ethanol (3). Sugarcane bagasse is the major waste product generated by sugar mills
after extraction of the sucrose from cane juice and is largely used for energy cogeneration at
the sugar mill and bagasse can be used as animal feed production thus increasing the

overall efficiency of the crop system. Different products are processed out of bagasse which



includes paper production, used in bread as a dietary fibre, as a wood substitute in the
production of wood composite, as well as in carbon fibres synthesis (4). Enzymatic and
hydrolytic processes are considered to allow the bagasse carbon units from cellulose and
hemicelluloses and this can be used for ethanol production which makes us sugarcane a
very useful versatile efficient crop for energy production (5). Sucrose is the principle food
product but different research has proved that sucrose is a raw material for production of
higher value products to include some natural pharmaceutical compounds (6). Several
foods, drinks and dishes around the globe have been derived from sugarcane and its
products under different local names in different countries to include syrup, ganne ka rass,
guarab, sayur nganten, cachaca, rum, falernum, jaggery, panela, molasses, rapadura, rock
candy among others. Bagasse and molasses the main by-products of ‘sugarcane are
documented to have various applied uses. Molasses are composed of 60% of sucrose and
inert sugars, 13% inorganic salts. Arencibia (1998) (7) reported. that, recently sugarcane
importance globally had increased as a result of the important industrial raw material
attached to it in order to produce sugar and allied industries producing alcohol, acetic acid,
butanol, paper, plywood, industrial enzymes and animal feed.

Table 1: Top 10 Sugar producing countries (Million Metric tonnes) during 2021-22 and 2022-

23

Sl. No. Country Production 2021-22 2022-23
1. Brazil 35,450 36,370
2. India 36,880 35,800
3. EU 16,479 16,255
4. Thailand 10,157 10,500
5. China 9,600 10,000
6. United States 8,287 8,201
7. Pakistan 7,140 7,180
8. Russia 6,000 6,500
9. Mexico 6,556 6,360
10. Australia 4,120 4,450

Total world production 180,348 182,891

(Source: https://apps.fas.usda.gov/psdonline/circulars/sugar.pdf)




Table 2: Top 10 Sugar consumption countries-2021-22 and 2022-23 (Million MT)

Sl. No. Country 2021-22 2022-23
1. India 29,000 29,500
2. European Union 17,000 17,000
3. China 14,800 15,800
4. United States 11,313 11,295
5. Brazil 9,500 9,800
6. Indonesia 7,600 7,900
7. Russia 6,350 6,140
8. Pakistan 6,000 6,100
9. Mexico 4,342 4,160
10. Egypt 3,430 3,485

Total consumption World 173,240 178,843

2.1 Challenges for sugarcane production:

The sugarcane production is greatly affected by, biotic and abiotic stresses (Table 3).
Xiong et al. (2002) (8) reported that different.environmental factors limit crop productivity and
destroy biomass and termed these.factors as stress or disturbance. Abiotic stress lead to
crop loss worldwide, reduce average yieldsiamong most crop plants by more than 50%.
These environmental factors, were the most known stress conditions that affected crop
production and productivity which included low temperature, drought, and high salinity. The
biggest percentage of erop loss; limited plant growth and crop productivity were attributed to

environmental stresses (9, and 10).




Table 3: Biotic and abiotic stress constraints of sugarcane

ABIOTIC STRESSES BIOTIC STRESSES
Drought/ moisture stress » Weeds
Waterlogging stress » Pests like sugarcane borer, white fly, white

High temperature/ heat stress wooly aphid,

Salinity/ alkalinity stress » Insects like sugarcane borer, scales, white fly,
white wooly aphid, mille bugs.and white grub
Low temperature/ cold stress
» Bacterial diseases like Gumming disease,
Plant nutrients stress Leaf scald, Mottled, stripe, Ratoon:stunting

Shortage of water disease, Red stripe

vV VvV VYV Vv V¥V V VYV V¥V

Flooding during rainy season » Fungal diseases as red rot, smut, wilt, rust,
Pokka boeng, grassy shoot disease viral

diseases like sugarcane

Abiotic stress drought is one of the most deleterious abiotic stresses was found to
affect crop productivity worldwide (11). Sugarcane being useful source of sugar and ethanol,
it had a relatively high water-demanding capacity compared to other crops since its growth is
direct related to water deficit (12). An estimation by Kingston (1994) showed that sugarcane
can yield between 8-12-ton cane per mL of:irrigation water therefore water deficit was seen
as a cause of 60% productivity losses (13, 14, 15, and 16). This was one of the reasons why
sugarcane production was mainly.done in regions which receive a considerable amount of
rainfall so that sugarcane can receive enough water for growth and development (17), but in

areas with limited.rainfall sugarcane production must be supplemented or full irrigation (18).

The complexity.of sugarcane’s response to stresses like water deficit further coupled
with the limitations of available molecular tools and strategies to identify and exploiting the
large genes effects and alleles associated with selection traits for developing drought tolerant
varieties "suitable for commercial crop production conditions. Genetic engineering of
sugarcane to produce drought tolerant genotypes was still a major challenge (19, 20, and
21).

Sugarcane is highly sensitivity to salinity because of being a glycophyte which is
exhibited at different growth stages. In different glycophytes like sugarcane, the main ionic
stress in relation with high salinity is due to sodium toxicity which leads to ion imbalance or
disequilibrium, hyper ionic and hyper-osmotic stress, which eventually disorganizes the

overall metabolic activities and causing plant death (22).



The phenotypic symptoms of abiotic stresses exhibited by sugarcane includes
stunted growth, poor tillering and root growth, necrotic leaves with scorched tips and
margins, reduction in internodal length and girth of cane, impaired cane quality with reduced
juice purities, jaggery and sugar processing challenges and these were attributed mainly to

soil salinity stress among others (23).

A four-year study recently conducted by the World Bank (http://www.sriindia.net)
showed that due to climate change, there will be a 30% reduction in sugarcane production
worldwide. Sugarcane being known for its well documented economic importance but being
a highly heterozygous, polyploidy and frequently aneuploidy nature with a cemplex genome
affected by poor fertility, and the long breeding/selection cycle its genetics has.not been

mainly considered by scientists and researchers compared to other crops.

Jalaja et al. (2008) studied CoC 671 a sugarcane variety in:Maharashtra; despite
being an early maturing variety with high sugar content, it showed signs of declining which is
attributed to its genetic degeneration (24). This variety was found to be susceptible to many
diseases and pests which have led to lower yield and sugar content thus conventional

breeding methods failed to improve this variety:
2.2 Flowering in sugarcane

Flowering in sugarcane is <being a complex physiological process comprising of
different developmental stages which: require different physiological and environmental
conditions. Flowering in sugarcane, is genetically determined trait and it is influenced by a
number of plant and environmental factors which include photoperiod, temperature, moisture
and nutrition (25). Productivity of:cane and sugar is heavily affected by flowering. Flowering
as a genetic traitis.of great importance for breeding but uncontrolled flowering in commercial
fields poses.a serious challenge to both farmers and millers due to loss of cane and sugar

yield.

Development of a sugarcane variety with stable performance and good traits is the
biggest challenge faced by sugarcane breeders. On exposure to different environmental
conditions:particularly in tropical regions, sugarcane automatically responds by flowering.
The heterozygous and polyploid nature of sugarcane determines the flowering pattern of
sugarcane varieties thus plenty of challenges at hand to sugarcane breeders and
researchers to name: poor fertility, non-synchrony and non-flowering of specific genotypes.
Sugarcane has a unique character of accumulating 50 per cent sucrose content in the stalk
compared to its dry weight (26, 27, 28, 29, and 30), which later transforms into increase in

sugar content thus increasing the sugar yield and grower profitability. Through plant breeding



there is a possibility of improving yields though successful synchronised production of

inflorescences required for crossing plants remains the biggest constraint.

