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Abstract A highly efficient and reproducible regeneration

system based on somatic embryogenesis in Gossypium

hirsutum cv. Narasimha (NM), which has superior fiber

qualities and is also used as a female parent in several hybrid

cottons, has been developed. Embryogenic callus was

obtained form both hypocotyls and cotyledonary leaves on

Murashige and Skoog (MS) medium containing kinetin and

2,4-dichlorophenoxyacetic acid. Somatic embryogenesis

was observed on hormone-free MS medium, but embryos did

not grow well beyond globular stage. However, somatic

embryos germinated well on MS medium containing B5

vitamins; addition of zeatin was found to be beneficial for

their normal development. Most importantly, the media and

culture conditions developed for NM were also found to be

suitable for high-frequency somatic embryogenesis in

Coker 310. In addition, the newly developed regeneration

protocol has been successfully tested for genetic transfor-

mation through co-cultivation with Agrobacterium using

embryogenic calli as explants. Molecular analysis confirmed

the stable integration and expression of marker gene, green

fluorescent protein (GFP). These results show that it is now

possible to introduce foreign gene(s) directly into elite cul-

tivar Narasimha with similar efficiency to in traditionally

used Coker lines in a relatively short period of time.

Development of efficient regeneration and transformation

systems as demonstrated here should augment the intro-

duction of new traits directly into cultivated varieties/

hybrids, reducing the time required for back-crossing and the

costs for seed production, besides aiding genomic research in

cotton.
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Abbreviations

NM/NA1325 Narasimha

2,4-D 2,4-Dichlorophenoxyacetic acid

2iP N6-(2-isopentenyl) adenine

SE Somatic embryogenesis

GFP Green fluorescent protein

VIP Vegetative insecticidal protein

Introduction

Cotton is one of the most important crop species in the

world, valued globally for textile and oilseed production,

with about 32.4 million hectares planted worldwide. Biotic

and abiotic stresses adversely influence development of

fiber, yield, and quality in cotton. Conventional plant

breeding methods have been extensively applied to improve

these traits. However, these approaches have been limited

by the lack of sufficient genetic variability in the existing

germplasm pool (Wu et al. 2004). In this context, genetic

engineering offers tremendous potential to introduce for-

eign genes isolated from any organism directly into crop

plants to complement breeding programs. Genetic trans-

formation has been applied in cotton to express insecticidal

proteins from bacterial source for improvement of insect

resistance. Although several methods have been described
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for the transformation of cotton, somatic embryogenesis-

based transformation offers several advantages over other

transformation methods, because of the single-cell origin of

the somatic embryo (Merkle et al. 1995), thus reducing the

development of chimeric plants, which is often the main

disadvantage when using the shoot tip method of transfor-

mation (Wilkins et al. 2004). Genetic transformation

through somatic embryogenesis (SE) has been reported by

several groups using Coker or its derived germplasm lines

(Kumar et al. 1998). These Coker lines are the basis of the

current generation of commercial transgenic cottons,

though they are agronomically very poor. As a conse-

quence, the insecticidal protein coding gene(s) were first

introduced into Coker genotype and later transferred into

commercial genotypes through laborious and time-con-

suming back-crossing programs (Sakhanokho et al. 2001).

Although these hybrids/cultivars are resistant to lepido-

poteran pests, they are still susceptible to several other

secondary insect pests, especially sucking pests, and the

farmer still need to spray pesticides to control these pests,

which are now emerging as major pests (Wang et al. 2008,

2009). Therefore, extending transformation methods to

introduce foreign genes of agronomic importance directly

into elite genotypes will be of great importance in cotton

improvement programs. In addition, the ability to transform

an elite cultivar or any parental line used for hybrid seed

production directly will enable the required time to be

reduced by avoiding back-crossing, and characterization of

the genes involved in the elite nature of the genotype

through gene knockout, gene complementation, and other

gene discovery and functional genomics approaches.

