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Introduction

Cotton (Gossypium hirsutum L.) is one of the most commercially 
important fiber crops in the world. In addition to textile manu-
facturing, it produces seeds with a potential multiproduct base 
such as hulls, oil, linters and food for animals.1,2 Cotton belongs 
to the Malvaceae family and the Gossypium genera consisting of 
about 50 species, from which only four (G. hirsutum, G. bar-
badence, G. arboreum and G. herbaceum) are domesticated and 
produce spinnable fiber.3 G. hirsutam (upland cotton) cultivars 
provide the bulk of commercial cotton. Among the cotton-pro-
ducing countries, India ranks first in production and cultivation 
area, providing 32% of the world’s total area of cotton cultiva-
tion, followed by the USA (23%) and China (20%). It has been 
estimated that 180 million people, directly or indirectly, depend 
on the production of cotton for their livelihood.4

Cotton (Gossypium hirsutum L.) is one of the most commercially important fiber crops in the world. Compared with 
other crops, cotton represents a recalcitrant species for regeneration protocols. The development of efficient and rapid 
regeneration protocol for elite Indian cotton variety could help improve the quality characteristics and biotic or abiotic 
stress tolerance. Here we report a novel regeneration protocol in Indian cotton cultivar Narashima. The maximum 
number of multiple shoots obtained was 16 per explants, performance which has never been achieved in any prior 
reports. The embryo apex explants were isolated from 2 d old in vitro growing seedlings. Explants were cultured on MS 
medium containing different plant growth regulator combinations in order to induce multiple shoots. Among the tested 
combinations, the 2 mg/l of 6-benzylaminopurine (BAP) and 2 mg/l kinetin (KIN) proved to be most suited for achieving 
the maximum number of multiple shoots. The elongation of multiple shoots was obtained in media supplemented with 
gibberellic acid (GA3). The regenerated plants were successfully hardened in earthen pots after adequate acclimatization. 
This method avoids callus tissue, the stage of regeneration which may lead to somaclonal variation. The important 
feature of the presented method is shortening of regeneration time, as well as the induction of a high number of multiple 
shoots per explants. The present protocol may provide an efficient and rapid regeneration tool for obtaining more stable 
transformants from embryo apex explants of Indian cotton cultivar Narashima.
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Cotton biotechnology plays a vital role in improving the quality 
as well as the quantity of fiber by producing plants resistant to biotic 
and abiotic stress. The production of plants resistant to biotic and 
abiotic stress through conventional breeding is limited by several 
factors such as lack of useful variation and the long time periods 
that are required. Plant biotechnology is an attractive means for 
improving cotton through genetic engineering. Price and Smith5 
(1979) first reported on biotechnological improvement in cotton 
(G. klotzschianum Anders.). The use of biotechnological tools, such 
as the biolistic method and Agrobacterium-mediated transforma-
tion, require as prerequisite suitable plant regeneration protocols 
that are genotype-independent, efficient and which do not yield 
somaclonal variant.6-8 In comparison to a number of other crops, 
cotton is more difficult to regenerate.

Unfortunately, none of the Indian cultivars could be 
exploited for developing transgenic cotton due to lack of efficient 
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In order to establish an efficient in vitro regeneration proto-
col for G. hirsutum c. narshima seeds were surface sterilized by 
HgCl

2
 before in vitro germination. This methodology has already 

proved to be essential in cotton tissue culture.19 Cotton seed 
sprouting was observed in water after 24 h incubation under dark 
conditions. The maximum germination frequency was 80%. 
Different explants, such as hypocotyls, cotyledons and embryo 
apex, were tried for de novo regeneration. When hypocotyls and 
cotyledon were used, they produced callus that did not regenerate 
(data not shown). Embryo apex was found to be the best material 
for multiple shoot induction.