Most of the genome sequence information related to sugarcane can now be
accessed (31). Based on the available sequence information, sugarcane being a hybrid
possessing a complex polyploidy and aneuploidy genome could be used to identify different
gene homologues. Different flowering pathway genes have been studied in sorghum which is
the closest diploid relative to sugarcane with a complete genome sequence. These genes
identified in the flowering pathway could be assigned to different groups like. photoperiod
perception, internal clock cycle and floral induction, in relation to the function:it plays in other

species.
2.2.1 Effect of flowering on sugarcane yield

Flowering in sugarcane (Fig. 1) causes losses bothyin the yield oficane (field loss)
and in the percentage of recoverable sugar (quality loss): Determination of sugar yield losses
had been done by the use of several methods (32, and 33). Flowering can be reduced by
photoperiodic control in sugarcane as it is one of the.few.methods of preventing flowering
without affecting the growth of sugarcane. Flowering in sugarcane lowers cane tonnage as
this is directly related to the percentage of flowering-and age of the crop at flowering. Non-
flowered sugarcane stalks had an increased: fresh weight compared to flowered sugarcane
stalks, but according to Singh (1980) after 35 to 45 days of inflorescence emergence in two
sugarcane varieties namely Co-1158 and Co-740 flowered canes had more weight compared

to the non-flowered canes (34, and 35).

Sucrose content was heavily affected by flowering; highly observed in periods of high
flowering percentage. The flowering lowered the quality and purity of sugarcane juice mainly
when sugarcane was harvested after four or more months of maturity (36). It was observed
that sucrose per cent juice in flowered stalks was significantly higher during early season but
it gradually:increased in the later season in the non-flowered stalks (35, and 37).
Suppressing. the. flowering through photoperiodic treatment showed that there was no
significant difference in sucrose content available between flowered and non- flowered canes
(38). Long (1976) indicated that as sugarcane crop became aged there was also a steep rise
in fibre content of varieties, which was contrary to Rao (1977) and Nuss (1989) who
observed no difference in fibre content of both flowered and non-flowered canes (39,40, and
41)
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Figure 1: Sugarcane vareity with flowering and non-flowering

One of the major limitations of the sugarcane variety VCF 0517 using in-our research
studies is flowering affecting the productivity of cane and sugar of VCE 0517 variety. Despite
extensive breeding efforts in India, till date there is no non-flowering genotype developed in

order to reduce the losses imposed due to flowering in different sugarcane varieties.

Van Vloten (1910) calculated sugar yield of both flowering and non-flowering culms in
Java and recorded a reduction of 0.04-0.05 mT.ha™ for each1% flowering which was also
reported by Hes (1951) (36, and 42). Using stools of culms as experimental plots in
Barbados, Rao (1977) described stool. yields.as a.function of percent flowering. He further
calculated a potential sugar loss of 0.05 mT ha'for each 1% flowering. Further, through
conventional hybridization, sugarcane genetic improvement could be done but was hindered
by intricate flowering behaviour of:sugarcane. This could be due to perennial and highly
heterozygous nature of the sugarcane:followed with a long juvenile period which limits the

speed of improvement using traditional methods (40, and 43).
2.2.2 Genes‘involved in regulation of sugarcane flowering:

Biological rhythm is the process by which gene expression level increases and
decreases at a constant basis during a 24h cycle and this is controlled by endogenous
(internal biological circadian clock) or exogenous (external) stimuli (44, and 45). Circadian
rhythms'are termed as endogenous rhythms that cycle over a period of time close to 24h. An
example of exogenous rhythms includes the synchronisation to the length of day and night,
which is also termed as diurnal rhythm but on exposure to constant light or dark conditions
such rhythms stop to persist (44, 46, and 47). Light/dark spells don't affect some genes but

these genes respond to changes in photosynthetic compounds and other internal rhythms.

Higgins et al. (2010) clarified that small percentage of genes were unique to short day
or long day plants. Light perception and duration of light could change the amplitude and

timing of expression of the endogenous circadian clock genes. Floral induction resulted from



changes in expression level of flowering pathway genes which could be due to alteration in

expression of the endogenous circadian clock genes (48, and 49).

Coelho et al. (2013) while working on one Brazilian sugarcane cultivar in his findings
showed as many as 2—-8 homologues for Gl, TF1L-like, CO, EHD1, GHD7 and FT. These
different homologues were expressed differently in some tissues at various developmental
stages as analysed from the SUCEST database (50). Higgins et al. (2010) and Murphy et al.
(2011) 50 illustrated and documented the genetic control of photoperiod induced flowering in
different species namely Arabidopsis, rice, sorghum and Brachypodium (48, and 51). These
findings showed a high degree of conservation within flowering pathway ‘thus providing a

breakthrough to understand sugarcane flowering pathway.

Fifteen sugarcane homologous genes were identified and published ‘which were
divided into two groups’ viz., photoperiod perception and floral induction (Table 4 & 5).
Sugarcane gene homologues and sequences that enable floral induction previously have
been interpreted from already published work and aligned with different. sequence databases
like Sugarcane v0.1 G Browse and the sorghum genome (51,/52, 53, and 54). In the
sorghum database Phytozome, nine genes more were identified and functionally annotated
to play vital roles in flowering pathway (55); and the sorghum sequences aligned against the

sugarcane sequence database (54).



Table 4: Genes responsible for positive regulation of flowering in sugarcane

No. | Gene name Gene function
Induction of the expression of the flowering-time
gene FT
1. CO (Constans)
Encode a protein with two zinc fingers loosely related
to those of GATA transcription factors.
Encode a putative membrane protein
2. Gl(Gigantea) Act as the gating factors to regulate the signal
transduction of a photoreceptor
3. FT-Flowering Locus T An early target of CO
PRR37(Mal) — Pseudo- Controls photoperiodic.flowering.
4. Response Regulator Encodes PHYB, and the nearly,complete
37/Maturity Gene 1, photoperiod-nsensitivity.
PRR’s—Pseudo-
c Response Regulator’s, Inhibits expression of Circadian Clock Associated 1
' PRR1- Pseudo- (CCAL) and Late 'Elongated Hypocotyl (LHY).
Response Regulator 1,
Floral meristem identity gene
6. AP1 - APETALA 1,
specifies carpel and stamen identity in the flower,
Floral initiation is determined to a large degree by the
level of LEAFY expression.
Directly activates at least one of the later genes, AP1
7. LEAFY Encodes transcriptional regulator that promotes the
transition to flowering.
Involved in floral meristem development.
LFY is involved in the regulation of AP3 expression.
SOC1 - Suppressor Of ) )
) Overexpression causes early flowering and
8. Over expression Of

Constans 1

suppresses the effect of mutations




Table 5: Genes responsible for negative regulation of flowering in sugarcane

Sl Gene name Gene function
No.
1. Late Elongated Hypocotyl| - Components of the oscillator
(LHY) - Involved in the photoperiodic induction of
flowering.

- Encode highly similar single Myb domain DNA
binding proteins

- Inhibitors of the evening complex (EC)

2. ELF3 (early flowering - Functions in both hypocotyl inhibition and
flowering time
3. PHYC (phytochrome C)
4. CCAl (circadian clock | - Functionsin ‘hoth hypocotyl inhibition and
associated) flowering time.

- Inhibitors of the evening complex (EC)

- Encodes 'a, MYB-related transcription factor
involved in the phytochrome induction of a light-
harvesting chlorophyll a/b-protein (Lhcb) gene.

5. FLC — FLOWERING LOCUYS - “Plays a central role in vernalisation, and much
C, of this response involves reductions in FLC
MRNA.

- FLC represses flowering, this occurs through
repressing the flowering time genes SOC1 and
FT

6. PHYB!(Phytochrome B) - Regulation of hypocotyl elongation

- Mediate light inhibition of hypocotyl elongation
in red light.

- Plays an inhibitory role in floral initiation

7. TOC1 - TIME OF | - Does not function as a classic response

CHOLOPHYLL A/B BINDING
PROTEIN 1,

regulator.

Cycles in light/dark cycles with a peak in the

evening and shows a circadian rhythm

(Source: 48, 56, 57)




2.2.3 Strategies for flowering inhibition in sugarcane

Flowering is the major constrain in the sugarcane that will affect the yield and quality
of the cane and sugar. There is a need for adopting various strategies in order reduce the

flowering without affecting other agronomical parameters of the sugarcane crop.

