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Abstract Rapid and efficient in vitro regeneration meth-
ods that minimise somaclonal variation are critical for the
genetic transformation and mass propagation of commer-
cial varieties. Using a transverse thin cell layer culture
system, we have identified some of the developmental and
physiological constraints that limit high-frequency regen-
eration in sugarcane leaf tissue. Tissue polarity and conse-
quently the orientation of the explant in culture, size and
developmental phase of explant, and auxin concentration
play a significant role in determining the organogenic po-
tential of leaf tissue in culture. Both adventitious shoot
production and somatic embryogenesis occurred on the
proximal cut surface of the explant, and a regeneration
gradient, decreasing gradually from the basal to the dis-
tal end, exists in the leaf roll. Importantly, auxin, when
added to the culture medium, reduced this spatial devel-
opmental constraint, as well as the effect of genotype on
plant regeneration. Transverse sections (1–2 mm thick) ob-
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tained from young leaf spindle rolls and orienting explants
with its distal end facing the medium (directly in con-
tact with medium) are critical for maximum regeneration.
Shoot regeneration was observed as early as 3 weeks on
MS medium supplemented with α-naphthalenencetic acid
(NAA) and 6-benzyladenine, while somatic embryogenesis
or both adventitious shoot organogenesis and somatic em-
bryogenesis occurred on medium with NAA and chlorophe-
noxyacetic acid. Twenty shoots or more could be generated
from a single transverse section explant. These shoots re-
generated roots and successfully established after trans-
planted to pots. Large numbers of plantlets can be regen-
erated directly and rapidly using this system. SmartSett r©,
the registered name for this process and the plants pro-
duced, will have significant practical applications for the
mass propagation of new cultivars and in genetic mod-
ification programs. The SmartSett r© system has already
been used commercially to produce substantial numbers
of plants of orange rust-resistant and new cultivars in
Australia.

Keywords Direct regeneration . Saccharum .
SmartSett r© . Somaclonal variation . Somatic
embryogenesis . Sugarcane . Thin cell layer culture

Introduction

Commercial sugarcane (Poaceae), mainly the complex ane-
uploid polyploid interspecific hybrids of Saccharum offic-
inarum and S. spontaneum (Irvine 1999), is a major field
crop accounting for about 75% of sugar production world-
wide (World Sugar Statistics 2005). It is one of the most
efficient biomass crops with adaptability to both tropical
and subtropical conditions, and is now being targeted as a
biofactory with potential for the integrated production of
sugar and other industrial and high-value products (Nonato
et al. 2001; McQualter et al. 2004; Lakshmanan et al. 2005).
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Sugarcane is vegetatively propagated for commercial
planting by stem cuttings, called billets. In Australia, a ma-
jor sugar exporter, over 1.2 billion new sugarcane seedlings
are planted each year. Production of disease-free seedlings
in such large numbers during the planting season is labo-
rious and time consuming. In addition, it requires a sub-
stantial quantity of cane, more than 1 Mt annually, that
otherwise could be used for sugar production. Develop-
ment of more efficient methods for large-scale production
of pathogen-free planting material would contribute signif-
icantly to the overall productivity of the sugar industry.

Tissue culture offers an opportunity to mass produce
disease-free planting material and is now used to supple-
ment commercial sugarcane propagation in many coun-
tries including Brazil, the United States, India and Cuba.
The two most commonly used methods for sugarcane mi-
cropropagation are shoot tip culture (Hendre et al. 1983;
Lee 1987; Burner and Grisham 1995) and callus culture
(Ho and Vasil 1983; Liu 1993; Chengalrayan and Gallo-
Meagher 2001). Although these techniques have been suc-
cessfully used in many crop species, micropropagated sug-
arcane plants often show considerable levels of somaclonal
variation (Lourens and Martin 1987; Burner and Grisham
1995). Elimination or substantial reduction of somaclonal
variation is, therefore, critical for any practical application
of tissue culture technology for sugarcane improvement
and propagation.

Rapid regeneration of plants directly from explants
presents an effective strategy to avoid or substantially re-
duce somaclonal variation as it minimises culture duration
and eliminates or minimises callus formation in culture.
However, reliable methods for rapid, high-frequency di-
rect plant regeneration are limited in monocotyledonous
plants, especially for species in the Poaceae. As part of
our research to establish an efficient, commercially use-
ful sugarcane regeneration and transformation system that
minimises somaclonal variation, we have investigated the
biological constraints that limit rapid in vitro regeneration
in sugarcane. Using the concept of thin cell layer culture
(Tran Thanh Van 1973; Lakshmanan et al. 1995) we iden-
tified some developmental and hormonal constraints that
affect in vitro morphogenesis of sugarcane and success-
fully exploited this knowledge to develop a rapid and effi-
cient direct organogenesis or somatic embryogenesis sys-
tem that could be used for both mass production and genetic
transformation. Here, we report on the development of the
regeneration system and discuss the role of developmental
and hormonal factors that regulate shoot organogenesis and
somatic embryogenesis in leaf cultures of sugarcane.

