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Abstract An efficient in vitro regeneration protocol and

field performance of a multipurpose bamboo species

Dendrocalamus hamiltonii Nees et Arn. Ex Munro has

been demonstrated using single node cuttings taken from

the lateral branches of a 20-year-old bush. Axillary buds on

the nodal explant sprouted within 10 days of culture on

Murashige and Skoog (MS) medium without any plant

growth substance. High-frequency proliferation was

induced on the propagules (small clusters with 3–5 multi-

ple shoots and rhizomatous portions). Subsequent removal

of the shoots (about 1.5 cm) from the rhizomatous portion

of propagules (shoot cut) influenced the plantlet formation

capacity. A multiplication of about 20-folds was achieved

on MS medium supplemented with 8 lM BAP and 1 lM

NAA. Rooting efficiency was also markedly enhanced

([90%) when the propagules, following shoot cut, were

placed on to MS medium supplemented with 100 lM IBA

for 10 days and then transferred to IBA-free medium. This

is the first report from this species where 20-fold increment

in multiplication was observed at the end of second sub-

culture followed by [90% rooting. The hardened plants,

established in the field, exhibited normal growth; their

physiological performance has been monitored at 6-month

intervals. The rate of photosynthesis increased from

3.55 lmol CO2 m-2 s-1 (hardened, ready for field trans-

fer) to 5.44 lmol m-2 s-1 (6 months of field transfer);

following a year of plantation net photosynthesis recorded

was 14.0 lmol CO2 m-2 s-1 while after 1.5 years it was

12.76 lmol CO2 m-2 s-1. These values were compared

with those observed for the mother bush. Genetic fidelity of

these regenerants was established by RAPD analysis

advocating clonal propagation of this species through nodal

segment culture and its commercial cultivation.
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Introduction

Bamboos are one of the most important non-timber forest

products and form the backbone of rural economy of sev-

eral south-east Asian countries. Nowadays, it has become

an integral component in social forestry programmes. One

of the most important contributions of bamboo to the

modern society is in the production of paper; besides its

extensive use in house building, making furniture, agri-

cultural implements, mat boards, baskets, handicrafts and

numerous traditional uses is well known and provides

employment opportunities (Rao et al. 1990). In view of

these reasons, bamboo resources of the country are

decreasing. Therefore, rapid and large-scale production of

clonal planting material using tissue-culture technique

followed by field plantation and evaluation would com-

pensate the loss.
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Dendrocalamus hamiltonii Nees et Arn. Ex Munro, a

multipurpose, fast-growing species with strong culms and

used in this region of Central Himalaya for various above-

mentioned purposes including its leaves for good quality

fodder for cattle during winter months (Negi et al. 1980),

holds considerable promise. The use of tissue-culture

technique for multiplication of D. hamiltonii has been

reported earlier (Chambers et al. 1991; Bag 2001; Godbole

et al. 2002; Sood et al.1992, 2002a, b). Although multiple

shoot formation has been reported, rooting has been

inconsistent with up to 30% rooting (Sood et al. 2002a, b).

In addition, evaluation following field plantation of in

vitro-propagated plants based on the physiological char-

acters and assessment of genetic fidelity has not been

reported in this species.

In the present communication, we describe an efficient

in vitro propagation protocol for D. hamiltonii, using nodal

explants of a selected 20-year-old field grown elite bamboo

with the following objectives: (1) enhancing shoot multi-

plication, (2) improving rooting of microshoots, (3) eval-

uation of physiological characters of field grown plants and

(4) assessment of genetic fidelity of in vitro-raised and field

grown plants.

Materials and methods

In vitro propagation

Single node cuttings taken from the third internode of 1-

year-old lateral branches of a 20-year-old vegetatively

propagated plant (mother bush) of D. hamiltonii growing at

the Institute nursery at Kosi (79�3801000E and 29�2801500N;

1,150 m) were collected and used for developing in vitro

cultures as described earlier (Bag 2001). Nodal segments

(about 3.0 cm in length) were soaked in distilled water

containing Labolene (Liquid detergent; 0.2% v/v; Quali-

gens, India) for about 2–3 min; these were washed with

distilled water three to four times, disinfected with 0.2%

mercuric chloride (w/v, BDH, India; 5 min), rinsed again

with sterilized distilled water (49), both the ends trimmed

and segments (approx. 20 mm) were cultured on Murash-

ige and Skoog (1962) (MS) medium (20 ml) containing 2%

sucrose (w/v) without any plant growth substance (PGS)

and placed vertically in test tubes (15 9 1.5 cm). The pH

of the medium was adjusted to 5.8 and gelled with 0.2%

phytagel (w/v, Sigma) before autoclaving (0.103 MPa,

121�C, 20 min). All the cultures were maintained at

25 ± 1�C in 16/8 h day/night (42 and 60 lmol m-2 s-1

light intensity inside and outside of the cultured flasks).