Research studies in Hawaii have shown that sugarcane being grown as a two-year
crop, flowering may happen twice during overall crop cycle. There was an observable
sucrose yield loss in cases where flowering happened more than six months before harvest
(36, 58). Therefore, there was a need to test different methods and ways that can either
reduce or prevent flowering and among them the use of plant growth regulators. (PGRs) was

applicable at a commercial basis.

Different compounds were tested for their ability to inhibit flowering in sugarcane
whereby only six compounds advanced to field-scale testing, namely maleic hydrazide (MH-
30; 1, 2-dihydro3, 6-pyridazinedione), monuron [CMU; 3=(p-chlorephenyl)-1,1-dimethylurea],
diuron [DCMU; 3-(3, 4-dichlorophenyl)-1, 1-dimethylurea], paraquat (Gramoxone; 1,1'-
dimethyl-4, 4'-bipyridinium salt), diquat [Reglone;. .6,7-dihydrodipyridol (1,2-a:2', I'-c)
pyrazinediium salt], and ethephon (Ethrel; 2-chloroethylphosphonic acid). The U.S.
Environmental Protection Agency registered diquat commercially which was used in Hawaii
for 15 years but the major challenge was it was less efficient in reducing flowering (50 per
cent) and caused damages to crop like.desiccating leaves but now it is no longer used in
Hawaiian sugarcane to control flowering. In 1988, Environmental Protection Agency also

registered Ethephon as a.gooed compound to use during flower initiation season (58, and 59).

In 1981, ethephon tests started and positive results indicated that it had the ability to
act as a potential.flower control agent (60, and 61). Findings from two yield field trials
indicated that there was a 15 per cent reduction in flowering and this led to an increase in
sugar yield by a volume of 3.7 metric tonnes per hectare (mT ha™). These results were not
conclusive as it was recommended that more studies should be done to assess the effect of

ethephon on.a commercial scale.

Sugarcane crops were treated with ethephon prior to the time of harvest to increase
the sugar yield by increasing the sucrose percentage. Sugar producers in Hawaii termed this
process as "rip" as the application of ethephon was aimed at ripening cane which showed
positive and consistent results (62). Osgood et al. (1983) clarified that application of
ethephon during early crop stages did not induce the rip effect therefore increase in sugar
gains during field trials was directly related to increase in cane tonnage which was partially

attributed to reduction in flowering (61).



2.3 Induction of mutation to sugarcane explants

Mutation breeding, morphology, cytogenetics, biotechnology and molecular biology
are regarded as relevant conventional breeding methods in the field of plant breeding.
Mutation occurs due to changes in the base sequence of genes which are induced either
spontaneously or artificially both in seed and vegetative propagated crops. Brunner (1995)
noted there is a possibility of generating desirable traits which are not easily expressed in
nature or lost due to evolution (63). Through mutation breeding more than 3100 mutant
cultivated varieties have been developed in about 190 plant species and this has significantly

impacted crop improvement.

Soma-clonal variation can be classified either as genetic or-epigenetic. changes to
include polyploidy, aneuploidy, mutation (point) and new insertions of (retro) transposons
(64, and 65). Different physiological changes occurred during in, vitro conditions were the
causes of some phenotypic variability therefore developed plantlets under normal field
conditions revert to their parent type. Plantlets developed from aneuploidy cells may show
different genetic behaviour since aneuploids may have lower or higher number of
chromosome. Through use of direct regeneration method available, the existing genetic
heterogeneity present within cells in the form of different cytotypes can easily be exploited
(66, and 67) noted that direct regeneration .of plants from explants was an effective and
efficient way of reducing soma-clonal variation but:as well indicated some shortcomings that

may present chance of soma-clone in the regenerated population.

According to James:, (2004) the genetics of sugarcane crop make it complex.
Sugarcane is an old: crop-which has evolved for over 1015 years through conventional
breeding, selection cycle:and vegetative propagation of resulting cultivars (68). In order to
diversify the genetic pool and potential of sugarcane, different important desirable traits have
been introduced by, use of soma-clonal variation as a result of in vitro culture or mutagenic
treatments (69). Soma-clonal variation refers to any kind of genetic or epigenetic variation
detected in plants derived from cell cultures regardless of the morphogenic route or explant
used (64, and 70).

Protoclonal, gametoclonal and mericlonal variation terminologies were used to
describe variants got from protoplasts, anthers and meristem culture. Different reports
indicated that soma-clonal variations are induced by culture media in two ways: exposure to
growth regulators and length of time in culture and these resulted in generation of desirable

traits in sugarcane (71).

As reported by the scientists, all the possible causes of soma-clonal variation include

karyotype changes, cryptic changes associated with chromosome rearrangement,



transposable elements, somatic gene rearrangements, gene amplification and depletion,
somatic crossing over and sister-chromatid exchanges. It was also revealed that the choice
of morphogenic route coupled with indirect somatic embryogenesis has a great influence on
the frequency of soma-clonal variation and results into sugarcane plants that have varying

number of chromosomes and agronomic characteristics (64, and 72).

Snyman et al. (2011) reported that soma-clonal variation being a random event
therefore critical selection and identification of desirable soma-clones can easily be done by
adding a selective agent for example incorporation of a fungal culture filtrate-under in vitro
conditions or through field-based screening of regenerated plantlets (69)..Under in vitro
conditions, callus cultures are exposed to physical and chemical mutagens as this induces
soma-clonal variations whereas increases the frequency of occurrence of  variations.
According to Patade and Suprasanna (2008), induced mutagenesis poses the ability to elicit
beneficial and functional modifications in cultivars (73). In‘erder to increase Somaclonal
variations in sugarcane both physical and chemical mutagens have been used successfully
(69, 73, 74,75, 76, and 77).

Different agronomic characteristics and- features in“erops to include salinity and
drought tolerance have been successfully. improved through both chemical and radiation-
mediated in vitro mutagenesis and selection (78). The major advantage of mutation breeding
in vegetatively propagated crops is its ability;to improve one or a few important traits of a
given cultivar, without alternating the entire genetic makeup. Khan et al. (2009) noted direct
crop improvements through use of hybridization, mutation breeding, and tissue culture
approaches in plant breeding'(79). However, some undesirable soma-clonal variations often
generated during tissue culture cyeles are shown in many important field crops namely: Zea

mays (80), Oryza sativa (81), Triticum aestivum (82), and Saccharum spp. Complex.

Patade and. Suprasanna (2009) treated sugarcane embryogenic cultures with doses
of gamma radiations (10-50 Gy), challenged with different levels of NaCl (42.8 to 256.7 mM)
(83). Plantlets,.regenerated from irradiated calli of sugarcane cultivars CoC671, Co 86,032,
and Co0,94,012, were planted in the field and agronomically desirable variants were identified
for cane yield and sucrose concentration. Song et al. (2011) developed a new sugarcane
variety ‘Guifu 98-296’ which is a drought-prone upland of Guangxi Province, China by use of
mutation breeding (84). A high sugar yield was observed in two mutants and this was
attributed to increase in stalk length, stalk number, and stalk diameter. Khan et al. (2007)
used gamma rays to treat vegetative sugarcane cuttings in order to improve yields without
any negative impact on other agronomic traits. Kaur et al. (2016) used single bud setts of
sugarcane variety CoJ 64 to induce variation for cane number, cane girth, and red rot

resistance (85).



In our laboratory we are using induced mutagenesis in elite sugarcane variety
VCF0517 with the objectives of developing non-flowering sugarcane genotype is under

progress.
2.3.1 Physical mutagenesis

Mutations can be induced in different parts of a plant by use physical mutagens which
are both ionizing and non-ionizing radiations which include: X — rays and gamma rays which
are commonly used for sugarcane mutagenesis. Ahloowalia et al. (2004) reported that
radiations are the most commonly used mutagens to develop mutant varieties, 64% of
radiation induced mutant varieties were through use of gamma rays as the major. mutagen
(86). Out of 313 mutant varieties developed, only 169 mutant varieties were obtained by

using gamma rays (87).

