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Genome purification of a selected clone of sugarcane is the key to developing homogenous lines.
Generally, regenerated plants after transformation are heterogeneous at genome level, and several
successive rounds of selection on antibiotic-containing medium and regeneration cycles are required
to purify the genome to develop a homogenous population. Sugarcane is a vegetatively propagated
plant and hence it requires to be grown in the field to harvest mature cane tops carrying meristematic
tissues. In the present studies, stems of in vitro grown plants of four indigenous genotypes namely;
HSF-242, US-778, HSF-243 and HSF-240, were subjected to regeneration. Five days post incubation at
various levels of 2,4-D, the segments were placed on regeneration medium containing a combination of
casein hydrolysate (500 mg/L), kinetin (0.5 mg/L) and benzylaminopurine (BAP, 0.5 mg/L). Response to
regeneration was varied from basal to top sections. Nevertheless, more than 137 shoots were
regenerated from basal segment, suggesting that the segment consisting of meristematic tissues
responded well to in vitro conditions. This procedure may be considered as one of the best ever
published report on regeneration from in vitro grown plants to purify clones without subjecting the
plants to field conditions and harvesting the mature cane. This technique was used to purify transgenic
sugarcane plants carrying Bacillus thuringiensis gene.

Key words: In vitro explant, basal stem segment, callus induction, proficient regeneration, Saccharum

officinarum.

INTRODUCTION

Sugarcane fulfils 70% of sugar needs worldwide
(Guimarces and Sorbal, 1998) and is a major source of
biofuel and biomaterials. Major impediments to traditional
breeding of sugarcane are its complex genome, poor
fertility, the long breeding cycle and recalcitrant nature.
Since the advent of the recombinant DNA technology in
1970s, genetic manipulation of sugarcane had been
attempted for the improvement of agronomic traits
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Abbreviations: 2,4-D, 2,4-Dichlorophenoxy acetic acid; IAA,
indole-3-acetic acid; BAP benzylaminopurine; IBA, indole-3-
butyric acid; CH, casein hydrolysate.

(Arencibia et al., 1997; Manickavasagam et al., 2004; Wu
et al., 2008), production of biopharmaceuticals (Wang et
al., 2005), biomaterials and engineering metabolic
pathways for increased sucrose contents (Vickers et al.,
2005). The application of biotechnology to sugarcane is
comparatively recent. Though progress has been made
in various fields but no transgenic line has yet been
commercialized (Bonnett et al., 2008).

Tissue culture is a powerful tool to accelerate genetic
transformation as well as breeding (Alves et al., 2011).
Propagation of sugarcane under in vitro conditions is
being carried out by harvesting cane tops of field grown
plants since the advent of the tissue culture technology in
1961 (Liu, 1984). The shoot tip (Burner and Grisham,
1995) and callus cultures (Ho and Vasil, 1983;
Chengalrayan and Gallo-Meagher, 2001) are two major
approaches to multiply the plants. Subsequently, different
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explants including young unfurled, mature fully expanded
leaves or young dividing cells of meristematic tissues
were used to improve the regeneration and multiplication
process of plants (Behera and Sahoo, 2009). Somatic
embryogenesis from immature inflorescence (Desai et
al., 2004), young leaves (Brisibe et al., 1994) and apical
meristem as well as organogenesis from young leaves
(Fitch and Moore, 1990) has also been reported.
Nevertheless, amongst different explants, immature
leaves being highly prolific are preferred target tissues for
the development of embryogenic calli (Snyman et al.,
2006; Ali et al., 2010), and this was suggested to be the
turning point in sugarcane biotechnology research.