After 3–4 weeks of incubation of nodal explants, the

sprouted buds (20–25 mm long) were excised from the

mother stumps and placed on MS medium supplemented

with different concentrations of NAA (1.0–5.0 lM) and

BAP (2.0–12.0 lM) used in various combinations. In some

of these combinations, the buds produced small clusters

with three to five healthy multiple shoots (2.5–3.0 cm) and

a rhizomatous part, hereafter called ‘propagules’. The

shoots were individually cut about 1.5 cm above the base

and discarded while the ‘propagules’ containing a rhizo-

matous portion, now referred to as ‘shoot cut’, was sepa-

rated and further transferred for multiplication (Table 1).

Subsequently, the propagules (with shoot cut) were sepa-

rated again and placed in half MS media containing IBA at

different concentrations (10–200 lM) for induction of

roots. Data were recorded following 7 days treatment in

IBA containing medium and subsequently placing the

plantlets on IBA-free MS medium for 2 weeks.

The propagules (with shoot cut) were also placed sep-

arately on MS medium supplemented with 8.0 lM BAP

and 1.0 lM NAA, to examine the influence of lights

[photosynthetically active radiation (PAR) and white cool

fluorescent light (CFL)] and gelling agents (Phytagel 0.2%,

w/v and agar 0.8%, w/v), if any, on multiplication of

propagules and subsequent rooting (using above method),

after 4 weeks of incubation.

Well-rooted plants were removed from the flasks,

washed thoroughly with water, transferred to soil in plastic

cups (6 9 6 9 7 cm; containing 250 g of autoclaved soil)

Table 1 Effect of BAP and NAA on multiplication of propagules of

D. hamiltonii

Treatment concentrationa (lM) Average multiplicationb

(no. of propagules)
BAP NAA

0.0 0.0 5.00 ± 0.0

2.0 1.0 7.33 ± 0.58

4.0 1.0 8.67 ± 0.58

6.0 1.0 11.33 ± 5.86

6.0 2.0 6.67 ± 1.53

6.0 4.0 7.67 ± 1.53

6.0 5.0 6.67 ± 0.58

8.0 1.0 26.33 ± 4.04

8.0 5.0 10.0 ± 1.0

10.0 1.0 7.67 ± 1.15

10.0 2.0 7.67 ± 0.58

10.0 4.0 7.33 ± 1.53

12.0 1.0 5.33 ± 0.58

12.0 5.0 7.67 ± 1.15

A propagule consisted of three shoots; data were recorded after

3 weeks; all results were obtained using propagules during second

subculture
a Each treatment consisted of five propagules per flask and conducted

in triplicate
b Mean ± SD
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and placed under stable greenhouse conditions (25�C, r.h.

65%; 18/6 h day/night) for 15 days. After another 15 days,

the plants were transferred to polythene bags (16 9 10 cm)

containing equal proportion of soil and farm yard manure

(1:1, v/v; 1 kg) and placed inside a polyhouse/nethouse for

hardening. After 1 month of hardening (now 2-month-old

plants), 20 plants were randomly selected for field planta-

tion (pit size: 50 9 50 9 50 cm; distance: plant to plant

4 m) in a nearby area and their growth performance was

monitored at 6-month interval.

Morphological and physiological evaluation of field

grown plants

Plant height was determined (on 10 plants) and the mea-

surements were taken from the ground level to the top of

the plant. Leaf characteristics were determined using an

automatic leaf area meter (LI-3000A; LICOR, USA); ten

leaves per plant were selected and the average area (cm2),

length (cm) and width (cm) were measured on per leaf

basis. The number of culms was counted manually on per

plant basis and mean (±standard deviation) values

provided.

CO2 and water vapor exchange (photosynthetic)

measurements were carried out (3 leaves per plant; 5

randomly selected plants were taken) from the lateral

branches of third internode with the help of an open-

portable gas-exchange system (LI-6400; LI-COR, USA)

equipped with red light emitting source fixed on the top

of the leaf chamber. Different parameters viz. rate of

photosynthesis (Pn), transpiration (E), the ratio of inter-

cellular and ambient CO2 (Ci/Ca), water use efficiency

(WUE) and a ratio of Ci/gs were recorded. All these

measurements were carried out during day time between

10.00 a.m. and 2.00 p.m. at different growth stages of in

vitro-raised plants and mother plant, at every 6-month

interval in the month of September (autumn/fall) and

March (spring/flush). The measurements were carried out

at cuvette air temperature of 25�C, relative humidity of

50–55%, irradiance of 1,000 lmol m-2 s-1 at the leaf

level and at a gas flow rate of 500 lmol s-1.