When buds of a striped sugarcane variety were exposed to X-ray treatment, a sharp
increase in colour range of stripes as well as differences in flowering propensity were
observed (88). During in vitro studies, a total of 164 resistant lines were selected but when
exposed to field trials for two years it was found out that only 8 lines were resistant against

red rot disease (89).

Morphologically distinguished mutant clones from the original sugarcane variety Co
449 which was exposed to 500r, 1000r, 2000r, 3000r, 4000r, 5000r and 10000r of gamma
radiation from a 60Co source. It was observed that a single plant each from the vegetative
progeny of buds subjected to treatment doses of 500r and 3000r were found to be resistant

while all the others (an average of about 1500 for each dosage) were susceptible (90).

Growth was stimulated when low X-ray doses where applied in main shoot in some of
the varieties according to Jagathesan and Sreenivasan (1970) (91). They also discovered
that sugarcane variety Bo 14 contained stripped chimera and chimera with copious ivory
markingsin Bo17. There was no significant difference between morphological characters and
juice quality ‘of these clones and normal plants. Variety Bo 32 was discovered to be
susceptible to P. tucumanensis and its chimera showed a marked reduction in size and brix

values.

Increased sugar content was observed upon exposure of sugarcane varieties to
1500r to 2000r (92). Through the use gamma radiation, valuable sugarcane mutants of these
two varieties (Co 527 and Co 663) have been obtained (93).

Mutants which are highly resistant to red rot were obtained after irradiation with
gamma rays of cane setts of variety Co 997 at dose rate of 2000rad. The resultant mutant

was almost the same in relation to distinguishable features as the original non-irradiated



stock (94). In a study of four sugarcane varieties in three generations (M1, M2, M3), the
varieties were irradiated with Gamma rays and X-rays at different doses 1, 2, 3, 4 and 5kr.
This made it possible to isolate an important glabrous leaf sheath mutant from varieties Co

419 and Co 527 which was true to type in the M3 generation (91).

The mutants obtained were resistant to P. tucumanensis from different sugarcane
varieties namely Co 997, Co449, Co527 and Co312 by application of both irradiation and
chemical mutagenic treatment (95). Isolated Co 997-24-1 red rot resistant mutant which had
similar characteristic features to Co 997, a susceptible variety in terms of quantity of cane

and sugar yield, and amount of sucrose content in sugarcane juice.

In 1974, Bari got buds from four high yielding sugarcane varieties'to include: BL 4,
BL 19, CoL 54 and L 116 and treated them with gamma rays at a«dose;rate of 2,:3 and 4 KR
dose managed to obtain some mutants which were resistant to red, rot:and mosaic virus (96).
Haq et al. (1974) obtained nine mutants of Co 633 and.six of.Co 527 and these mutants
showed different levels of resistance to G. tucumanensis. but Co 527-85 mutant showed

resistance in both field and laboratory trials (97).

Roach and Jackson (1974) reported that'when Triton and Apollo cutting sub-clones
were exposed to gamma rays at a dose rate of 3:and 5 KR, observed a significant increase
in sugar content and lower fibre. Fiji disease virus resistant lines were developed through
soma-clonal variation under in vitro conditions, selected lines managed to retain the high

yield as characterized by the parents (98, and,99).

Variability can be induced in a high frequency in sugarcane following sett irradiation.
Studies based on grand grewth. period like bud radio-sensitivity estimation due to acute
gamma rays’ treatment effects _at dose rate of 1.0, 2.0, 3.0, 4.0, 5.0, 7.5, 10.0 kr, on
sugarcane (Saccharum spp:) clone Co 547 setts showed that cane yield decreased
significantly from 3:0kr and this was attributed to low plant survival at maturity. Different
parameters -were. considered for selection of variants to include: increased internode
thickness, ‘higher tiller number and rind colour changes. Therefore, the treatment dose rate
was limited to not more than 3.0kr in order to maintain a positive high yield, optimum sugar

recovery and population size (100).

The induction of sugarcane mutations and morphological variations at the ninth
month stage in VM1 generation was reported (101). Through application of mutations in Co
series varieties mainly mutagenic treatment of single bud setts to obtain various traits like
dwarfness, non-flowering, high sugar content, glabrous leaves, increased growth rate,

increased cane yield and resistance to G. tucumanensis (102).



Different sugarcane varieties treated with 2Kr of gamma rays and obtained mutant of
Co 740 with erect leaves, other mutants of Co 419 that had increased stem diameter,
individual cane weight and sucrose percentage. The mutant had showed higher shoot
population which yielded more number of millable canes without affecting the economic

characters like sucrose content and juice purity (40, and 103).

Selim et al. (1980) reported the effect of different doses of gamma irradiation
treatments sugarcane cultivars NCo 310 and GT 54-9 on single bud cuttings yielded
reduction in germination percentage compared to controls (104). They ebserved the
significant increase in internode numbers in NCo 310 cultivars at all the doses wherein GT
54-9 cultivar it was increased only at dose of 3 kr. Mutagenic treatment were carried in six
commercial sugarcane varieties cultivated by Indian sugarcane farmers in order to induce
mutations (105). Fifty sugarcane mutants were obtained which exhibited a number of
morphological characters, disease resistance and higher sugar content.compared to other

varieties.

In vitro mutagenesis technology was used to develop sugarcane mutants using
sugarcane calli. Calli treated with a treatment dose of 6kr showed no response and
shoots/plants failed to regenerate but other calli treated with doses below 6kr responded and
developed well. Calli treated with 0.5Kr had a good.effect on some agronomic characters like
plant height, number of tillers per plant, cane thickness and number of green leaves per
plant. Kwon-Ndung and Ifenkwe (2000) reported the use of gamma radiations studies on
sugarcane and observed that 4-8 Kr was the sensitivity range dose for optimum generation
of cane buds (106).

Three sugarcane varieties Isd-2/54, Nagarbari and Latarijaba were treated with
different doses of gamma rays:viz., 20, 30 and 40 Gy (107). The mutants were challenged
with red rot spore suspension which yielded 37 resistant plants and 151 moderately resistant
plants: Fromthe gamma rays (20, 40 and 60 Gy) treatment of four sugarcane varieties Isd-
2/54, 1sd-16, Nagarbari and Latarijaba, the mutants SCM-12, SCM-14 and SCM- 15 variants

selected showed tolerance to waterlogged conditions in MV6 (74).

Sugarcane calli regenerated on medium containing partially purified Colletotrichum
falcatum toxin at a range of 0.05% to 0.5% were induced mutation with sodium azide
gamma-rays. In which minimum plants regenerated with maximum callus death at 0.5 %
toxin concentration. Regenerated plants were resistant to red rot disease from callus which

was insensitive to red rot toxin (108).

Somatic mutations were induced in vegetative cuttings of three sugarcane clones

namely NI-98, NIA- 2004 and BLA which were treated with different doses of gamma rays



ranging from 0, 10, 20, 30, and 40 Gy which showed negative impact on different
agronomical at 30 Gy and 40 Gy whereas 20 Gy showed an enhancing effect on plant height

and cane yield (75).

The callus cultures were induced using spindle explants grown on MS media with 2,4-
D and from three commercial sugarcane varieties viz., CoJ 64, CoJ 83 and CoJ 86. The
callus and callus derived shoots were exposed different doses of gamma radiations and
resulted in varying percentage of shoot regeneration. Highest number of shoot regeneration
and shoot proliferation was observed in 20 Gy and lowest in 60 Gy whereas 80:Gy dose was
recorded 100% lethality. The optimum gamma radiation dosage for both:mutagenesis of
callus and shoots derived from callus was found to be 60 Gy which showed‘a very big
variability with respect to number of canes, cane girth, cane height and sucrose, content of

different irradiated clones of the same variety under field conditions (109).

In vitro mutagenesis technique was used to select salt tolerant lines in popular
sugarcane (Saccharum officinarum L) cv CoC 671, Co0.86032 and Co 94012. The
embryogenic cultures were treated to different gamma radiation doses (10-50Gy) and
challenged with different levels of NaCl (42.8 -256.7 mM) which showed plant regeneration
dose treatments of 10 and 20Gy irradiated calli up to 171.1 mM NaCl selection. The
regenerated plantlets were evaluated at Field‘levelto study the various agronomical

parameters like cane yield and sucrose (83).