Materials and methods

Plant material

The sugarcane cultivar Q165A, which was readily available
throughout the year, was used for most of the experiments
reported here. Sugarcane cultivars Q117, Q156, Q157,

Q167A, Q172A, Q185A, Q188A, Q190A, Q196A, Q197A,
Q200A, Q205A, Q216A and Q222A were also used.

Preparation of explants, culture conditions and shoot
regeneration experiments

Shoot tops of 4 to 8-month-old field-grown sugarcane
plants were used as the source of explant. After remov-
ing the outer mature leaves, shoot tops were thoroughly
washed with water, sprayed with 70% ethanol and, under
aseptic conditions, additional outer leaves were removed to
isolate immature leaf rolls (about 1 cm diameter) formed
by the innermost 5–6 tightly furled spindle leaves. Since
the young developing leaves are very tightly furled, the in-
nermost leaves will be free from microbial contamination.
An 8–10 cm long basal portion of the leaf roll, starting from
the leaf base just above the apical meristem, was excised
and placed in liquid Murashige and Skoog medium (MS;
Murashige and Skoog 1962). Each portion was then cut
sequentially into 1–2 mm thick transverse sections (TS),
beginning from the basal end of the roll. Ten to 30 TS ex-
plants were prepared from each leaf roll depending on the
objective of the experiment.

For all experiments MS mineral formulation supple-
mented with 30 g/L sucrose was used as the basal nutrient
medium (BM). Unless otherwise specified, for shoot re-
generation experiments TS explants were cultured in petri
dishes (90 mm × 25 mm) with the distal end in contact
with the medium. All plant growth regulators and antioxi-
dants (ascorbic acid [AA], 150 mg/L and citric acid [CA],
100 mg/L) were filter-sterilised and added to the autoclaved
media. The pH of media was adjusted to 5.7 ± 0.1 before
autoclaving. Except where liquid cultures were tested, all
shoot regeneration experiments were performed with semi-
solid media gelled with Davis J3 grade agar (8 g/L). All cul-
tures were sealed with a single layer of 3 M MicroporeTM

tape and incubated at 26 ± 1◦C under 16 h photoperiod
provided by cool white fluorescent tubes with a photon
flux density of 30 µmol m−2 s−1 at the culture level. Cul-
tures were transferred to fresh medium once every 3 weeks,
or more frequently if necessary, and maintained for 8–12
weeks for different experiments.

Preliminary experiments to assess the potential of direct
shoot regeneration from sugarcane leaf tissue were per-
formed with cultivars Q117 or Q165A. Leaf TS explants of
Q117 were cultured on BM supplemented with different
concentrations and combinations of α-naphthaleneacetic
acid (NAA; 10–50 µM), 6-furfurylaminopurine (kinetin;
4–20 µM) and 6-benzyladenine (BA; 4–12 µM). Based on
the preliminary results obtained with Q117, TS explants of
Q165A were cultured on BM supplemented with 10–40 µM
NAA and 4 µM BA and/or 4 µM kinetin (KIN) for 8 weeks
to determine the optimal growth regulator requirement for
consistent high-frequency direct shoot regeneration. Since
the role of tissue polarity/explant orientation (whether the
proximal or distal end of the leaf section is in direct contact
with the medium) on shoot regeneration was not considered
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in these experiments, explants were oriented randomly on
culture medium.

Tissue polarity, plant growth regulators, explant size
and genotype effects on shoot regeneration

The effect of tissue polarity on shoot bud regeneration was
examined by culturing TS explants and 5–6 mm long leaf
roll segments on BM supplemented with 4 µM BA and
10 µM NAA. This shoot regeneration medium (SRM) was
optimised for Q165A. Explants were placed either with the
proximal or distal surface in direct contact with the medium
(facing the medium).

Besides NAA, BA and kinetin, the effects of other
commonly used plant growth regulators on shoot bud
regeneration were determined by culturing TS explants
on BM supplemented with different concentrations and
combinations of BA, indole-3-acetic acid (IAA: 5–
20 µM), indole-3-butyric acid (IBA: 5–20 µM), 2-
chlorophenoxyacetic acid (CPA: 5–20 µM), 4-hydroxy-
3-methyl-trans-2-butenylanminopurine (zeatin: 4–8 µM),
and 1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea (thidiazuron:
2–8 µM) for 6–8 weeks.

To evaluate the effect of explant size on shoot morpho-
genesis, immature leaf rolls were cut transversely into 1–2
and 5–6 mm long segments and cultured on SRM for 6
weeks and then on BM for another 6–8 weeks. To ascertain
the overall utility of this system for sugarcane propaga-
tion TS explants of 12 commercially cultivated sugarcane
cultivars with diverse genetic backgrounds (Q156, Q167A,
Q172A, Q185A, Q188A, Q190A, Q196A, Q197A, Q200A,
Q205A, Q216A and Q222A) were cultured on SRM for 8
weeks and subsequently on BM for another 4–6 weeks.
The response of these genotypes to this new system was
further investigated by culturing them for 8 weeks on an
embryogenic medium (EM, which contains MS minerals
and nutrients, 10 µM NAA and 10 µM CPA) followed
by 6–8 weeks growth on BM. Preliminary experiments
showed that medium containing CPA and NAA induces
embryogenic cultures in sugarcane.