Regeneration in Gossypium hirsutum was first obtained

via spontaneous somatic embryogenesis of cotyledon tissues

(Davidonis and Hamilton 1983). Since then, somatic

embryogenesis and regeneration of plants in cotton have

been reported by several authors (Trolinder and Goodin

1987; Trolinder and Xhixian 1989; Firoozabady and DeBoer

1993; Sakhanokho et al. 2001). Media and culture condi-

tions were shown to play a crucial role in regeneration of

plantlets through somatic embryogenesis (Sunilkumar and

Rathore 2001; Kumria et al. 2003). However, like in other

species, somatic embryogenesis response in cotton is highly

genotype specific (Trolinder and Xhixian 1989). Although

more than 70 genotypes that are capable of differentiating

from callus into SEs have now been identified (Wilkins et al.

2000; Rangan and Rajasekaran 1993; Cousins et al. 1991;

Rajasekaran 1996; Kumar et al. 1998; Zhang et al. 2001;

Kumria et al. 2003; Mishra et al. 2003), the conversion rate

of somatic embryos into mature plants is still very low in the

majority of non-Coker genotypes, which is a major imped-

iment to the genetic transformation approach. In addition,

prolonged culture period, high frequency of abnormal

development of embryos, and lack of shoot elongation or

root induction are other common problems associated with

cotton regeneration. Furthermore, the number of commer-

cial cultivars and elite germplasm lines that have superior

fiber and agronomic traits and that can undergo complete

plant regeneration still remains very low.

India has the largest area (9 million hectares) under

cotton cultivation in the world. Almost 90% of the area is

covered by cultivars/hybrids that belong to G. hirsutum.

The Indian cotton genotypes are generally regarded as

recalcitrant to somatic embryogenesis. To date, there has

been only a single report on somatic embryogenesis, in the

cultivar MCU-5, with large variation in the frequency of

SE and plantlet regeneration (0–85%) among progeny

derived from the selfed seed of a single plant (Kumar and

Pental 1998). So far, no transformation of MCU-5 or any

other genotype has been reported using this protocol.

Herein, we report on the development of a highly efficient

and reproducible regeneration system based on somatic

embryogenesis in Narasimha (NM), also referred to as

NA1325, a popular cultivar with superior fiber qualities

and which is also used as a female parent in several

commercial hybrid seed production programs (Ravindr-

anath 2009). The efficiency of embryogenic callus induc-

tion and the somatic embryo production achieved in this

study are comparable to those of high-frequency somatic

embryogenesis reported earlier for Coker 310 (Kumria

et al. 2003). Most importantly, the media and culture

conditions developed for NM were also found to be suit-

able for high-frequency somatic embryogenesis in

Coker 310. In addition, the newly developed regeneration

protocol has been successfully tested for genetic transfor-

mation through co-cultivation with Agrobacterium. Based

on the results presented herein, it is possible to introduce

foreign gene(s) directly into elite cultivar Narasimha (NM)

with similar efficiency to in traditionally used Coker lines

in a relatively short period of time. Development of effi-

cient regeneration and transformation systems as demon-

strated here should augment the introduction of new traits

directly into cultivated varieties/hybrids, reducing time and

costs for seed production, besides aiding genomic research

in cotton.

Materials and methods

Plant materials and growth conditions

Seeds of cultivars Narasimha and Coker 310 were surface-

sterilized with 0.1% HgCl2 solution and a drop of Tween-

20 for 20 min with continuous shaking. Seeds were rinsed

with sterile distilled water several times to remove the

detergent completely and were blot-dried using sterile tis-

sue papers. The seeds were germinated on 1/5-strength
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basal salts of MS medium (Murashige and Skoog 1962)

supplemented with 1% sucrose and 0.8% agar, and pH was

adjusted to 5.8. Cultures of all stages, unless otherwise

mentioned, were incubated at 28 ± 1�C under 16/8 h light/

dark cycle at light intensity of 40–60 lmol s-1m-2. All

chemicals used in the study were procured from Sigma–

Aldrich (St. Louis, USA).