In vitro mutagenesis technique is used for different sugarcane clones viz., NIA-98,
NIA-0819 and BL4 in which:genetic variability was induced mainly using apical meristematic
region as an explant-for eallus induction medium. Callus was exposed different doses of
gamma rays which resulted in‘maximum callus proliferation, plant regeneration and growth in
control treatment and minimum was observed at the treatment of 40 Gy. The treatment 30
and 40Gy doses showed maximum chlorophyll mutation frequency and maximum number of
roots and root:length in control followed by 10 Gy. Negative responses on tillering potential

of the regenerated plants were recorded at 30Gy and 40Gy treatments (110).

Mutation breeding was used to select a sugarcane variety Guifu 98-296 and field
evaluation results showed that Guifu 98-296 cane yields was estimated at 118.95t/hm2,
sugar yield at 16.65t/hm2, with a significant increase of 32.98% and 29.07%, respectively,

compared to ROC 22 which is the main sugarcane variety in Guangxi (84).



2.3.2 Chemical mutagenesis

The importance of mutagenesis to introduce variability, random genetic mutations in
plants by using physical mutagens to include: gamma rays and UV light or chemical
mutagens namely: ethyl methane sulfonate (EMS), sodium azide (NaNs) and 5-azacitidine
agents were described (111). The most commonly used chemical mutagen is Ethyl methane
sulfonate because of its ability to induce valuable traits in many species, including sugarcane
(77).

Sodium azide (NaN) is effectively used chemical mutagen in agricultural, medical,
and organic synthesis research which induces random mutations (112, 113, and 114). The
mechanism of action of sodium azide (NaNs) depends on its abilityto produce an erganic
metabolite (B-azidoalanine moiety [N;—CH,—CH (NH,)-COOH]) which induces chromosomal

changes at relatively lower rates than other mutagens (115, and 116).

The chemical mutagenic treatment sugarcane callus from meristematic leaf whorl
explant of cv Co 86032 with EMS (0.5%) at different:time: intervals from 1 to 3 hrs. The
treatment results showed no regeneration of calli treated. with EMS for 2 hours and 15
healthy plants were regenerated from calli treated'for 2.5 hours and calli treated with EMS for

3 hours induced regeneration at lower rate and only three healthy plants (76).

Chemical mutagen ethyl-methane sulfonate (EMS) with different concentration doses
were used to induce mutations on:callus derived from two commercial varieties namely,
CP48-103 and CP57-614 in lIran (117)..«The findings established the significance of
regression coefficient at a =, 0.01 whereas the regression equation for the relationship

between utilized dose of EMS and.mortality of calli obtained was Y= -8.18 +5.28X.

Sugarcane varieties viz., €o 419, Co 527, Co 1287, Co 740 and Co 775 were treated
with physical:and chemical mutagens for Induction and isolation of mutants obtain desirable
traits as depicted.in table 6 (118).



Table 6: Different sugarcane varieties treated through mutagenesis

Sugarcane ) )
No. ) Mutagen used Mutation desired
variety
1. Co 419 Gamma-rays 3, 5 and 7 kr Study of radiosensitivity

Glabrous leaf sheath. Non-flowering,
2. Co 527 Gamma-rays 3 and 5 kr )
early maturity

Gamma-rays 3,5and 7
3. Co 1287 kr;
EMS 0.10 - 0.80%

Smut resistance; increase in sucrose

content

4, Co 740 EMS 0.10 - 0.80% Smut.resistance

Glabrous leaf sheath, red rot
5. Co 775 Gamma-rays 3, 5 and 7 kr )
resistance.

Source: (118).
2.4 Molecular screening of sugarcane plants

Single bud setts of sugarcane variety Co 1148 were exposed to both physical
mutagens (gamma rays) and chemical mutagens (EMS and SA) followed by inoculation of
clones with red-rot isolate. Different parameters like-mean, range and C.V % were used to
estimate brix number, sucrose-percent, purity..coefficient, commercial cane sugar, juice
extraction % and fibre content, in regenerated mutagenic population of sugarcane.
Observations showing significant increase in mean values, range and C.V % were recorded

for those identified quality traits:in.comparison with control (119).

Four replications of seven multiple-bud mutants including one gall-forming mutant
(US 94-12)-were. tested with normal sugarcane cultivars for 2 years using randomized
complete block design. Whereas normal cultivars produced one shoot per node when grown
in the greenhouse while two shoots per node were obtained from multiple-bud genotypes,
but US 94-12 that produced 4.5 shoots per node compared to others (120).

Different molecular markers are being used to study genetic diversity and selection of
parents for planning crossing between parents from divergent backgrounds which will be
applicable in genetic improvement programmes. Several researchers have shown that
microsatellite repeats have the ability to be applied for studies on genetic diversity (121, and
122). One of the important tools used to study complex genomes such as sugarcane was the
use of molecular genetic markers (123). Molecular markers help to reduce time needed for
the development of new varieties in breeding program as they are used to select economic

traits during the early stages of growth as well as in the choice of the best parents in a cross.



RAPD a molecular marker technique was used to study the variability obtained from
mutation breeding (gamma rays) in sugarcane. Brown rust susceptible sugarcane genotype
B4362 were exposed to both physical and chemical mutagenic treatment using tissue culture
in which only five brown rust resistant mutants with hypersensitive response to Puccinia
melanocephala were selected (124). Occurrence of variations in molecular, morphological,
and agronomic traits was recorded in different brown rust resistant mutants. There was
significant increase in sugar yield for two mutants as well as stalk length, stalk number, and

stalk diameter also increased.

Microsatellites or simple sequence repeats (SSR) becoming one of the most powerful
Mendelian markers used in studying variability in plants because of their co-dominant nature,
locus specificity, and high reproducibility (125). However, sequence information-is, needed in
order to develop SSRs. SSRs derived from ESTs can be associated with genes of known
function and used as functional SSR markers, tagging genes.of interest in‘a more efficient

manner (126).
3. Summary and Conclusion

All commercial Agri. biotech companies should take a lead and heavily invest in
developing commercial transgenic sugarcane, targeting developing non-flowering genotypes
and sucrose accumulation as priority traits..Due to-technological innovations in molecular
biology and biotechnology, has.led to_discovery of flowering genes and their functions,
expanding knowledge about effect of flowering on sugarcane production and productivity are
expected to accelerate research in sugarcane. Availability of improved germplasm due to
combination of transgenic_and conventional breeding, followed by appropriate crop
management practices will make a significant impact in productivity improvement and yield

stability for commercial crop production.

REFERENCES

1. D’hont A, Ison:D, Alix K, Roux C, Glaszmann JC. Determination of basic chromosome
numbers in. the genus Saccharum by physical mapping of ribosomal RNA genes.
Gehome. 1998; 41:221-225.

2. Pandey, A., Soccol, C. R., Nigam, P., Soccol, V. T., Vandenberghe, L. P. S., and
Mohan, R., 2000. Biotechnological potential of agro-industrial residues. Il: cassava
bagasse. Bioresource Technol. 2000; 74 (1): 81-87.

Arruda P. Perspective of the sugarcane industry in Brazil. Tropical Pl Biol. 2011; 4: 3-8.

4. Sangnark A, Noomhorm A. Effect of particle sizes on functional properties of dietary

fibre prepared from sugarcane bagasses. Food Chem. 2004; 80:221-229.



10.

11.

12.

13.

14.

15.

16.

17.

18.

Han G, Wu Q. Comparative properties of sugarcane rind and wood strands for
structural composite manufacturing. Forest Products Journal, 2004; 54 (12)-283.
Basnayake J, Jackson PAN, Inman-Bamber G, Lakshmanan P. Sugarcane for water-
limited environments. Genetic variation in cane yield and sugar content in response to
water stress. J Exp Bot. 2012; 63: 6023-6033.

Arencibia A. Gene transfer in sugarcane. In: Biotechnology of Food Crops in
Developing Countries. (Eds.). Springer-Verlag, New York, 1998; pp.79-104.