Similarly, hormones in different combinations had been
used to improve in vitro micro-propagation in sugarcane.
Among these, 2,4-dichlorophenoxyacetic acid (2,4-D) had
been the best choice for callogenesis, direct somatic
embryogenesis (Snyman et al., 2001; Franklin et al.,
2006; Behera and Sahoo, 2009) and indirect somatic
embryogenesis (Guiderdoni and Demarly, 1988; Ali et al.,
2007). Naphthaleneacetic acid (NAA) (Irvine et al., 1991,
Lakshmanan et al., 2006) and benzylaminopurine (Ali et
al., 2008; Ather et al., 2009; Biradar et al., 2009) are
efficient shoot inducers, whereas indole-butyric acid (IBA)
(Khatri et al., 2002; Seema et al., 2011), gibberellic acid
(GAz) (Ather et al.,, 2009; Dash et al., 2011) and NAA
(Biradar et al., 2009; Ali, et al., 2010) has been reported
for proficient rhizogenesis.

The main source of explant for sugarcane in vitro
manipulations has been mature cane tops from field
grown plants. Sugarcane is cultivated annually and it
takes almost 8 to 9 months to harvest mature cane tops.
In this study, in vitro grown plants were used to excise
explant tissues for callus initiation and proliferation
followed by regeneration to purify the engineered clones.
Thus, developed methodology (rapid in vitro sugarcane
propagation methodology) represents a major advance in
our ability to develop homogenous lines with shortest
possible time.

MATERIALS AND METHODS
Preparation and selection of plant material

Aseptic culture of four sugarcane genotypes was established for the
said research work. Two months old in vitro grown plants developed
from the young unfurled leaf tissues of four genotypes (HSF-242,
US-778, HSF-243 and HSF-240) were tested for regenerability. In
vitro grown plants having variable stem girths were used for callus
induction and regeneration.

Callus development after short time induction in dark and light

Several concentrations and combinations of 2,4-D, kinetin, BAP,
NAA, 1AA, IBA and CH were used. Out of several combinations,
three namely IP, IPC1 and IPC2, were used in majority of the
repeat experiments. IP = MS salts (4.33 g/L), sucrose (30 g/L),
myoinositol (100 mg/L), MS vitamins, casein hydrolysate (500
mg/L), kinetin (0.5 mg/L), BAP (0.5 mg/L) with different levels of

2,4-D (0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mg/L). IPC1 =
MS salts (4.33 g/L), sucrose (15 g/L), myoinositol (100 mg/L), MS
vitamins, casein hydrolysate (500 mg/L), kinetin (0.5 mg/L), BAP
(0.5 mg/L), 5% coconut water with different levels of 2,4-D (0, 0.25,
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mg/L). IPC2 = MS salts (4.33
g/L), sucrose (30 g/L), myoinositol (100 mg/L), MS vitamins, casein
hydrolysate (500 mg/L), kinetin (0.5 mg/L), BAP (0.5 mg/L), 5%
coconut water with different levels of 2,4-D (0, 0.25, 0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 mg/L). The media were solidified using
Phytagel (2.6 g/L) and the pH was adjusted to 5.8 using KOH/HCI
prior to autoclave. The stems of in vitro grown plants were cut into
1.5 to 2.0 mm slices from stem base to top, cultured onto IP, IPC1
and IPC2 media and incubated under dark as well as light regime
for 5 days at 26 + 1°C.

Regeneration and plant maintenance medium

After 5 days of incubation on callus induction media, calli were sub-
cultured onto IP, IPC1 and IPC2 media at 26 =+ 1°C with 16 h
photoperiod, 2000-2500 lux day intensity for in vitro regeneration
and multiplication. After five weeks, multiple shoots emerging from
green calli were shifted to MSV medium-containing Magenta culture
vessels (Phytotechnology, USA) for shoot multiplication and
proliferation. Rooting and leaf development in all regenerated plants
were normal. All shoots developed roots on MSV medium having 4
mg/L IBA. The developed plants were shifted to clay pots having
soil and peat moss (1:3) as potting media. Plants were hardened for
seven to eight days by covering with polyethylene bags. MSV
medium contained: MS salt thiamine HCI 1.0 mg/L, nicotinic acid
0.5 mg/L, pyridoxine HCI 0.5 mg/L, glycine 2 mg/L, sucrose 30 g/L,
pH 5.8 and phytagel 2.6 g/L.