Embryo apex explants were prepared under sterile conditions. 
The sequential steps for the isolation of the embryo apex from cot-
ton seeds is shown in Figure 1A–F. When embryo apex sections, 
0.5–1 cm in length, were placed horizontally on the medium 
(Fig. 2A), the swelled proximal end differentiated into multiple 
shoot buds by the end of second week (Fig. 2A–D). Adventitious 
shoot buds and leafy structures arise from the central region and 
sides of the swelled proximal end of the embryo apex (Fig. 2E–I). 
The buds further developed into individual multiple shoots 
(Fig.  2E–L). The frequency of shoot formation was influenced 
by the type and concentration of the phytohormones used. The 
results are shown in Table 1. The highest proportion of explants 
forming adventitious shoots was obtained with media containing 
2 mg/l BAP and 2 mg/l KIN. Lower concentrations of BAP and 
KIN yielded in reduced number of multiple shoots. When BAP 
alone was used in the media at a lower concentration (0.5 mg/l) it 
yielded 1.1 shoots per explants, while at higher concentration (2.5 
mg/l) it yielded a maximum of 4.7 shoots (Table 1). In the same 
manner, the KIN used in the media at lower concentration (0.5 
mg/l) yielded less shoots (1.3 per explants) while at the highest con-
centration (2.5 mg/l) it yielded maximum 5.5 shoots. By combin-
ing both BAP and KIN, the lower concentrations (0.5 mg/l) gave 

regeneration protocol. Therefore, there is a strong need for devel-
oping an efficient regeneration protocol involving Indian cot-
ton cultivars with regard to multiple shooting from cotyledon 
explants.9 There are two main types of regeneration methods for 
cotton biotechnology: organogenesis10-12 and somatic embryogen-
esis.13-15 Somatic embryogenesis studies in cotton have been previ-
ously reported.13,15 This method is mainly genotype-dependent 
and has the disadvantage of requiring a long time for reaching its 
purpose. It has to pass through the callus phase that may lead to 
chromosomal aberration or polyploidy.16 However, the response 
is genotype-specific and may also produce somaclonal variants 
where a callus phase is involved.

In the present paper, we report on a new plant regeneration 
method for cotton. The method is an efficient, rapid, genotype-
independent regeneration protocol for obtaining direct multiple 
shoot organogenesis from embryo apex explants with successful 
rooting of the regenerated shoots. This method will facilitate 
the application of plant tissue culture and genetic engineering 
in cotton.

Results and Discussion

An efficient protocol for multiple shoot regeneration in a geno-
type-independent manner is a pre-requisite for genetical manipu-
lation of crop plants. Even if there is a large body of literature 
available on regeneration in cotton cv Coker through somatic 
embryogenesis, the efforts on the establishment of de novo shoot 
regeneration protocols in commercial cotton cultivars are rare.17 
In this study we have developed a highly efficient method to 
yield more multiple shoots in the elite cotton variety Narasimha. 
This variety has a practical importance since it is used as a 
female parental line in several conventional, transgenic or hybrid 
cotton.18

Figure 1. Sequential procedure for the isolation of embryo apex (A–F).
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Figure 2. Cotton (Gossypium hirsutum L.) plant regeneration by organogenesis from embryo apex segments. (A) Embryo apex explants from 2-d-old 
seedlings on multiple shoot induction medium. (B) Two days later, embryo apex explant turned into green. (C) Swelled proximal end. (D) Multiple 
shoot buds. (E–I) Adventitious shoot buds and leafy structures arising from the central region and sides of the swelled proximal end of the embryo 
apex. (J–L) Multiple shoot bunches and their elongation.

a maximum of 3.2 shoots per explants (Table 1). The maximum 
number of shoots per explant was 16.1, obtained by using 2.0 mg/l 
BAP and 2.0 mg/l KIN. At higher concentrations (2.5 mg/l), the 
maximum number of shoots was 11.6. So, higher concentrations 
of BAP or KIN negatively affected the multiplication rate of mul-
tiple bud formation, reducing the number of shootx per explants. 
In consequence, the cytokinin concentration plays a major role in 
multiple shoot induction. Cytokinin has been reported to regener-
ate cotton plants with short and compact shoots.20

In cowpea (Vigna unguiculata)21 and cucumber (Cucumis 
sativus),22 multiple shoot buds arose from the proximal end of 
hypocotyl explant showing that this phenomenon is common in 
dicotyledonous species. In the case of cotton (cv Coker 310FR), 
Chandhary23 used hypocotyls and cotyleodonary leaf for regen-
eration and induction of multiple shoots. The explants were sub-
jected to slow physical desiccation and both normal and abnormal 
somatic embryos were obtained. Even though an efficient regener-
ation protocol by somatic embryogenesis in cotton cv Narashima 
was reported by Khan,24 the embryos were obtained from callus, 
a methodology that leads to somaclonal variations. In our present 

protocol, the callus phase is avoided, leading to the shortening of 
the regeneration time, as well as the induction of a high number 
of multiple shoots per explants. As for the culture conditions, the 
MS basal medium supplemented with different concentrations of 
BAP (from 0.5–2.5 mg/l) and KIN (from 0.5–2.5 mg/l), alone 
or in combination, is directly responsible for reprogramming the 
cotton embryonic apical meristem axes toward the multiplication 
of buds.25 In a previous study,25 the use of 3 mg/l BAP resulted in 
the formation of multiple shoots in cotton cv Guazuncho, with 
a maximum of 3.4 shoots per embryonic axis. In the protocol 
that we developed, a higher number of multiple shoots (~16.1 per 
explant) were obtained.