Xiong L, Schumaker KS, Zhu JK. Cell signalling during cold, drought, and salt stress.
Plant Cell. 2002; 14: S165-S183.

Mahajan S, Tuteja N. Cold salinity and drought stresses: an overview. Arch Biochem
Biophys., 2005; 444: 139-158.

Lobell DB, Schlenker W, Costa-Roberts, J. Climate trends.and global crop production
since 1980. Science. 2011; 333:616—-620.

Wang W, Vinocur B, Altman A. Plant responses to drought, salinity and extreme
temperatures: towards genetic engineering for-stress tolerance. Planta. 2003; 218: 1-
14.

Lakshmanan P, Robinson N. Stress( physiology: Abiotic stresses in Sugarcane:
Physiology, Biochemistry, and Functional Bioloegy, ed. P. H. Moore and F. C. Botha
(Chichester: John Wiley & Sons; Inc.):2014; 411-434.

Kingston G. Benchmarking.yield. of sugarcane from estimates of crop water use, in
Proceedings of the Australian Society,for Sugar Cane Technologists (Bundaberg).
1994; 201-209.

Robertson MJ, Inmam-Bamber NG, Muchow RC, Wood AW. Physiology and
productivity of sugarcane with early and mid-season water deficit. Field Crop Res.
1999; 64:211-227.

Ramesh:P. Effect of different levels of drought during the formative phase on growth
parameters and its relationship with dry matter accumulation in sugarcane. J Agron
Crop: Sci.:2000; 185: 83-89.

Gentile' A, Dias LI, Mattos RS, Ferreira TH, Menossi M. MicroRNAs and drought
responses in sugarcane. Front Plant Sci. 2015; 6:58.

Moreira J, Goswami D, Zhao Y. Bioenergy-successes and barriers, in Proceedings of
Ises Solar World Congress 2007: Solar Energy and Human Settlement, Vols. -V
(Berlin; Heidelberg). 2007; 38-45

Walter A, Galdos M, Scarpare F, Leal MRLV, Seabra J, Cunha M, Picoli MCA, Oliveira
C. Brazilian sugarcane ethanol: Developments so far and challenges for the future.

Wiley Interdisciplinary Reviews. 2013; 70-92.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

Wang H, Shao H, Tang X. Recent advances in utilizing transcription factors to improve
plant abiotic stress tolerance by transgenic technology. Front Plant Sci. 2016; 7:67.
Tardieu F. Any trait or trait-related allele can confer drought tolerance: just design the
right drought scenario. J Exp Bot. 2012; 63: 25-31.

Cominelli E, Conti L, Tonelli C, Galbiati M. Challenges and perspectives to improve
crop drought and salinity tolerance. N Biotechnol. 2013; 30: 355-361.

Zhu JK. Cell signalling under salt, water and cold stresses. Curr Opin Plant Biol. 2001;
4: 401-406.

Hussain M, Malik MA, Faroog M, Ashraf MY, Cheema MA. Improving Drought tolerance
by exogenous application of glycine betaine and salicylic acid in:sunflower. J Agron
Crop Sci. 2004; 194:193-199.

Jalaja NC, Neelamathi D, Sreenivasan TV. Micropropagation for Quality Seed
Production in Sugarcane in Asia and the Pacific. Food,and Agriculture Organization of
the United Nations and Asia—Pacific Consortium .on Agricultural Biotechnology, Asia
Pacific Association of Agricultural Research Institutions:2008.

Moore PH, Nuss KJ. Flowering and flower 'synchronization. In Heinz, DJ (ed.)
Sugarcane improvement through breeding. Elsevier, Amsterdam, 1987; 273-311.
Jackson PA. Breeding for improved:sugar eontent in sugarcane. Field Crop Res., 2005;
92(2-3): 277-290.

Rae AL, Grof CPL, Casu _RE, Bonnett GD. Sucrose accumulation in the sugarcane
stem: pathways and control points fortransport and compartmentation. Field Crops
Res. 2005; 92:159-168.

Glassop D, Roessner-U, Bacic A, Bonnett GD. Changes in the sugarcane metabolome
with stem development. Are they related to sucrose accumulation?. Plant Cell Physiol.
2007; 48: 573-584.

Papini-Terzi ES, Rocha FR, Véncio RZ, Felix JM, Branco DS, Waclawovsky AJ, Del
Bem LEV, Lembke CG, Costa MD, Nishiyama JR LMY, Vicentini R, Vincentz M GA,
Ulian ECy.Menossi M, Souza GM. Sugarcane genes associated with sucrose content.
BMC Genomics. 2009; 10: 120.

Inman-Bamber N, Lakshmanan P, Park S. Sugarcane for water limited environments:
Theoretical assessment of suitable traits. Field Crops Res. 2012; 134: 95-104.

D’hont A, Glaszmann JC. Sugarcane genome analysis with molecular markers — a first
decade of research. Proceedings of the Intl. Society of Sugar Cane Technologists.
2001; 24: 556-559.

Hernandez JAL. The quality of flowered cane. Sugar Azucar. 1965; 60: 41-42.

Panje RR, Raja, Rao T, Srivastava KK. Studies on the prevention of flowering in

sugarcane |. Effect of suppression of flowering by defoliation on the yield and juice-



34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45,

46:

47.

48.

49.

quality of cane. Proceedings of the International Society of Sugar Cane Technologists.
1968; 13: 468-475.

Singh. Chronic gamma irradiation induced resistance to red rot disease in sugarcane
variety Co 997. Sugar Cane Path Newsl|. 1980; 5: 24.

Miah MAS, Sarkar MAA. The effect of flowering on the quality of sugarcane.
Bangladesh J Sugarcane, 1981; 3(24): 25-28.

Hes JW. The Effect of flowering on the yield of cane. Sugar J. 1951; 14(4): 10-17.
Singh, Sudama. Studies on flowering in sugarcane. PhD. Thesis, Banaras Hindu
University, Varanasi, India, 1980.

Rao PS. Flowering and yield relationships in two sugarcane varieties. Proc:\West Indies
sugarcane Technologists. 1982; 213-215.

Long AC. A large varietal difference in cane deterioration due to flowering. Proceedings
South African Sugar Technologists Assoc. 1976; 78-81.

Rao PS. Effect of flowering on yield and quality of sugarcane: Exp Agric. 1977; 13: 381-
387.

Nuss KJ. Effects of flowering on sucrose yield in:five-sugarcane varieties. Proceedings
of the South African Sugar Technologists Assoc. 1989; 181-185.

Van Vloten JFW. Resultaten van Nashproeven, in 1910 to Sempalwadak geoogst en
verdere beschouwingen over.de waarnemingen, in den proeftuin Kasembon to
Sempalwadak gedaan. Arch.vd. Suikerrind.in'Ned Ind. 1910; 18:276-302

Khan IA, Khatri A, Siddiqui, MA, Nizamani GS, Raza S, Khanzada MH, Dahar NA,
Khan R. Effect of “NPK fertilizers on the growth of sugarcane clone AEC86-347
developed at NIA; Tando Jam. Pak J Bot. 2005; 37: 355-360.

Webb AAR. The physiology of circadian rhythms in plants. New Phytol. 2003; 160: 281-
303.

Mc Watters ‘HG, Devlin PF. Timing in plants—a rhythmic arrangement. FEBS Letters,
2011;585: 1474-1484.

Schaffer'R, Landgraf J, Accerbi M, Simon V, Larson M AND WISMAN, E., 2001,
Microarray analysis of diurnal and circadian-regulated genes in Arabidopsis. Plant Cell,
2001;13:113-123.

Yeang H-Y. Cycling of clock genes entrained to the solar rhythm enables plants to tell
time: data from Arabidopsis. Ann Bot. 2015; 116, 15-22.

Higgins JA, Bailey PC, Laurie DA. Comparative genomics of flowering time pathways
using Brachypodium distachyon as a model for the temperate grasses. PLoS One,
2010; 5: e10065.

Yanovsky MJ, KAY SA. Living by the calendar: how plants know when to flower. Nature
Reviews. Mol Cell Biol. 2003; 4: 265-276.



50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60:

61.

62.