Stereomicroscopy to evaluate homogeneity in regenerants

Genetically analyzed Bacillus thuringiensis (Bt) transformed
sugarcane clones (Khan et al., 2010) were subjected to rapid in
vitro plant propagation methodology for purification. The relevant
expression of gfp in regenerants was tracked under
stereomicroscope (SZX-10; Olympus Co., Ltd.) equipped with GFP
detection system and a digital camera (DP-20; Olympus Co., Ltd.).
The images produced by GFP and chlorophyll fluorescence were
viewed on a computer screen attached to the microscope and
processed using Adobe Photoshop software (Adobe Systems Inc.).
All of the plant growth phases, including callus induction, somatic
embryogenesis and organogenesis were also viewed under
stereomicroscope (SZX-10; Olympus Co., Ltd.).

Data collection and analyses

A completely randomized design (CRD) with three replications per
treatment was used in these studies. Total number of shoots
emerged per segment were calculated after seven weeks and
efficiency of different types of media and genotypes was evaluated.
The experiment was repeated four times in order to evaluate its
reproducibility. The data were analysed using analysis of variance
(ANOVA) and Duncan’s multiple range (DMR) tests (Steel and
Torrie, 1986; Damon and Harvey, 1987).

RESULTS

Callus induction

Two-months old in vitro grown plants were sacrificed to
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Figure 1. Graph showing comparison of % age frequency of callus induction on three different media, and the first three basal
segments. A, Explant which was excised from in vitro grown plants and was sliced into pieces of 1.5 - 2.0 mm. B, IP medium was
evaluated to be the best as compared with IPC1 and IPC2. Callus induction and proliferation was maximum on segment-| as

compared with segment-1l and segment-Il.

prepare stem sections (Figure 1A). The stem was cut into
thin sections and placed on MS medium containing
different combinations of growth regulators for callus
induction. All stem segments from base to top were
evaluated. Callus induction percentage varied from basal
to top sections where maximum callus was induced from
first basal slice (Figure 1B). No callus induction was
observed on fourth to onward sections. Nevertheless,
very minute callus was witnessed on second and third
slices. As far as optimal combination of growth regulators
for callus induction is concerned, IP medium was rated
the best medium because all genotypes responded well
to this combination of hormones. The response of callus
induction to various levels of 2,4-D was found to be
genotype dependent, as HSF-243, HSF-240 and US-778
responded well at 1.5 mg/L, whereas HSF-242 showed
encouraging response at 1.0 mg/L of 2,4-D. Stem
segments cultured on IPC1 and IPC2 media responded
to callus induction, but calli were mucilaginous and
gummy in appearance. The effect of culture regime
(light/dark) on callus induction was also observed.
Overall, complete dark regime proved to be more
favourable for callus induction as compared to light/dark
(16:8 h) regime.

Callus induction and regeneration from basal stem
segment-l and Il, respectively was carried out and
representative plates showed the callus induction and

regeneration on segments cultured on IP medium (Figure
2A and B). Amongst stem segments of variable thick-
ness, the slices of 1.5 to 2.0 mm appeared to be the most
responsive to callus induction and proliferation. The
shoots that were proliferated on plates (Figure 2C and D)
were shifted to boxes for rooting (Figure 2E). Finally,
rooted plants were acclimatized in pots containing
mixture of soil + peat moss at 1:3 (Figure 2F).

Regeneration

Synergistic effect of auxin and cytokinin on shoot
regeneration

After five days incubation in the dark, explants were
cultured onto MS medium containing growth regulators in
various concentrations and combinations. IP medium
containing casein hydrolysate (500 mg/L), kinetin (0.5
mg/L) and BAP (0.5 mg/L) with 0.25 to 0.5 mg/L 2,4-D
appeared to be the best combination revealing their
synergistic effect on regeneration. Thus, IP medium was
evaluated to be the best as compared to IPC1 or IPC2.
The IPC1 and IPC2 containing 5% coconut water with full
strength MS medium (IPC1) or half strength MS medium
(IPC2) showed poor response to regeneration. As far as
genotype response to regeneration is concerned,
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Figure 2. Callogenesis and regeneration from basal stem segments of in vitro grown plants. A and B, Callus induction and
regeneration from basal stem segment-I and Il, respectively. C, Plate B after six to seven weeks of culture on IP medium. D, Close
up of shoots from plate C. E, In vitro plants proliferating in boxes. F, Hardening of plants raised through rapid in vitro plant
regeneration methodology in a mixture of soil + peat moss at 1:3.