Callus induction

Hypocotyl (3–5 mm) and cotyledonary segments

(10–16 mm2) were used as explants for callus initiation.

Explants were excised from 3- to 4-day-old seedlings.

About 6–8 explants were placed in a 15 9 100 mm Petri

plate containing approximately 30 ml medium for callus

induction. MSDK media, i.e., MS salts supplemented with

various concentrations of 2,4-dichlorophenoxyacetic acid

(2,4-D) and kinetin, were tested for callus induction.

Maltose (3%) was used as sole carbon source. Cultures

were incubated at 28 ± 2�C under cool, white fluorescent

light (40–60 lmol s-1m-2) with 16/8 h light/dark cycle

for callus induction. After 20 days, calli were cut into

pieces and transferred to MSDiP medium containing MS

medium, 0.01 mg l-1 2,4-D, and 0.5 mg l-1 N6-(2-iso-

pentenyl) adenine (2iP) for proliferation.

Somatic embryogenesis

Well-proliferated friable, light green, soft calli obtained on

MSDiP medium were spread on MSO medium (MS medium

without any growth regulators). Petri plates were sealed with

porous Micropore tape (cat no. 1530-0; Millipore) to

enhance dehydration of medium, which was found to play an

important role in cotton somatic embryogenesis (Kumria

et al. 2003, Leelavathi et al. 2004). Induction and develop-

ment of somatic embryos was monitored continuously, and

care was taken to avoid excessive dehydration that may

result in complete drying of the medium. Globular and tor-

pedo-stage embryos obtained on MSO medium were cul-

tured further on MSB5 medium (MS salts supplemented

with 750 mg l-1 MgCl2�6H2O, and B5 vitamins; Gamborg

et al. 1968). MSB5 was supplemented with 0.1 mg l-1

zeatin (MSB5zt) depending on the development of embryos.

In all media, 3% maltose was used as sole carbon source,

0.8% agar as solidifying agent, and pH was adjusted to 5.8.

Development of somatic embryo into plantlets

Embryos that reached cotyledonary stage on MSB5 med-

ium were picked up regularly and placed on H1 medium

(Stewart and Hsu 1977) supplemented with 0.5% or 1%

sucrose, solidified with phytagel (0.4%). Within 2 weeks

the embryos developed into plantlets and were then

cultured in bottles or magenta boxes for another 2–4 weeks

until they attained height of 4–5 inches with well-devel-

oped root system. Rooted plants were transferred to small

pots containing a mixture of vermiculite, sand, and peat

moss in 1:1:1 ratio. Plantlets were covered with porous

polythene bags to maintain high humidity (*80%) and

kept in a growth room at 25 ± 1�C for hardening. After a

week of hardening, the polythene bag was removed and,

after another 1 week, the plants were transferred to pots.

Plants were grown in a contained greenhouse facility to

maturity for seed collection.

Vector construction, transformation, and analysis

of transgenic plants

Agrobacterium tumefaciens strain LBA 4404 harboring

binary vector pCAMBIA2300-sGFP (Fig. 4a) was used for

transformation. The pCAMBIA2300-sGFP vector was

constructed by taking the green fluorescent protein (GFP)

coding gene, placed under the control of cauliflower

mosaic virus 35S promoter (CaMV 35S) and nopaline

synthase gene (nos) polyA signal from pCAMBIA1390-

sGFP (Toki et al. 2006) as a HindIII—EcoRI fragment and

cloned into pCAMBIA2300 at the same sites. The

pCAMBIA2300-sGFP has NPTII gene that confers resis-

tance to kanamycin in transformed plant cells. Essentially,

a previously described transformation procedure for

Coker 310 was followed for NM also, using embryogenic

calli as explant source (Leelavathi et al. 2004). In brief,

proliferating embryogenic calli were co-cultured with

Agrobacterium carrying pCAMBIA2300-sGFP plasmid for

20 min, and the bacterial suspension was removed by

passing through a sterile strainer. Co-culture of infected

calli was continued for 36 h in the dark on basal MS

medium. Co-cultured calli were transferred to a sterile

Whatman filter paper (cat. no. 1004 070) placed on MSKC

selection medium containing MS medium without any

growth regulators, 3% maltose, 50–100 mg l-1 kanamycin,

and 500 mg l-1 cefotaxime. Antibiotics were filter-steril-

ized before adding to the autoclaved medium. Petri plates

were sealed with porous tape and cultured for 3–5 weeks

under 16/8 h light/dark cycle period. Globular and torpedo-

shaped embryos growing on selection medium were sub-

cultured onto fresh selection medium for another 2 weeks.