63.

Coelho CP, Netto APC, Colasanti J, and Chalfun A. A proposed model for the flowering
signalling pathway of sugarcane under photoperiodic control. Genet Mol Res. 2013; 12:
1347-1359.

Murphy RL, Klein RR, Morishige DT, Brady JA, Rooney WL, Miller FR, Dugas DV, Klein
PE, Mullet JE. Coincident light and clock regulation of pseudo-response regulator
protein 37 (PRR37) controls photoperiodic flowering in sorghum. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108: 16469—
16474.

Hotta CT, Nishiyama Jr MY, Souza GM. Circadian rhythms of sense and antisense
transcription in sugarcane, a highly polyploidy crop. PLoS One, 2013; 8: e71847.
Glassop D, Bonnett GD, Croft BJ, Bhuiyan SA, Aitken KS, Rae A, BRUCE LR (Eds).
Flowering-related genes are not involved in the development of smut whip.
Proceedings of the 2018 conference of the Australian Society ‘of Sugar Cane
Technologists. (Australian Society of Sugar Cane Technologists: ‘Gold Coast, Qld)
2014a.

Aitken K, Berkman PJ, RAE A. The first sugarcane genome:assembly: how can we use
it?. Proceedings of the Australian Society of:Sugarcane Technologists, 2016; 38: 7.
Goodstein DM, Shu S, Howson R, Neupane R; Hayes RD, Fazo J, Mitros T, Dirks W,
Hellsten U, Putham N, Rokhsar D. Phytozome: a comparative platform for the green
plant genomics. Nucleic Acids Res..2012; 40: 1178-1186.

Blazquez MA. Flower development pathways. J Cell Sci. 2000; 113: 3547-3548.

Izawa T, Takahashi-¥;.Yano M. Comparative biology comes into bloom: genomic and
genetic comparison of flowering pathways in rice and Arabidopsis. Curr Opin Plant
Biol., 2003; 6: 113-120.

Gosnell 3M, Julien HR. Variations in the effects of flowering on cane yield and quality.
Proceedings'Monsanto Sugar Cane Ripener Sem. 1976; 1:253-257.

Moore PH. Flowering control with diquat. Hawaii Plant Rec. 1974; 58:323-329

Moore PH, Osgood RV. Use of ethephon to prevent flowering of sugarcane in Hawaii.
Proc Int Soc Sugar Cane Technol. 1986; 9:298-304

Osgood RV, Moore PH, Carr JB. Comparison of diquat and ethephon for prevention of
flower initiation in sugarcane (Saccharum spp. hybrids). Proc Plant Growth Reg Soc
Am. 1983; 10: 266-269

Osgood RV, Teshima A. The effect of several growth regulators on dry matter
production and partitioning in sugarcane CV. H59-3775. Proc Plant Growth Reg Soc
Am.1980; 7:150

Brunner H. “Radiation Induced Mutations for Plant Selection.” Appl Radiat Isot. 1995;
46: 589-594.



64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74

75.

76.

77.

Larkin PJ, Scowroft WR. Somaclonal variation and eyespot toxin tolerance in
sugarcane. Plant Cell Tiss Org Cult. 1983; 2: 111-121.

Smulders MJM. Are there adequate methods for assessing Somaclonal variation in
tissue culture —propagated plants? In: COST 843 Final Conference / COST 843 and
COST 851 Joint Meeting, (Eds.): G. Libiakova, A. Gajdosova. Stara Lesnha, Slovakia,
June 28-July 3. 2005; 201-203.

Anbalogan S, Kalamani A, Sakila M. In vitro propagation of sugarcane: nature of callus
and morphological variation. Res Crops. 2000; 1:138-140.

Lakshmanan P, Geijskes RJ, Wang L, Elliott A, Grof CPL, Berding N, .Smith GR.
Developmental and hormone regulation of direct shoot organogenesis ‘and. somatic
embryogenesis in sugarcane (Saccharum spp. interspecific hybrids) leaf culture: Plant
Cell Rep., 2006; 25: 1007-1015.

James G. Sugarcane. Blackwell Publishing, Oxford., 2004; pp 1-214.

Snyman SJ, Meyer GM, Koch AC, Banasiak M, Watt MP. Applications of in vitro culture
systems for commercial sugarcane production and.improvement. In Vitro Cell Dev Biol.
Plant. 2011; 47:234— 249.

Lal N, Singh HN. Rapid clonal multiplication;of sugarcane through tissue culture. Plant
Tissue Cult. 2014; 4:1-7.

Bairu M, Aremu A, Van Staden.J. Somaclonal variation in plants: causes and detection
methods. Plant Growth Regul. 2010; 63:147=173.

Irvine JE, Benda GTA, Legendre BL, Machado GR. The frequency of marker changes
in sugarcane plants regenerated from callus cultures 1l. Evidence for vegetative and
genetic trans-mission;. epigenetic effects and chimera disruption. Plant Cell Tiss Org.
1991; 26:115-125.

Patade VY, SUPRASANNA P. Radiation induced in-vitro mutagenesis for sugarcane
improvement;. Sugar Tech. An International Journal of Sugar Crops and Related
Industries. 2008; 10: 14-19.

Zambrano AY, Demey JR, Fuchs M, Gonzalez, Rea Vrde SO, Gutierrez Z, Selection of
Sugarcane Plants Resistant to SCMV. Plant Sci. 2003; 165: 221-225.

Khan-1A, Umar DM, Abdullah K. Study of genetic variability in sugarcane induced
through mutation breeding. Pak J Bot. 2007; 39: 1489-1501.

Kenganal M, Hanchinal RR, Nadaf HL. Ethyl methane sulphonate (EMS) induced
mutation and selection for salt tolerance in sugarcane in vitro. Indian J Pl Physiol. 2008;
13:405-10.

Koch AC, Ramgareeb S, Rutherford RS, Snyman SJ, Watt MP. An in vitro mutagenesis
protocol for the production of sugarcane tolerant to the herbicide imazapyr. In Vitro Cell
Dev Biol Plant. 2012; 4:417-427.



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88:

89.

90.

91.

92.

Lutts S, Almansouri M, Kinet JM. Salinity and water stress have contrasting effects on
the relationship between growth and cell viability during and after stress exposure in
durum wheat callus. Plant Sci. 2004; 167(1):918.

Khan IA, Dahot MU, Nighat S, Yasmin S, Bibi S, Raza S, Khatri A. Genetic variability in
sugarcane plantlets developed through in vitro mutagenesis. Pak J Bot. 2009; 41: 153-
66.

Pring DR, Conde MF, Gengenbach, BG. Cytoplasmic genome variability in tissue
culture-derived plants. Env Expt Bot. 1981; 21: 369-377.

Mandal AB, Pramanik SC, Chowdhury AK, Bandopadhyay AK. Salt tolerant Pokkali
somaclones: performance under normal and saline soils in Bayzlslands:, Field Crop
Res. 1999; 61:13-21.

Anita P, Jain RK, Schrawat AR, Punia A. Efficient and cost effective Micropropagation
of two early maturing varieties of sugarcane (Saccharum spp.). Indian‘Sugar. 2000; 50:
611-618.

Patade VY, Suprasanna P. An in-vitro radiation induced mutagenesis-selection system
for salinity tolerance in sugarcane. Sugar Tech. An International Journal of Sugar Crops
and Related Industries. 2009; 11: 246-251.

Song LI, Jian-Hua Y, Kun-Xing YU, Hong-dian-L, Jian WEI, Min LL, Ming D, Fing T,
Man-Man L. Mutation breeding.of new sugarcane variety GUIFU 98-296.” J Nucl Agric
Sci. 2011; 24: 1177-1181.

Kaur MKS, Thind GS, Sanghera R, Kumar, KASHYAP L. Gamma Rays Induced
Variability for Econemic Traits, Quality and Red Rot Resistance in Sugarcane
(Saccharum Spp.-Complex). Int J Environ Sci Technol. 2016; 5(2): 355-365.
Ahloowalia BS, Maluszynski M, Nichterlein K. Global impact of mutation derived
varieties: Euphytica, 2004; 135: 187-204.