Spatial distribution of shoot regeneration potential in
leaf roll and its manipulation by auxin

Thirty TS explants were harvested from each immature leaf
roll by sequential transverse sectioning beginning from the
basal end of the leaf roll and they were divided equally
into three distinct groups; the proximal, middle and distal
segments relative to the basal end of the leaf roll. These
three groups of explants were cultured on SRM or BM
enriched with 4 µM BA and 5–40 µM NAA for 8 weeks
and shoot regeneration response was measured.

Membrane raft culture and shoot regeneration

Experiments were also conducted with explants cultured
on membrane rafts (Sigma, USA) floated on liquid SRM

in GA7 vessels (Magenta Corp., Chicago, USA). Explants
were placed with the distal end in contact with the raft
membrane and were transferred to fresh medium every
week for the first 4 weeks of culture and every 2 weeks
thereafter.

Shoot growth, in vitro and ex vitro rooting, and
seedling establishment

Clusters of shootlets, 5–15 mm tall, were excised and cul-
tured on BM with or without BA (1–2 µM) in Petri dishes
(90 mm × 25 mm) for 2–3 weeks. For root development,
20–30 mm tall shoots were cultured in 175 mL glass culture
vessels (Sigma V0633) fitted with vented Magenta B-caps
(Sigma B3031) containing BM for 2–3 weeks. Plantlets
with roots at least 20–30 mm long were transplanted to
seedling trays filled with a perlite, peat moss and sand
(1:1:1v/v) and acclimatised for 7–10 days under high hu-
midity before transferring to a nursery.

To assess the potential of ex vitro rooting to reduce
the duration of plants in culture, Q165A shootlets (30–
40 mm tall) were transplanted to seedling trays containing
perlite: peat moss: sand (1:1:1 v/v) and maintained in a
glasshouse for 6 weeks. These transplants were irrigated
at least twice weekly and fertilised with Thrive r© (Arthur
Yates and Co Ltd., Homebush, Australia), a commercial
all-purpose water-soluble plant nutrient formulation, once
every 10 days.

Statistical analysis

All experiments were repeated and each treatment had 6–
8 replicates. Each replicate consisted of at least 10 TS
explants or 10–15 shootlets depending on the experiment.
Morphogenic responses of explants were evaluated after
6–8 weeks of culture. Data were analysed using analysis
of variants (AOV) and Tukey’s HSD multiple rage test was
used for comparison of means.

Results

Initial observations on leaf TS culture; phenolic
exudation is a significant problem

Leaf explants cultured in all media except those contain-
ing CPA enlarged considerably and turned green within 7
days of culture. However, nearly half of the explants turned
brown and died within 2 weeks of culture apparently due
to excessive production of phenolic compounds. The initial
experiments showed that wounding-induced phenolic exu-
dation and tissue discolouration, which occurred soon after
excision, could be greatly reduced by preparing explants in
liquid BM with the antioxidants ascorbic acid (150 mg/L)
and citric acid (100 mg/L) (data not shown). However, a
similar result was also obtained with liquid BM without
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Fig. 1 Shoot production in thin leaf explants (1–2 mm) of sugarcane
cultivar Q165A after 8 weeks of culture on MS medium supplemented
with 4 µM 6-benzyladenine (B) or kinetin (K) and 10–40 µM α-
naphthaleneacetic acid (N). Explants were oriented randomly without
considering whether the proximal or distal end was in contact with the
medium. Data shown are the mean of 14 replicates ± standard error.
In each category, values with the same letter are not significantly
different (P<0.05)

antioxidants and, hence, for all subsequent experiments
explants were excised in liquid BM.

Tissue polarity, explant size and auxin determine shoot
regeneration and embryogenesis in TS culture

Results of preliminary experiments where tissue polarity
(explant orientation in culture) was not considered showed
that supplementing BM with KIN, BA or NAA alone is
insufficient to induce shoot production in sugarcane leaf
tissues. However, sporadic shoot formation was observed
when BM was enriched with an auxin and a cytokinin,
at least at 4 µM level (data not shown). Nearly half of
the explants cultured on BM enriched with 4 µM BA and
10 µM NAA produced shoots within 8 weeks of culture
(Fig. 1). However, the proportion of explants producing
shoots was significantly lower, particularly those produc-
ing >20 shoots per explant, when BA was replaced with
kinetin. Increasing the ratio of auxin to cytokinin (NAA
to BA or KIN) from 2.5 to 10 had no significant effect in
enhancing shoot production. Indeed, increasing the level of
NAA inhibited shoot elongation growth and caused exces-
sive root production in all the tested media irrespective of
the type of cytokinin employed. Thus, BM supplemented
with 4 µM BA and 10 µM NAA (SRM) was used for further
experiments. Notably, shoots were produced directly on the
cut surface of the explant without callus production in all
growth regulator-supplemented media tested (Fig. 6a,b).