genotype HSF-243 resulted in maximum shoot induction
and more than 137 shoots per segment were counted.
Other genotypes also responded well to regeneration as
117, 81 and 95 shoots per segment were counted in
genotypes HSF-242, US-778 and HSF-240, respectively
(Figure 3). Hence, it is inferred that the developed
combination of hormones is the best combination owing
to be genotype independent. The resultant shoot clumps
were shifted  to Magenta  culture  vessels
(Phytotechnology, USA) for further proliferation (Figure
2F).

Analysis of variance (ANOVA) showed that the effect of
various media, genotypes and their interaction were
highly significant (P<0.01). Amongst various genotypes,
CPF-243 showed the highest mean value (89.83 shoots
per stem segment) for shoot induction followed by HSF-
242 which has 77.58 shoots per stem segment (Table 1).
Mean values for the interaction of various media and
genotypes highlighted that IP medium supplemented with

2,4-D at levels of 0.25 and 0.5 mg/L is the most suitable
medium for in vitro regeneration from all genotypes.

Impact of stem position on regeneration

All stem segments (from base to top) were evaluated for
regeneration. One of the critical parameters was the
position of the callus-developing segment on the in vitro
grown plant. Among the stem slices, 1% basal segment
responded extraordinarily to regeneration in all genotypes
used in the present studies. This was perhaps due to the
presence of meristematic cells in that region of the stem.
In case of 2" segment, resultant shoots were not
regenerant, rather, segments elongated and developed
into shoots (Figure 2C). Stereomicroscopy, using dark
and bright field, exhibited the development of calli (Figure
4A), which upon transfer onto the IP1 medium developed
embryos (Figure 4B to E) and shoots (Figure 4F).
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Figure 3. Graphical representation of shoot induction from four genotypes. Maximum
shoot induction was observed in genotype CPF-243 followed by HSF-242, HSF-240 and
uUs-778.

Table 1. Analysis of variance for shoot induction among the four genotypes using in vitro plant.

K value Source Degree of freedom Sum of squares Mean square Fvalue Significance Probability
2 Media 3 84561.562 28187.187  471.0951 ok 0.0000

4 genotype 3 8979.729 2993.243 50.0263 el 0.0000

6 Media x Genotype 9 3133.021 348.113 5.8181 el 0.0001
-7 Error 32 1914.667 59.833

Total 47 98588.979

In genotype CPF-243 maximum number of shoots was observed, followed by HSF-242, HSF-240 and US-778.

Rooting and acclimatization

The developed independent shoots were shifted onto
MSV medium for proliferation and root development.
Almost all regenerated shoots developed roots on MSV
medium however, copious rooting was observed when
MSV medium was supplemented with IBA at a concen-
tration of 4 mg/L. The entire process to develop plants
with copious roots took 8 to 10 weeks. The established
plants with copious roots were shifted to pots for
acclimatization (Figure 2F). Best hardening response was
obtained in a mixture of soil and peat moss (1:3).

Purification of sugarcane clones by rapid in vitro
plant propagation methodology

For visual tracking of transformed cells, the plants

confirmed for transgene integration into the genome by
polymerase chain reaction (PCR) were analyzed using
stereomicroscope equipped with GFP detection system.

The green fluorescent protein fluoresces green under
UV light whereas chlorophyll fluoresces red. It was
observed that the size of fluorescent sectors was different
in different leaves and in different leaf layers in
heterogeneous transgenic plants.