Chopra“¥VL. Mutagenesis: investigating the process and processing the outcome for
crop imprevement. Curr Sci. 2005; 89: 353-59.

Rao BV."A brief review of work done on the use of X-rays in sugarcane breeding. Proc.
p. Sugarcane Res. Dev Workers Conf., Jullundur, Mysore. 1954; Pp 120-27.
Srinivasan KV, Bhat NR. Red rot of sugarcane: Criteria Red rot disease for grading
resistance. J Indian Bot Soc. 1961; 40:566-577.

Rao JT, Srinivasan KV, Alexander KC. A red-rot resistant mutant of sugarcane induced
by gamma irradiation. Indian Acad Sci. 1966; 64: 224-25.

Jagathesan D, Sreenivasan TV. Induced mutations in sugarcane. Ind J Agric Sci. 1970;
40: 165-172

Shankaranarayanan P, Babu CN. Effect of chronic gamma irradiation in sugarcane
varieties. Indian J Heredity. 1970: 2: 97-102.



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Hag MS, Maniruzzaman AFM, Alt SM. Evolution of high yielding disease resistant
strains of sugarcane through gamma irradiation. Proc. 21st-22nd Pak Sci Conf.
Association advancement Sci, Lahore, Pak. 1970.

Singh. Chronic gamma irradiation induced resistance to red rot disease in sugarcane
variety Co 997. Sugar Cane Path Newsl|. 1980; 5: 24.

Shah SS. Role of sugarcane breeding institute in improvement of agriculture in India.
Indian Farming. 1972; 22: 38-44,

Bari C. Induction of somatic mutations for disease resistance in sugarcane. * Check Pro
Induced mutations for disease resistance in crop plants. IAEA, .Vienna, Austria.
1974;149.

Hag MS, Rehman MM, Mia MM, Ahmed HU. Disease resistance of:some mutants
induced by gamma rays. Proc Induced mutations for disease resistance in crop plants.
IAEA, Vienna, Austria: 1974; 150.

Roach BT, Jackson PA. Screening sugarcane clones for resistance to ration stunting
disease. Sugarcane. 1974; 2:2-12.

Krishnamurthi M, Tlaskal J. Fiji disease resistant.Saccharum var. Pindar sub-clones
from tissue culture. Int Soc of Sugar Cane Technol. 1974; 15: 130-36.

Siddiqui SH, Khatri A, Javed MA, Khan [A;:Nizamani GS. In-vitro culture: A source of
genetic variability and an aid to-sugarcane improvement. Pak J Agric Res. 1974:15(1):
127-133.

Bhagyalaxmi KV. Studies on induction of mutations in sugarcane. M. Sc. Thesis.
Bhavan's College Andheri, Bombay, India, 1975.

Jagathesan D. Induction .and isolation of mutants in sugarcane. Mutat Breed Newsl.
1977; 9: 5-6.

Jagathesan D. Induction-and Isolation of mutants in sugarcane. Mutat Breed Newsl.
1978; 9:5-6.

Selim AKA, Marwan MA, Tawab AFM, Rashedi HA. Effect of gamma irradiation on two
sugarcane varieties. Faculty of Agriculture, Ain Shams University. Res Bull. 1980;
13:21.

Jagathesan D. Improvement of sugarcane through induced mutations. Panel Proc
Series., 1982; 139-53.

Kwon-Ndung EH, Ifenkwe OP. Mutational Studies on Sugarcane Using Gamma
Irradiation. Sugar Tech. 2000; 2: 29-35.

Majid MA, Shamsuzzaman KM, Howlider MAR, Islam MM. Development of sugarcane
mutants with resistance to red rot, water-logging and delayed or non-flowering through
induced mutations. Proc. Final Res Coord. Meet. IAEA, Vienna, Austria: 2001; 31-43.



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Ali A, Naz S, Alam S, Igbal J. In vitro induced mutation for screening of red rots
(Colletotrichum falcatum) resistance in sugarcane (Saccharum officinarum). Pak J Bot.
2007; 39: 1979-94.

Kaur A, Gosal SS. Optimization of gamma radiation dose for induction of genetic
variation in sugarcane (Saccharum spp) callus and regenerated shoot cultures. J Plant
Biochem Biot. 2009; 18(1): 117-120.

Yasmin S, Khan IA, Khatri A, Seema N, Siddiqui M, Aquil, Bibi S. Plant regeneration
from irradiated embryogenic callus of sugarcane. Pak J Bot. 2011; 43: 2423-26.
Masoabi M, Lloyd J, Kossmann J, Van Der Vyver C. Ethyl methanesulfonate
mutagenesis and in vitro polyethylene glycol selection for drought tolerance in
sugarcane (Saccharum spp.). Sugar Tech. 2018; 20: 50-59.

Kothekar KA. Effects of sodium azide on yield parameters.of chickpea (Cicer arietinum
L.). J Phytol. 2011; 3:39-42.

Stolarek M, Gruszka D, Braszewska-Zalewska A, Maluszynski M. Functional analysis
of the new barley gene HvKu80 indicates that. it plays a key role in double-strand DNA
break repair and telomere length regulation. Mutagenesis. 2015a; 30:785-797.
Mendiondo GM, Gibbs DJ, Szurman-Zubrzycka M, Korn A, Marquez J, Szarejko |,
Maluszynski M, King J, Axcell B, Smart K; €orbineau F, Holdsworth MJ. Enhanced
water logging tolerance in barley by.manipulation of expression of the N-end rule
pathway E3 ligase. Plant Biotechnol J. 2016; 14:40-50.

Salim K, Fahad A, Firoz A, Sodium azide: a chemical mutagen for enhancement of
agronomic traits of crop.plants. Environ Intl J Sci Tech. 2009; 4:1-21.

Dubey S, Bist R, Misra S. Sodium azide induced mutagenesis in wheat plant. World J
Pharm Pharm Sci. 2017;6:294—-304.

Sadat S, Hoveize MS, Mutation induction using ethyl methane sulfonate (EMS) in
regenerated :plantlets of two varieties of sugarcane CP48-103 and CP57-614
(7) (PDE). Mutation induction using ethyl methanesulfonate (EMS) in regenerated
plantlets‘of two varieties of sugarcane CP48-103 and CP57-614. Afr J Agric Res. 2012;
7(8): 1282-1288

Jagathesan D. Induction and isolation of mutants in sugarcane. Proceedings, Second
Coordination Meeting, FAO/IAEA. Wageningen, Netherlands, 1976; pp. 14-28.
Khairwal 1S, Singh S, Paroda RS, Yaneja. Induced mutations in sugarcane- effects of
physical and chemical mutagens on commercial cane sugar and other quality traits.
Indian Nat Soc Acad. 1984; 50: 505-11.

Burner DM, Legendre BL. Chromosome transmission and meiotic stability of sugarcane
(Saccharum spp.) hybrid derivatives. Crop Sci. 1997; 33: 600-606.



121.

122.

123.

124.

125.

126.

Cordeiro GM, Pan YB, and Henry RJ. Sugarcane microsatellites for the assessment of
genetic diversity in sugarcane germplasm. Plant Sci. 2003; 165: 181-189.

Hemaprabha G, Nagarajan R, Alarmelu S, Natarajan US. Parental potential of
sugarcane clones for drought resistance breeding. Sugar Tech. 2006; 8:59-62.
Daugrois J, Grivet L, Roques D, Hoarau J, Lombard H, Glaszmann J, D’hont A. A
putative major gene for rust resistance linked with a RFLP marker in sugarcane cultivar
‘R570'. Theor Appl Genet. 1996; 92:1059-1064.

Maria 10, Victor G, Luis R, Novisel V, Hofte M, Jimenez E. Selection and
characterisation of sugarcane mutants with improved resistance to brown rust obtained
by induced mutation. Crop Pasture Sci. 2012; 62: 1037-44.

Jarne P, Lagoda PJL. Microsatellites: from molecules to populations and back. Tree,
1996; 11: 424-429.

Hackauf B, Wehling P. Identification of microsatellite pelymorphisms injan expressed

portion of rye genome. Plant Breed. 2002; 121:17-25.