The potential of leaf tissue to form shoot buds was greatly
influenced by both the tissue polarity and the size of the
explant (Fig. 2). When TS explants from 1–2 mm long
leaf rolls were cultured with their proximal end in direct
contact with the medium, only about 8% of them produced
shoots. Most of them produced only a few shoots, generally
less than 5 per explant, and usually they were formed from
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Fig. 2 Influence of explant size and orientation on shoot production
in thin leaf explants (1–2 mm) of sugarcane cultivar Q165A after
8 weeks of culture on MS medium supplemented with 4 µM 6-
benzyladenine and 10 µM α-naphthaleneacetic acid. Explants were
oriented with either the distal or proximal end in contact with the
medium. Data shown are the mean of 14 replicates ± standard error.
Values with the same letter are not significantly different (P<0.05)

the edge of the cut surface of the distal end. In contrast,
almost 80% of TS explants from 1–2 mm long leaf rolls
cultured with their distal end in direct contact with the
medium regenerated shoots within 8 weeks (Fig. 2). In these
explants shoot production was almost always restricted to
the proximal end of the explant and shoot primordial growth
was visible within 2 weeks of culture. Nearly half of the
organogenic explants produced more than 20 shoots within
8 weeks in culture.

Increasing the explant size resulted in a marked reduc-
tion in shoot formation in leaf tissue (Fig. 2). In cultures
where 5–6 mm long leaf roll segments were used, only
33% of those grown with their distal end in contact with
the medium produced shoots (Fig. 2). Again, in these cul-
tures, the proportion of explants producing more than 20
shoots was also reduced to about one-third of the total
organogenic explants as opposed to nearly 50% obtained
with TS explants.

Increasing the concentration of BA and NAA beyond
4 and 10 µM, respectively, did not significantly change
the proportion of explants producing shoots as 80–90% of
the cultured explants produced shoots regardless of the in-
creased concentration of growth regulators in the medium
(Fig. 3). Higher amounts of both BA and NAA caused
considerable growth and morphological changes in the re-
generating tissues. In particular, BA at 8 µM resulted in
shorter shoots and also inhibited root development, which
was more pronounced in media with lower levels (10 and
20 µM) of NAA (data not shown). Higher concentrations
of NAA also had a pronounced inhibitory effect on shoot
elongation, but root growth was promoted with increased
auxin concentration (data not shown).

Of the three auxins tested, NAA was the most effective
in inducing shoot regeneration in TS explants (Fig. 4). Re-
placing BA with zeatin did not produce shoots in any of the
concentrations tested. The presence of TDZ in the medium,
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Fig. 3 Shoot production in thin
leaf explants (1–2 mm) of
sugarcane cultivar Q165A after 8
weeks of culture on MS medium
supplemented with 4–8 µM
6-benzyladenine (B) and
10–60 µM α-naphthaleneacetic
acid (N). Explants were oriented
with the distal end in contact
with the medium. Data shown
are the mean of 12 replicates ±
standard error. In each category,
values with the same letter are
not significantly different
(P<0.05)

with or without BA, caused extensive callus formation after
4–6 weeks of culture.

Membrane raft culture

The hypothesis that the use of a membrane raft culture
(MRC) supported by liquid medium would reduce tissue
browning and promotes shoot regeneration proved to be in-
correct. Indeed, the effect of phenolic exudates was greater
in static MRC and it dramatically reduced shoot produc-
tion (Fig. 5). The results indicate that MRC is not suitable
for shoot induction, but it may be useful for improving
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shoot growth in explants where shoot production has al-
ready started.

Shoot regeneration potential of TS explant is
dependent on its position (developmental stage) in the
leaf roll and can be manipulated by auxin

The organogenic potential of TS explants originating from
the leaf roll (devided into three groups: basal [proximal],
middle and apical [distal)] relative to the basal end of the
leaf roll which is closer to the shoot apical meristem) was
determined by both their position in the leaf roll as well as
the composition of the medium in which they were grown
(Table 1). Explants from basal (proximal) and middle seg-
ments were significantly more prolific than those from the
apical (distal) segment (Table 1). The proportion of prox-
imal and middle segment explants producing shoots was
not significantly different in all the tested media except
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Table 1 Spatial distribution of shoot regeneration in thin leaf explants (1–2 mm) of sugarcane cultivar Q165A after 8 weeks of culture on
MS medium containing 6-benzyladenine (BA) and α-naphthaleneacetic acid (NAA)

Medium Leaf Percentage of explants % of explants producing 1–10 ( + ), 11–20 ( + + )
BA (µM) NAA (µM) explanta producing shoots and >20 ( + + + ) shoots