However, when these plants were subjected to rapid in
vitro plant propagation methodology with selection
pressure, regenerants showed more uniform fluore-
scence sectors, depicting increased level of homogeneity
(Figure 5), thus facilitating purification of transgenic
clones. Exposing totipotent cells to selection pressure
ensured the survival/proliferation of cells having sufficient
transgene expression and elimination of untransformed
from heterogeneously transformed cells, and purification
of homogonous plants from heterogonous population.
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Figure 4. Stereomicroscopy for callus induction and subsequent regeneration of calli from
basal segments of stem. A, Short time callus induction in the dark. B and C, Short time
induced calli after incubation in light (white arrows). D, White somatic embryoids on callus
(white arrows). E, Somatic embryos on calli derived from the basal stem segment. F,
Somatic embryo derived from in vitro plants developing into shoots.

DISCUSSION

Availability of reproducible, efficient and facile rege-
neration system is a fundamental pre-requisite for the
genetic transformation as well as micropropagation of
sugarcane (Snyman et al., 1996). Sugarcane de novo

regeneration has been well explored (Brumbley et al.,
2008), but most of the studies are reported on field grown
explants, except Tiel et al. (2006) and Garcia et al.
(2007). Tiel et al. (2006) used in vitro grown plants as ex-
plant source and reported maximum regeneration fre-
guency of 16.95 shoot per explant. Similarly Garcia et
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Figure 5. Determination of homogeneity in transgenic shoots using stereomicroscope. A and C, Leaf
sections under dark-bright field; B and D, The same leaf sections under UV light. GFP fluoresced
green under UV light, whereas chlorophyll fluoresced red.

al. (2007) used in vitro grown plants as explants but
focused on the effects of growth regulators and light on
the morphogenic patterns as well as the cellular origin of
regeneration processes in certain genotypes. Our studies
resulted in one of the best ever published report on
regeneration (Figure 2D and E) from in vitro grown
plants. Further, it would facilitate purification of clones
without subjecting the plants to field conditions. The
protocol is proficient and reproducible with regeneration
frequency of more than 137 shoots/stem segment, almost
7 to 8 times higher than that earlier reported.

Moreover, after short time callus induction in the dark,
explants were subsequently transferred to light on IP
medium for regeneration as proposed by Franklin et al.
(2006). We used auxin (2,4-D) and cytokinins (BAP and
kinetin) in combination with casein hydrolysate to improve
in vitro plant regeneration since auxins applied extrin-
sically are capable of erasing the genetically programmed
physiology of plant tissues, by reverting them to
dedifferentiated state (callus induction). Induced calli may
contain meristematic nodules which never differentiate
further, unless suitable conditions are provided.
Wounding also acts as a stimulus for dedifferentiation
and callus formation. These wound responses involve
auxins and cytokinins and seem to be the biological
trigger for plant regeneration (Potrykus, 1989). Growth-

promoting concentrations of auxin have been found to
stimulate the synthesis of both DNA and RNA within the
nuclei. This in turn controls various metabolic pathways
(Dash et al., 2011). Auxin causes changes in DNA
methylation, leading to the reprogramming of diffe-
rentiated cells. It is also reported to regulate both division
and expansion of plant cells mediated by a putative auxin
binding protein ABP1 (Chen et al., 2001).

In this study, it was observed that dark regime proved
better for short time callus induction as absence of light
creates a stress environment and helps in dediffe-
rentiation of organized tissues to form unorganized callus
tissues. Direction of differentiation could be influenced by
the ratio of exogenously supplied auxin and cytokinin.
These two groups of growth regulators play an important
role in unlocking totipotent expression. We evaluated that
lower levels of auxin speed up organogenesis and
cytokinin also supports it synergistically if applied in lower
concentration (0.5 mg/L). It is inferred from these studies
that continuous exposure of the ex-plant tissues to
reduced level of 2,4-D (0.25 to 0.5 mg/L) supplemented
with casein hydrolysate (500 mg/L), kinetin (0.5 mg/L)
and BAP (0.5 mg/L) in the presence of light, resulted in
excellent shoot induction. Hence, auxin (2,4-D) is not only
a significant determinant of callus induction, but also of in
vitro organogenesis in sugarcane. Sugars promote
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osmotic potential and increased respiration results in
increased synthesis of cell wall material leading to cell
elongation.