Molecular analyses

DNA isolation

Young bamboo leaves collected from mother bush (20-year-

old), and from in vitro-raised plants [just after transfer to soil

(0 day), after transfer to the polyhouse/nethouse (15-day-

old), ready for field transfer (2-month-old and fully hardened

plants) and 6 and 18 months after field plantation)] were

collected. DNA was extracted using N-cetyl-N,N,N-trime-

thylammonium bromide (CTAB) as described by Doyle and

Doyle (1987) with modifications. Briefly, fresh leaf material

(500 mg) was washed and then ground in liquid nitrogen.

Then, 10 ml of preheated extraction buffer [2% CTAB (w/v),

0.2% b-mercaptoethanol (v/v), 100 mM Tris–HCl (pH 8.0),

20 mM ethylene diamine tetraacetic acid (EDTA) and

1.4 mM NaCl] were added to the powdered material. After

incubating the homogenate for 1 h (at 65�C), an equal vol-

ume of chloroform : isoamyl alcohol (24:1) was added and

centrifuged at 10,000 rpm for 20 min. DNA was precipitated

with 1/10 volume of 3 M sodium acetate and an equal vol-

ume of isopropanol followed by centrifugation at

10,000 rpm for 10 min. The DNA pellet was washed with

70% ethanol, air-dried and then re-suspended in 200–300 ll

Tris–EDTA (TE; 1 mM). Quantification was performed by

visualizing under UV light, after electrophoresis on 0.8%

agarose gel stained with ethidium bromide. The re-sus-

pended DNA was then diluted in sterile distilled water to

5 ng/ll concentration for use in amplification reactions.

RAPD fingerprinting

Random decamer oligonucleotides purchased from Operon

Technologies Inc. (Alameda, CA, USA) was used as single

primers for the amplification of RAPD fragments. The total

genomic DNA from the mother bush and in vitro-raised

plants at different growth stages were amplified with 80

random primers. Polymerase chain reactions (PCRs) were

carried out in a final volume of 25 ll containing 20 ng

template DNA, 200 lM each deoxynucleotide triphosphate,

20 ng of decanucleotide primers, 1.5 mM MgCl2, 10 mM

Tris–HCl, 50 mM KCl, 0.1% Triton X-100 and 0.5U Taq

DNA polymerase (M/s Bangalore Genei, India). Amplifi-

cation was achieved in a Thermocycler (Biometra;

Germany) programmed for a preliminary 5 min denaturation

step at 94�C, followed by 40 cycles of denaturation at 94�C

for 30 s, annealing at 36�C for 1 min and extension at 72�C

for 1 min, finally at 72�C for 10 min (Nayak et al. 2003).

Amplification products were separated by electropho-

resis on 1.5% agarose gels run in 1X TAE (Tris acetate

EDTA) buffer, stained with ethidium bromide and visual-

ized under UV light. Gel photographs were scanned

through Gel Doc System (Alpha ImagerTM IS-2200, USA).

PCRs were repeated at least twice to establish reproduc-

ibility of results.

Statistical analysis

Standard deviation was calculated following the method of

Snedecor and Cochran (1967).
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Results and discussion

In vitro propagation

After culture on MS medium without any PGSs (Fig. 1a

and b), the sprouted buds were subjected to MS medium

containing BAP and NAA at different concentrations,

differentiation was observed and multiple shoots were

formed along with the increased rhizomatous portions

(Fig. 1c). Out of the various combinations tried the

medium containing 8.0 lM BAP and 1.0 lM NAA

resulted in profuse shoot formation. Shoot portions

(about 1.5 cm from the base) were removed and ‘prop-

agules’ were cultured for multiplication (Table 1). Once

again, the medium containing 8.0 lM BAP and 1.0 lM

NAA resulted in enhanced multiplication (Table 1;

Fig. 1d). Thus, starting with one explant more than

20 propagules could be obtained. There has been a

fivefold increase in multiplication following ‘shoot cut’

compared with control, i.e. ‘without shoot cut’ (Table 2).

Following this protocol 20% higher number of plantlets

could be regenerated when compared with an earlier

study (Bag 2001) where a combination of 5.0 lM BAP

and 2.0 lM NAA supplemented to MS medium was

used. This is the first report from this species wherein

following in vitro ‘shoot cut’ method higher rate of

multiplication (1:20) is obtained at the end of second

subculture (Table 2; Fig. 1d).

A short treatment of IBA for only 7 days, resulted in

root initiation and IBA at 100 lM resulted in more than

90% rooting (Table 3; Fig. 1e); the number of roots per

plantlet was more than six with length of longest root being

50 mm (data not shown). In an earlier study using IBA or

NAA (0.5, 1.0 mg/l) up to 30% rooting was observed in

4–6 weeks (Sood et al. 2002b). When hardening (Fig. 1f,

g) under greenhouse and polyhouse/nethouse condition, the

plants formed well developed and profuse root system

(Fig. 1h) with a survival rate of 85%.