+ + + + + +
4 5 BS 54.0 ± 6.5b 17.0 ± 3.7a 23.0 ± 4.4a 14.0 ± 4.0b
4 5 MS 69.0 ± 6.9a 18.0 ± 4.1a 24.0 ± 5.6a 28.0 ± 6.9b
4 5 AS 18.1 ± 5.9c 13.6 ± 4.2a 4.5 ± 4.0b 0.0b
4 10 BS 75.4 ± 6.8a 5.4 ± 2.6a 29.0 ± 3.1a 40.9 ± 8.6a
4 10 MS 89.0 ± 5.4a 10.0 ± 4.2a 22.0 ± 2.9a 57.0 ± 9.3a
4 10 AS 45.3 ± 8.1d 15.3 ± 5.6a 16.9 ± 3.5a 13.0 ± 3.4b
4 20 BS 79.0 ± 6.4a 6.0 ± 2.6a 17.0 ± 3.0a 57.0 ± 8.4a
4 20 MS 75.0 ± 5.5a 5.8 ± 3.0a 16.6 ± 2.6a 52.5 ± 5.9a
4 20 AS 41.6 ± 6.0bd 8.3 ± 2.2a 17.5 ± 3.3a 15.8 ± 3.6b
4 40 BS 76.3 ± 5.6a 10.9 ± 3.6a 24.5 ± 4.5a 42.7 ± 6.5a
4 40 MS 82.2 ± 5.7a 6.6 ± 3.7a 24.4 ± 3.3a 51.1 ± 6.5a
4 40 AS 52.5 ± 7.3b 7.5 ± 2.9a 17.5 ± 2.2a 27.5 ± 5.5b

Explants were oriented with the distal end in contact with the medium. Data shown are the mean of 12 replicates ± standard error. In each
column, values followed by the same letter are not significantly different (P<0.05)
aBS, Basal (proximal) segment; MS, Middle segment; AS, Apical (distal) segment

for proximal segments grown on medium with the low-
est concentration of NAA (5 µM). In contrast, increasing
the NAA level from 5 to 40 µM increased the proportion
of apical segment explants producing shoots from 18 to
53% within 8 weeks of culture. Similarly, a remarkable
increase in the proportion of explants with more than 20
shoots was observed in basal and middle segments when
the NAA concentration was increased from 5 to 10 µM, but
no further improvement was evident at higher auxin levels
(Table 1).

Genotype plays a significant role in controlling shoot
regeneration but this influence can be minimised with
auxin (CPA)

To assess the efficiency of the regeneration procedure de-
veloped with Q165A, 12 commercial cultivars with differ-
ent genetic backgrounds were grown on SRM. Five cul-
tivars regenerated plants on SRM, but the frequency of
shoot production was highly variable among genotypes
(Table 2)

Preliminary experiments with Q117 showed that replac-
ing BA with CPA (5–20 µM) induces somatic embryoge-
nesis (SE) and the regeneration potential (SE) of explants
was restricted to the proximal cut surface (Fig. 6c; data
not presented). CPA and NAA at 10 µM concentration was
sufficient to produce somatic embryos in 70–80% of the TS
explants cultured and, hence, this medium was used as em-
bryogenic medium (EM) for further experimentation with
different genotypes. With EM the effect of genotype on re-
generation was minimized substantially (Table 2). Only 5 of
12 different genotypes cultured on SRM produced shoots,
and, more significantly, three of these regenerating varieties
(Q156, Q197A and Q200A) responded extremely poorly
with just 1–3% of explants being organogenic. However,

all 12 genotypes cultured on EM produced somatic embryo-
derived shoots (most of the embryos did not develop roots)
and some plantlets within 8 weeks of culture. Furthermore,
under the same culture condition, at least 50% of the ex-
plants from seven genotypes regenerated shoots (Table 2).
The presence of CPA in the medium caused microcallus
formation on the cut surface of the explants, which proved
highly embryogenic in many of the genotypes tested. The
original material used in these experiments were obtained
from plants grown under extremely dry field conditions,
and this presumably led to large variations in organogenic
response among replicates was observed in all cultivars
tested.

Growth regulator-free medium favours shoot growth
and root development but rooting and seedling
establishment can be readily achieved ex vitro

Explants with clusters of shoots left on SRM or EM for
more than 6–8 weeks produced roots, but shoot growth
was not uniform due to the apical dominance effect exerted
by a few shoots in each cluster. For optimal growth and
development, shoots were separated and cultured on BM
for at least 4 weeks. Separated shootlets (20–30 mm long)
cultured on BM grew well (Fig. 6d), and almost 95% of
shootlets produced at least 3 roots (50–60 mm long) within
6 weeks of incubation (Fig. 6e).

Nearly 90% of the shootlets (30–40 mm long) transferred
to seedling trays, and kept under high humidity and shaded
conditions for the first 5–7 days, rooted and developed into
well established plantlets ready for field planting within 6–
8 weeks. Almost all the transplanted seedlings in the field
established and grew well (Fig. 6f), but overhead irrigation
was needed during the initial stage (first 2–3 weeks) of
establishment.
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Table 2 A comparative
analysis of shoot production in
thin leaf explants (1–2 mm) of
sugarcane cultivars cultured on
direct shoot regeneration
medium SRM (4 µM BA and
10 µM NAA) or embryogenic
medium EM (10 µM NAA and
10 µM CPA) for 8 weeks

Genotype Percentage of explants
producing shoots

Percentage of explants producing 1–10 ( + ),
11–20 ( + + ) and >20 ( + + + ) shoots in EM