Embryos that reached cotyledonary stage were grown

further, as described previously (Kumria et al. 2003;

Leelavathi et al. 2004). Transgenic nature of the kanamy-

cin-resistant plants was confirmed by molecular analysis

and expression of the reporter gfp gene. Expression of gfp

was visualized under Nikon fluorescence microscope (Ni-

kon SMZ1500) illuminated with long-wavelength ultravi-

olet (UV) light, and various stages of plantlet development

were recorded.
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Results and discussion

Production of large numbers of independently transformed

transgenic events is essential for any crop improvement

program through genetic manipulation. In the case of cot-

ton it is equally important to introduce the foreign genes

directly into elite varieties or parental lines to minimize the

required time, reduce the costs of seed production, and

maintain the genetic purity of the lines. To date, high-

frequency somatic embryogenesis has been reported in

Coker Trolinder and Xhixian 1989), Acala (Mishra et al.

2003), and a few other genotypes (Cousins et al. 1991;

Firoozabady and Deboer 1993, Kumar and Pental 1998;

Sakhanokho et al. 2001; Sun et al. 2003, 2006; Zhang et al.

1991, 2001). About 70 cotton genotypes are reported to

undergo somatic embryogenesis, but the conversion rate of

somatic embryos into normal plantlets is still very low in

several genotypes, which is often the main obstacle to the

genetic engineering approach. The efficiency of somatic

embryogenesis and genetic transformation in cotton is

influenced by several factors, such as genotype, explant,

method of transformation, selection, and regeneration

system. Among these factors, an efficient and reproducible

regeneration procedure that can be used to obtain a trans-

genic line in elite cotton genotypes is very important. In

this study we have developed a highly efficient and

reproducible procedure to induce somatic embryogenesis

and plant regeneration from elite variety Narasimha, which

is also used as a female parent in several conventional and

transgenic hybrid cottons (Ravindranath 2009). The

developed procedure was found to be equally suitable to

regenerate plants from traditional Coker lines. In addition,

the newly developed regeneration procedure was success-

fully tested for genetic transformation.

Hypocotyls were found to be suitable for callusing in

both genotypes, with NM responding well in the presence

of higher levels of kinetin (1.0 mg l-1) along with

0.1 mg l-1 2,4-D (Fig. 1, NM-A) while in Coker 310,

callus developed well in the presence of 0.1 mg l-1 2,4-D

and 0.5–1.0 mg l-1 kinetin (Fig. 1, Coker-A), similar to in

other genotypes of Coker background (Trolinder and

Goodin 1988a; Wilkins et al. 2004). MS medium supple-

mentation with 0.1 mg l-1 2,4-D and 1.0 mg l-1 kin

(MSDK) was found to be the best combination for induc-

tion of embryogenic callus in NM (Table 1). Maltose as

carbon source proved to be useful in this study (data not

shown) to control secretion of excessive phenolics, similar

to our earlier observations using Coker (Kumria et al.