BAP is also a considerable stimulator of shoot induction
and had been used in most of the recent regeneration
studies (Ather et al., 2009; Behera and Sahoo, 2009;
Dibax et al., 2011). In sugarcane, rooting is induced
either by the addition of indole-3-butyric acid (Cheema
and Hussain, 2004; Ali et al., 2008) or by depriving the
medium of growth regulators (Lakshmanan et al., 2006)
or even by supplementation of the medium with high
sucrose content (Singh et al.,, 2006). In our studies,
regenerants developed roots on growth regulator free
medium but copious rooting was achieved in the medium
augmented with IBA (4 mg/L). Further, IBA was found to
play a key role in root developmental regulation as root
number increased with increase in IBA concentration but
root length decreased with increase in IBA concentration
(Mustafa and Khan, unpublished). As far as the impact of
stem position on regeneration is concerned all of the
stem segments, except 1% basal segment, did not
respond to hormones. The morphogenic fate of a cell is
determined to a great extent by its neighbouring cells/
tissues (Lyndon and Francis, 1992). If excised, cells are
released from the control of neighbouring cells and under
appropriate culture conditions, express their mor-
phogenic potential. Further, these basal stem segment
tissues contain meristematic cells as a result, more
responsive to dedifferentiation and differentiation.

Another important aspect of the present study was to
harvest several advantages of using in vitro grown plants
as explant source compared to field grown plants such
as; A) currently, the only realistic means for the
production of disease-free seed canes of newly
developed varieties is tissue culture (Lorenzo et al.,
2001). This can further be accelerated by adopting rapid
in vitro sugarcane propagation methodology that would
cut short the time for selection and mass multiplication of
new lines. B) Development of stable transgenic crops,
particularly transplastomic lines require purification of
primary transformants to a state of homoplasmy through
repeated cycles of selection and regeneration (Khan and
Maliga, 1999). In monocots, the absence of leaf based
regeneration system is a major bottleneck in the
purification of transplastomic lines as the rice trans-
plastomic lines remained heteroplasmic in the absence of
a protocol for carrying out repeated cycles of selection
and regeneration (Lee et al., 2006). We used this
technique for the purification of nuclear transformed (Bt)
sugarcane plants (Khan et al., 2010). Heterogeneous
transformants, when posed to 2" round of selection and
regeneration using the said methodology, their level of
homogeneity was predominantly increased as revealed
by GFP fluorescence under stereomicroscope (Figure 5).
The totipotent tissues when cultured on selective
regeneration media each cell was exposed to selection
pressure, resulting in survival of only the cells having

ability to tolerate the selection pressure. Thus, escapees
and heterogeneously transformed cells were eliminated.
The methodology devised may further be extended to
genetically engineer chloroplast genome of sugarcane as
callogenesis and morphogenesis responsive tissues
(cortical chlorenchyma) are structurally and functionally
similar to the leaf mesophyll containing mature chloro-
plasts (Yiotis et al., 2006). Hence, may facilitate repeated
cycles of selection and regeneration for the purification of
transplastomic clones. C) High contamination levels and
absence of physiological uniformity among the field
grown plants are other major problems of using field
grown plants as ex-plant source, but rapid in vitro
sugarcane propagation methodology provides physio-
logically uniform material and requires no disinfestations.
D) Another limitation of using field grown plants is the
availability of plants. They are only available for very strict
period of time affecting experimentation, but in vitro
grown plants are available throughout the year whenever
required for experimentation.

The protocol presented here is very efficient as number
of shoots developed is very high compared to the
numbers reported in the literature. Hence, in addition to
supporting genetic engineering programmes, it would
also help in the betterment of existing sugarcane
multiplication system.
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