SRM EM + + + + + +
Q156 1.0 ± 2.8 51.7 ± 9.9 46.7 ± 9.2 5.0 ± 2.3 0 ± 0
Q167A 0.0 ± 0.0 50.0 ± 5.9 26.3 ± 5.6 15.0 ± 3.2 8.7 ± 2.9
Q172A 0.0 ± 0.0 49.1 ± 6.9 30.0 ± 6.0 16.4 ± 5.9 2.7 ± 1.4
Q185A 0.0 ± 0.0 23.1 ± 7.1 10.7 ± 4.7 4.6 ± 1.8 7.7 ± 2.6
Q188A 37.5 ± 28.9 64.0 ± 10.2 46.2 ± 5.5 11.0 ± 3.5 9.8 ± 4.0
Q190A 0.0 ± 0.0 25.8 ± 7.6 25.8 ± 7.6 0 ± 0 0 ± 0
Q196A 0.0 ± 0.0 88.8 ± 3.9 46.3 ± 8.4 38.8 ± 10.9 3.7 ± 1.6
Q197A 3.3 ± 11.5 49.1 ± 11.4 41.7 ± 9.6 5.8 ± 1.9 1.7 ± 0.8
Q200A 3.6 ± 8.0 36.0 ± 2.4 36.0 ± 2.4 0 ± 0 0 ± 0
Q205A 28.1 ± 23.1 60.0 ± 9.3 34 ± 7.1 10.0 ± 4.7 16.0 ± 10.1
Q216A 0.0 ± 0.0 22.3 ± 6.2 21.5 ± 5.8 0.8 ± 7.6 0 ± 0
Q222A 0.0 ± 0.0 14.2 ± 3.1 10.0 ± 2.4 3.3 ± 1.8 0.8 ± 0.8

Explants were oriented with the
distal end in contact with the
medium. Data presented are
mean of 10–12 replicates ±
standard error

Discussion

Sugarcane was one of the first plant species to be success-
fully cultured and regenerated in vitro (Barba and Nick-
ell 1969; Heinz and Mee 1969). Since then, considerable
effort has been expended to develop efficient procedures
for sugarcane micropropagation (Ho and Vasil 1983; Lee
1987; Burner and Grisham 1995; Chengalrayan and Gallo-
Meagher 2001). Unfortunately, micropropagation of sug-
arcane, even with meristem culture, results in somaclonal
variation, causing marked morphological anomalies and
yield penalties (Lourens and Martin 1987; Burner and Gr-
isham 1995). In this investigation, we have identified some
of the developmental and physiological factors that limit in
vitro morphogenesis and exploited this new knowledge to

develop a rapid and efficient sugarcane regeneration sys-
tem that potentially minimises the incidence of somaclonal
variation.

The application of the thin cell layer culture concept was
critical in achieving this success. The original thin cell layer
culture system or thin section culture system was devel-
oped primarily to understand the developmental, cellular
and molecular regulation of in vitro morphogenesis (Tran
Thanh Van 1973) and here we have successfully used it to
elucidate the factors that regulate shoot organogenesis and
embryogenesis in sugarcane. The TS culture system cap-
italises on certain morphogenic and developmental char-
acteristics of cells in the explant. Previous studies with
orchids (Lakshmanan et al. 1995), Lilium longiflorum
(Nhut et al. 2001b) and Brassica (Cheng et al. 2001) showed

Fig. 6 Different stages of SmartSett r© plant regeneration in sug-
arcane: a thin section (TS) explants from young leaf rolls; b shoot
regeneration in ts explants; c somatic embroys in different stages

of development including differentiation into shoots and plantlets; d
plantets ready for transplantation; e root development; f field evalu-
ation of SmartSett r© seedlings
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that TS explants are far superior to larger explants in re-
generating plants and increasing productivity. In our study
also, TS explants produced significantly more plants than
the larger (5–6 mm long) leaf roll segments (Table 2). The
exact reason for this difference in regenerative response is
not known, but clearly the results indicate a major role for
some explant-related factors to account for this outcome. It
was also evident that organogenically competent cells are
not limited in explants, as profuse regeneration occurred
in TS explants under optimal conditions, suggesting some
physical and/or physiological barriers limiting the mor-
phogenic progression of cells in larger explants. It is well
established that the morphogenic fate of a cell is determined
to a great extent by its neighbouring cells and tissues—
a phenomenon termed correlative inhibition (Lyndon and
Francis 1992). Upon excision, cells are released from cor-
relative controls and under appropriate culture conditions
they express their morphogenic potential as observed here
in sugarcane TS explants and in other species reported ear-
lier (Lakshmanan et al. 1995; Gendy et al. 1996; Nhut et al.
2001a).