2003). For better proliferation, the callus was subcultured

on MSDiP medium (Fig. 1, NM-B, Coker-B). In compar-

ison with MSDK medium, MSDiP medium has low con-

centrations of 2,4-D (0.01 mg l-1) and kinetin was

replaced with 0.5 mg l-1 2iP. 2iP has been proven to be

effective for induction of SE in cotton (Trolinder and

Goodin 1987; Nobre et al. 2001). After 1 month, callus

was spread on MSO medium (MS medium without any

growth regulator), resulting in induction of globular

embryos (Fig. 1, NM-C, Coker-C). In case of Coker, the

globular embryos grow further to torpedo (Fig. 1, Coker-E)

and cotyledonary stage (Fig. 1, Coker-F) on the same MSO

medium. However, the NM genotype did not respond

further on the MSO medium. This is one main difference

between NM and Coker genotypes; to overcome this

problem we shifted the NM cultures onto MSB5 medium,

which promoted growth of globular embryos into torpedo-

shaped embryos (Fig. 1, NM-E) and subsequently to cot-

yledonary stage (Fig. 1, NM-F). At this stage the amount of

media poured into each Petri plate was reduced to 20 ml

and the callus was spread as a thin layer. Metabolic stress

caused due to dehydration was found to play an important

role in induction of somatic embryogenesis in cotton

(Kumria et al. 2003; Wilkins et al. 2004). Therefore, Petri

plates were sealed with porous tape to enhance dehydra-

tion, which resulted in better induction of somatic

embryogenesis in the present study also. MSB5 proved to

be the best medium for embryo induction as well as for

their development. Gamborg’s B5 medium is rich in thia-

mine, and embryos developed quickly in this medium. Use

of B5 vitamins in the development and maturation of

embryos has been reported earlier (Zhang et al. 2001;

Wilkins et al. 2004). Within 2–3 weeks, globular embryos

were formed in clusters (Fig. 1g, h). Often, co-develop-

ment of anthocyanin pigment was observed at this stage

(Fig. 1, NM-D, Coker-D). Synthesis of anthocyanin pig-

ments in culture is generally considered an indication of

differentiation and regeneration potential of the callus

(Mishra et al. 2003). Embryogenesis was asynchronous,

and many different stages of embryos were found in the

same Petri plate (Fig. 2, NM-A, NM-B). On average, 20

somatic embryos reached cotyledonary stage from the calli

derived from each explant when grown on a Petri dish, of

which 5–6 reached mature plants that flowered and set

seeds. In Coker 310 also, a similar number of cotyledonary

embryos was obtained from each Petri dish when following

the new procedure; however, the average number of plants

that reached maturity was slightly higher (8–10 plants).

Globular embryos grown on MSB5 medium resulted in

production of normal plantlets from both NM (Fig. 2, NM-C)

and Coker 310. However, at this stage, addition of

0.1 mg l-1 zeatin had a positive effect on normal devel-

opment of somatic embryos. Zeatin is a potent cytokinin

and induces faster cell division. It also balances endoge-

nous cytokinin level (Zhang 2000). Higher-frequency

embryo development in medium supplemented with zeatin

has been reported earlier (Zhang 2000). An important

aspect of the new procedure is that all plantlets developed a
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Fig. 1 Somatic embryogenesis in NM and Coker 310: various

developmental stages of somatic embryos from hypocotyl explants

of NM (NM-A to NM-F) and Coker 310 (Coker-A to Coker-F). NM-

A and Coker-A: callus induced from hypocotyl explants. NM-B and

Coker-B: embryogenic callus proliferating on MSDiP medium. NM-C

and Coker-C: induction of somatic embryogenesis on MSB5 medium;

induction was efficient when calli were placed on filter paper. NM-D

and Coker-D: early stage of somatic embryogenesis with globular-

stage embryos; note the synthesis of anthocyanin pigment. NM-E and

Coker-E: torpedo-stage embryos. NM-F and Coker-F: cotyledonary-

stage embryos

Table 1 Effect of different growth regulators (mg l-1) on callus induction from hypocotyl explants in cotton

Treatment 2,4-D Kin No. of explants Explants forming callus No. of explants Explants forming callus

S. No. NM Coker 310

1. 0.1 0.1 40 0 ± 0 40 17.25 ± 4.92

2. 0.1 0.5 40 6 ± 0 40 39.00 ± 0.82

3. 0.1 1.0 40 38.5 ± 1.96 40 39.25 ± 0.96
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good root system without additional manipulation (Fig. 2,