Once the multiple shoot buds were obtained, the shoot 
bunches were separated into individual shoots and transferred 
to the elongation medium, composed by MS medium supple-
mented with different concentration of GA

3
 (Gibberellic Acid) 

(0.5–2.0 mg/l) and cultured for 2 wk. GA
3
 at 1 mg/l was found 

to be the most suitable concentration for cotton elongation (data 
not shown). Subsequently, the elongated and properly developed 
shoots from the embryo apex explants were transferred to rooting 
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the plants. So, in consequence, mature, healthy cotton plants 
were obtained through multiple-shoot induction starting from 
embryo apex.

Materials and Methods

Plant material. Delinted mature cotton seeds (G. hirsutum var 
Narashima) were acquired from Regional Agricultural Research 
Station, ANGRU (Acharya N.G. Ranga Agricultural University) 
Nandyal, Andhra.

Culture media and growth conditions. MS medium27 
including MS vitamins, containing 3% (w/v) sucrose and 0.8% 
(HI-MEDIA) agar was used in all the experiments. Plant growth 
regulators, BAP (0.5–2.5 mg/l) and KIN (0.5–2.5 mg/l), at dif-
ferent concentrations were incorporated into the basal media. 
The pH of the medium was adjusted to 5.8 by 1 M NaOH or 1 
M HCl before autoclaving at 1.06 kg cm-2 (121°C) for 20 min. 
The cultures were incubated at 25 ± 2°C in a culture room with 
50 μmol m-2 s-1 irradiance provided by cool fluorescent lamps and 
were exposed to a photoperiod of 16 h and 55% relative humidity.

medium containing different concentrations of IBA (0.5, 1.0, 1.5, 
2.0 mg/l). The effect of auxin on in vitro root induction in cot-
ton cv Narashima is presented in Table 2. A significant level of 
rhizogenesis was observed at 1 mg/l IBA and resulted into 90% 
rooting with the maximum root length of 7.3 ± 1.3 cm. Root 
induction occurred between 10–15 d after transfer to root-
ing medium and the rooting frequency was higher in all these 
explant regenerants. Divya26 reported similar results by using 
hypocotyl segments of cotton seedlings. In cotton tissue cul-
ture, rooting is one of the major problems and many different 
methods were applied to induce rooting.17 However, the reports 
on successful rooting are very few and subsequently, further 
studies are still needed.

After rooting, the plantlets were kept on MS liquid media 
for 1 wk in order to induce root hardening (Fig. 3A) and sub-
sequently transferred to small pots containing a mixture of 
vermiculite, sand and peat moss in 1:1:1 ratio (Fig. 3C–E). 
Each pot was covered with a polythene bag to maintain high 
humidity initially for the few days, after which the humidity 
was reduced by making holes in the polythene bags to harden 

Table 2.Auxin effect on in vitro root induction and growth of cotton roots

Treatments Media
Growth Regulator (IBA) 

mg/l
No of roots tested No of shoots rooted Rooting (%) Root Length (cm)

1 MS 0.0 0.0 0.0 ± 0.0a 0 0.0 ± 0.0a

2 MS 0.5 10 4.6 ± 1.0b 50 3.8 ± 1.2b

3 MS 1.0 10 9.5 ± 1.5d 90 7.3 ± 1.3d

4 MS 1.5 10 7.1 ± 1.6c 70 5.6 ± 0.7c

5 MS 2.0 10 4.7 ± 1.2b 40 5.1 ± 1.3b

*Data represent mean ± SD of eight replicates. Means followed by the same letters within a column do not differ significantly according to Duncan’s 
multiple range test at a 0.05 probability level. Data were scored after 8 wk of culture.