The most important observation in our study is the reg-
ulatory effect of developmental polarity on organogenesis.
Both shoot regeneration and SE were dramatically lower
when TS explants were cultured with their proximal end in
direct contact with the medium (proximal end facing the
medium). Regeneration rarely occurred only on the distal
end of the explant, irrespective of the orientation or size
of the explant. Auxin plays a major role in establishing
developmental polarity in plants (Leyser and Day 2003),
and previous studies indicate that polar transport of auxin
establishes polar cell proliferation and organogenesis (Pa-
terson 1983; Sachs 1991; Liu et al. 1993). Hence, it is
likely that the endogenous auxin in the explants was prob-
ably transported polarly within the cut segments so that the
critical auxin concentration necessary to induce organo-
genesis is found only at the proximal end of the explant.
Clearly, results from some of our experiments (Tables 1
and 2) suggest that auxin is a significant determinant of in
vitro organogenesis in sugarcane.

While the polar regeneration is possibly due to polar
auxin transport, it does not fully explain the poor regener-
ation observed in explants with the proximal cut surface in
direct contact with the medium (proximal end facing down).
One logical explanation would be a possible oxygen tension
developing in the meristematic cells at the explant-medium
interface. Oxygen is needed for cell division and meristem
differentiation and the poor regeneration observed could,
at least in part, be due to a potential oxygen deficiency
at the proximal cut surface of the explants embedded in
semi-solid medium. This is further corroborated by the
lack of regeneration observed in those explants that were
completely submerged in the agar medium.

Regeneration of shoots, as our results suggest, was largely
dependant on the availability of an auxin in the medium,
although an auxin and cytokinin combination also induced
shoot production in sugarcane leaf culture. Where a cy-
tokinin was included in the medium, auxin concentration
should be significantly higher than that of cytokinin to

achieve high-frequency shoot production. This high auxin
requirement is an interesting observation as often a cy-
tokinin alone or both an auxin and a cytokinin are needed to
effect shoot induction in culture. Monocotyledonous plants,
especially the members of Poaceae, are recalcitrant, and
young meristematic tissues such as immature leaf, devel-
oping inflorescence and the basal plate of the leaf are the
only organogenically responsive explants (Liu 1993; Nhut
et al. 2001a). Due to the meristematic nature of these tis-
sues, they often contain relatively high levels of cytokinins
to support cell proliferation. As shoot meristem formation
rests on the balance of cytokinin to auxin, it is conceivable
that these tissues may require an external supply of auxin
to induce competent cells to develop into shoot meristem.

Another important finding of this study was the spatial
distribution of regenerability in the leaf roll. The basal
(proximal) and middle segments (up to 20) are highly re-
generative, and the regeneration potential decreased in the
successive distal segments (Table 1). A similar observation
has been made in other plant species (Lakshmanan et al.
1997), yet we do not know how a cell acquires organogenic
competence when it is young and why this potential disap-
pears during cell maturation. Previous studies with tobacco
(McDaniel et al. 1992) and mangosteen (Lakshmanan et al.
1997) revealed that cells are morphogenically primed by
the action of a cytokinin, while in another species, alfalfa,
petiole cells acquired competence in the presence of an
auxin (Finstad et al. 1993). These studies also revealed
that only specific target cells primed to respond to mor-
phogenic stimuli, such as plant hormones, could enter into
an organogenic process. In maturing tissues such as the dis-
tal segment TS explants (e.g. those from apical segments
(Table 1), these target cells could exist with different lev-
els of organogenic competence and require either different
duration or different levels of exposure to morphogenic
stimuli for meristem development. It is, therefore, possible
that the morphogenically competent cells in the poorly re-
generating distal segment TS explants may be fewer or at
a reduced level of competence and consequently a higher
level of inductive signal (auxin treatment) is required to
make them organogenic. This view is reinforced with the
finding that auxin significantly reduces the genotype effect
on organogenesis (Table 2).

In summary, our study demonstrated that tissue polarity
and consequently the orientation of the explant in culture,
size and developmental stage of explant, genotype and
auxin concentration determine the organogenic potential
of sugarcane leaf explants in culture. More importantly,
we have demonstrated that auxin could reduce the
developmental and genetic constraints on organogenesis.
This has considerable practical significance and has been
successfully used to develop a rapid plant production
system for sugarcane. Using this plant production system
as many as 2000 plantlets could be generated from a
single mother plant in 4 months as opposed to 10–15
plantlets by conventional multiplication through setts
(stem cuttings) over a year. This new in vitro propagation
method, SmartSett r©, requires only leaf material for
plant propagation, leaving the entire harvestable cane
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stalks for sugar production. SmartSett r© has already been
commercially used for mass production and rapid adoption
of new cultivars (Geijskes et al. 2003; Fig. 1f).

Acknowledgements This Project was funded by Sugar Research
and Development Corporation, Australia. The authors thank all the
previous and current BSES Limited staff, particularly Michael McK-
eon, Suzelle Waggett, Kerry Nutt and Zara Borg, for their support
and technical assistance. We are grateful to Rhylee Swain, Jeff Smith
and Ann Rizzo for providing plant material for this research.