NM-C). All rooted plants that were transferred to pots

survived, flowered, and set seeds. Following the systematic

stepwise procedure outlined in Fig. 3, a high frequency of

somatic embryos was obtained from NM as well as from

Coker 310, which grew into normal plantlets. The total

cycle time, starting from callus induction to maturation of

embryos into plantlets, was about 120–140 days. The cal-

lus proliferation step on MSDiP medium and induction of

somatic embryos on MSB5 were found to be essential for

regeneration of plantlets via somatic embryogenesis in

Narasimha. The frequency of somatic embryogenesis

obtained in this study is comparable to the high frequency

reported earlier for Coker 310 (Kumria et al. 2003).

Transformation of NM with Agrobacterium

Agrobacterium-mediated transformation using embryo-

genic calli as explant was found to be suitable to produce

large numbers of independently transformed transgenic

lines in cotton (Leelavathi et al. 2004). Therefore, well-

proliferated embryogenic callus that constantly produces

somatic embryos was chosen for transformation of NM.

The callus after co-cultivation with Agrobacterium har-

boring the pCAMBIA1390-sGFP construct (Fig. 4a; Toki

et al. 2006) was placed on sterile filter paper and grown on

MSKC selection medium to promote somatic embryogen-

esis. Simultaneous application of selection pressure com-

bined with dehydration was found to be most suitable for

production of large numbers of transformed embryos

within 3–4 weeks. Care was taken to pick up independently

transformed lines at this stage and to place then on fresh

selection medium. The transformed calli/embryos were

checked periodically for expression of GFP under fluo-

rescence microscope (Fig. 4b–e). The putative transgenic

embryos were grown to plantlets (Fig. 4f–g), using a pro-

tocol similar to that followed for regeneration of normal

plantlets but containing kanamycin (100 mg l-1) in the

medium. The young plantlets were placed on H1 medium

(Stewart and Hsu (1977), where they grew again very

quickly with well-developed roots. On average,

49.0 ± 12.0 kanamycin-resistant somatic embryos devel-

oped on selection medium in a Petri dish, from which 6–8

transgenic mature plants were obtained. Similar results

were obtained for Coker 310. The genomic DNA isolated

from GFP-expressing plants was found to be positive for

presence of gfp and NPTII genes, confirming their true

transgenic nature. The transformation procedure was

repeated using another vector, where gfp was replaced by a

gene coding for a vegetative insecticidal protein (VIP).

Stable integration of vip gene was determined using

Southern hybridization (data not shown).

In conclusion, we have developed a reproducible and

highly efficient regeneration system based on somatic

embryogenesis in elite cotton cultivar Narasimha, which is

also used as a female parent in several hybrid seed pro-

duction programs. Embryogenic callus was obtained form

both hypocotyls and cotyledonary leaves on MS medium

containing high concentration of kinetin along with low

levels of 2,4-D. Somatic embryogenesis was achieved by

subculturing the callus on hormone-free MS medium.

Fig. 2 Development of somatic embryos into plantlets: asynchronous

development of somatic embryos. Presence of various stages of

somatic embryos is observed in both NM (NM-A) and Coker 310

(Coker-B). NM-C: plantlets with well-developed root system ready to

be transferred to soil mix

Fig. 3 Flowchart for somatic embryogenesis from hypocotyl

explants and genetic transformation in cotton. Media details are

provided in the ‘‘Materials and methods’’ section
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Somatic embryos germinated well on MS medium con-

taining B5 vitamins compared with on MSO medium.

Addition of zeatin was found to be beneficial for normal

development of somatic embryos. The procedure devel-

oped for NM was also found to be suitable for Coker 310

genotype. In addition, Agrobacterium-mediated transfor-

mation using embryogenic calli as explant was established

for NM. Molecular analysis confirmed stable integration

and expression of gfp in plantlets growing in the presence

of kanamycin selection. The regeneration and transforma-

tion method described herein is very simple, efficient, and

fast for the introduction of any foreign gene directly into

this elite cotton cultivar.
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