Table 1. The effect of BAP and KIN phytohormones in the induction of multiple shoot induction in cotton

Treatments Media BAP (mg/l) KIN (mg/l) Mean number of shoots* Shoot length (cm) Explants response (%)

1 MS 0 0.0 ± 0.0a 0.0 ± 0.0a 0.0

2 MS 0.5 1.1 ± 0.9a 2.1 ± 0.8b 58.4

3 MS 1 2.5 ± 0.5b 2.6 ± 0.5b 66.9

4 MS 1.5 4.5 ± 1.1c 3.7 ± 0.7c 67.5

5 MS 2 5.7 ± 0.8cd 5.5 ± 0.7de 75.4

6 MS 2.5 4.7 ± 0.7d 3.5 ± 0.9c 62.5

7 MS 0.5 1.3 ± 0.9a 1.8 ± 0.8b 61.0

8 MS 1 2.0 ± 0.7a 2.1 ± 0.6b 60.1

9 MS 1.5 4.5 ± 1.0b 3.1 ± 1.1c 66.9

10 MS 2 6.6 ± 0.7bc 4.7 ± 1.3d 59.8

11 MS 2.5 5.5 ± 0.9c 3.3 ± 1.1c 61.6

12 MS 0.5 0.5 3.2 ± 0.7a 3.1 ± 0.9c 68.4

13 MS 1 1 9.2 ± 1.7b 4.7 ± 1.2d 66.5

14 MS 1.5 1.5 12.0 ± 1.3c 5.5 ± 1.1de 62.7

15 MS 2 2 16.1 ± 0.8d 6.2 ± 1.0e 92.5

16 MS 2.5 2.5 11.6 ± 1.4c 3.7 ± 0.7c 67.2

BAP, 6-Benzylaminopurine; KIN, Kinetin.
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in MS medium containing B5 vitamins, 3% sucrose, 0.8% agar, 
with different concentrations of N-6-benzylaminopurine (BAP) 
and kinetin (KIN). The culture was maintained in the dark for 
2 d and transferred to light conditions of 16/8 h and temperature 
of 25°C ± 2°C for 1 wk. The culture had to be subcultured every 
week.

After 3–4 wk of multiple bud inductions, the shoots were 
excised from the multiple shoot bunches obtained from embryo 
apex explant and transferred individually to culture bottles con-
taining MS media with 1 mg/l GA

3
 to assess their response for 

elongation.
Rooting and hardening. Well-elongated shoots (2–3 cm) 

derived from shoot bunches of embryo apex were excised and 
transferred to rooting media. Rooting media consists of MS basal 
salts along with 0.1 mg/l Indole Butric Acid (IBA). The well-
rooted plantlets need to be kept on MS liquid media for root 
hardening for 1 wk in the culture room. Plantlets with the hard-
ened roots were transferred to small pots containing a mixture 
of vermiculite, sand and peat moss in 1:1:1 ratio. Each pot was 

Preparation of explants, plant regeneration protocol and 
multiple shoot induction. The healthy cotton seeds were sur-
face sterilized with 70% ethanol for 2 min and thoroughly 
washed with distilled water. Later the seeds were treated with 
4% Bavistin (carbendazim) for 5 min, washed with water, then 5 
min with sodium hypochloride (NaOCl) and finally treated with 
0.1% mercuric chloride (HgCl

2
) for 5 min followed by wash-

ing thoroughly with sterile water 3–4 times that confirms the 
removal of HgCl

2
. All the steps above were performed under the 

laminar flow. The seeds were then soaked in distilled water for 48 
h (until the seed coat gets opened) in the dark. Embryonic apex 
was isolated from 2 d (48 h) old in vitro germinated seeds by the 
following method: the seeds were transferred to petri plates and 
then pressed with forceps so that embryo is pushed out. Embryo 
was split longitudinally (half of its length from the top) by using 
a sterile scalpel. After removal of radical and primary shoots, the 
embryo apex is visible and isolated. The isolated embryo apex 
contains only the meristemal region (Fig. 1A–F). The explants 
were cultured in a vertical upright position slightly embedded 

Figure 3. Root development of elongated plantlets and acclimatization. (A) Root hardening on liquid media. (B) Shoot and root elongated plantlet. 
(C–E) Acclimatization in greenhouse.
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stage of regeneration which may lead to somaclonal variation. 
The important feature of presented method is shortening of 
regeneration time, as well as the induction of high number of 
multiple shoots per explants.
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Conclusions

In conclusion, the present study reports on the development of 
a highly efficient regeneration protocol based on using embryo 
apex as explants for the induction of multiple shoots in cot-
ton (16.1 per explant). The time taken from explanting to 
the establishment of plants in the greenhouse was about 3–4 
mo. This time period is shorter when compared with the lon-
ger periods reported in published regeneration protocols using 
somatic embryogenesis. This method avoids callus tissue, the 
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