References

Barba R, Nickell LG (1969) Nutrition and organ differentiation in
tissue culture of sugarcane—a monocotyledon. Planta 89:299–
302

Burner DM, Grisham MP (1995) Induction and stability of pheno-
typic variation in sugarcane as affected by propgation procedure.
Crop Sci 35:875–880

Cheng PK, Lakshmanan P, Swarup S (2001) High frequency direct
shoot regeneration and continuous production of rapid-cycling
Brassica oleracea in vitro. In Vitro Cell and Dev Biol Plant
37:592–598

Chengalrayan K, Gallo-Meagher M (2001) Effect of various growth
regulators on shoot regeneration of sugarcane. In Vitro Cell Dev
Biol-Plant 37:434–439

Finstad K, Brown DCW, Joy K (1993) Characterisation of
competence during induction of somatic embryogenesis in
alfalfa tissue culture. Plant Cell Tiss Org Cult 34:125–
132

Geijskes RJ, Wang L, Lakshmanan P, McKeon MG, Berding N,
Swain RS, Elliott AR, Crof CPL, Jackson JA, Smith GA (2003)
SmartSettTM seedlings: tissue cultured seed plants for the Aus-
tralian sugar industry. Sugarcane Int May/June 13–17

Gendy C, Sene M, Bui Van L, Vidal J, Tran Thanh Van K (1996)
Somatic embryogenesis and plant regeneration in Sorghum bi-
colour (L.) Moench. Plant Cell Rep 15:900–904

Heinz DJ, Mee GWP (1969) Plant differentiation from callus tissue
of Saccharum species. Crop Sci 9:346–348

Hendre RR, Iyer RS, Kotwal M, Khuspe SS, Mascarenhas AF (1983)
Rapid multiplication of sugarcane by tissue culture. Sugarcane
May/June 5–8

Ho WJ, Vasil IK (1983) Somatic embryogenesis in sugarcane (Sac-
charum offcinarum L.). The morphology and ontogeny of so-
matic embryos. Protoplasma 118:169–180

Irvine JE (1999) Saccharum species as horticultural classes.Theor
Appl Genet 98:186–194

Lakshmanan P, Geijskes R, Aitken KS, Grof CLP, Bonnett GD, Smith
GR (2005) Sugarcane biotechnology: the challenges and oppor-
tunities. In Vitro Cell Dev Biol Plant 41:345–363

Lakshmanan P, Loh CS, Goh CJ (1995) An in vitro method for rapid
regeneration of a monopodial orchid hybrid Aranda Deborah
using thin section culture. Plant Cell Rep 14:510–514

Lakshmanan P, Siew Keng N, Loh CS, Goh CJ (1997) Auxin, cy-
tokinin and ethylene differentially regulate specific developmen-
tal states associated with shoot bud morphogenesis in leaf tissues
of mangosteen (Garcinia mangostana L) cultured in vitro. Plant
Cell Physiol 38:59–64

Lee TSG (1987) Micropropagation of sugarcane (Saccharum spp.).
Plant Cell Tissue Organ Cult 10:47–55

Liu CM, Xu ZH, Chua NH (1993) Auxin polar transport is essential
for the establishment of bilateral symmetry during early plant
embryogenesis. Plant Cell 5:621–630

Liu MC (1993) Factors affecting induction, somatic embryoge-
nesis and plant regeneration of callus from cultured imma-
ture inflorescences of sugarcane. J Plant Physiol 141:714–
720

Lourens AG, Martin FA (1987) Evaluation of in vitro propagated
sugarcane hybrids for somaclonal variation. Crop Sci 27:793–
796

Lyndon RF, Francis D (1992) Plant and organ development. Plant
Mol Biol 19:51–68

Leyser O, Day S (2003) Mechanisms in plant development. Blackwell
Science Ltd, Oxford, UK

McDaniel CN, Singer SR, Smith SME (1992) Developmental states
associated with the floral transition. Dev Biol 153:59–69

McQualter RB, Fong Chong B, O’Shea M, Meyer K, van Dyk DE,
Viitanen PV, Brumbley SM (2004) Initial evaluation of sugar-
cane as a production platform for p-hydroxybezoic acid. Plant
Biotechnol J 2:1–13

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473–
497

Nhut DT, Le BV, Teixeira da Silva JA, Aswath CR (2001a) Thin
cell layer culture system in Lilium: Regeneration and trans-
formation perspectives. In Vitro Cell Dev Biol Plant 37:516–
523

Nhut DT, Le BV, Tran Thanh Van K (2001b) Manipulation of the
morphogenetic pathways of Lilium longiflorum transverse thin
cell layer explants by auxin and cytokinin. In Vitro Cell Dev
Biol Plant 37:44–49

Nonato RV, Mantelatto PE, Rossell CEV (2001) Integrated produc-
tion of biodegradable plastic, sugar and ethanol. Appl Microbiol
Biotechnol 57:1–5

Paterson KE (1983) Polarity of regeneration in excised leaves of
Crassula argentea. 1. A role of Auxin. Can J Bot 61:1058–1063

Sachs T (1991) Pattern formation in palnts tissues. Cambridge Uni-
versity Press, Cambridge, pp 38–51

Tran Thanh Van K (1973) In vitro control of de novo flower, bud,
root and callus differentiation from excised epidermal tissues.
Nature 246:44–45

World Sugar Statistics (2005) F.O. Lichts, Agra Informa Limited,
Kent, UK



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