Light and/or gelling agents have been reported to

influence in vitro shoot multiplication, rooting and sub-

sequent establishment (Kumar et al. 2002, 2003). There-

fore, their effect was examined in this investigation and it

indicated a gradual increase in average multiplication

(values in parentheses represent increment in folds), in

increasing order, i.e. white CFL ? agar (2.55), PAR ?

agar (3.32), PAR ? phytagel (5.59) and white CFL ?

phytagel (6.35). Thus, the later combination is recom-

mended for faster multiplication of this species as it has

Fig. 1 Various stages during

the development of in vitro

propagation protocol of D.
hamiltonii. a A 20-year-old

mother bush of D. hamiltonii,
the source of explants; bar
100 cm, b establishment of

explant in MS medium without

PGSs; bar 1 cm, c sprouted

buds cultured on MS medium

supplemented with 6.0 lM BAP

and 1.0 lM NAA during first

subculture, bar 1 cm, d shoot

multiplication on MS medium

supplemented with 8.0 lM BAP

and 1.0 lM NAA during second

subculture; bar 1.5 cm,

e rooting in propagules

following shoot cut; bar 1.5 cm;

inset: profuse rooting in the

propagules, f transfer of in vitro-

raised plants to soil; bar 6 cm,

g hardening of in vitro-raised

plants in a polyhouse; bar 8 cm,

h well-developed root system of

hardened plants ready for field

plantation; bar 25 cm, i in vitro-

raised plants 6 months after

field plantation; bar 75 cm
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been found to be 2.5 times more than the combination of

white CFL ? agar, which is commonly used in tissue

culture.

Morphological and physiological evaluation of field

grown plants

Data related to plant height, number of culms and leaf

characteristics were recorded. Plant height was found to

significantly increase with time and almost sixfold increment

was observed within 1 year and 6 months. Although not

much difference in the number of culms was recorded, all the

leaf characteristics (leaf length, width, area and so on)

improved with increase in plant height (data not shown).

CO2 and water vapor exchange parameters indicated that

with leaf maturation, the photosynthetic characteristics of

the in vitro-raised plants also increased markedly. The rate of

photosynthesis increased from 3.55 CO2 lmol m-2 s-1

(hardened plants, ready for field transfer) to 5.44 lmol

CO2 m-2 s-1 (6 months of field transfer; Fig. 1i); after a

year of plantation, the rate of net photosynthesis was

14.0 lmol CO2 m-2 s-1, while after 1.5 years it was 12.76

CO2 lmol m-2s-1. These values are comparable to those

observed for the mother bush (Fig. 2). Transpiration rate also

increased simultaneously with the age of the plant (Fig. 2).

WUE also showed a similar pattern like net photosynthesis.

It is apparent that WUE of 18 months old plant (after field

transfer) is comparable to that of the mother bush, i.e. 0.516

and 0.529, respectively. A similar trend was also observed

for Ci/Ca ratio of 18-month-old field transferred plants and

the mother bush with values 0.497 and 0.617, respectively

(Fig. 2). During this span of time (1.5 years), the plant sur-

vival rate was over 70%. The observed slight decrease in the

net photosynthesis after 1.5 years of field transfer is possibly

due to recording of data on newly formed leaves during

spring/flush.

Table 2 Effect of shoot cut method on multiplication of propagules

of D. hamiltonii

Treatment (lM) Multiplicationa,b (no. of propagules)

Without shoot

cut (control)

After shoot

cut

8.0 BAP ? 1.0 NAA 3.6 ± 1.34 16.6 ± 2.07

3.8 ± 0.84 16.4 ± 1.95

3.2 ± 0.84 14.8 ± 2.77

3.4 ± 0.89 17.2 ± 0.84

3.8 ± 0.84 16.4 ± 1.95

A propagule consisted of three shoots; data were recorded after

3 weeks during second subculture; each row represents treatment

given to different batches of propagules
a Treatment consisted of three propagules per flask and conducted in

triplicate
b Mean ± SD

Table 3 Effect of IBA on rooting of propagules following shoot cut

Treatmenta (IBA, lM) Average rooting (%)b

0.0 0.0 ± 0.0

10.0 0.0 ± 0.0

20.0 8.0 ± 0.79

40.0 8.0 ± 0.79

60.0 13.0 ± 0.95

80.0 32.0 ± 1.62

100.0 93.0 ± 0.67

150.0 26.0 ± 0.84

200.0 4.0 ± 0.52

A propagule consisted of three shoots
a Each treatment consisted of 10 propagules per flask and in replicate

of 10 flasks
b Calculated on per flask basis; data were recorded following 7 days

treatment in IBA and subsequently placing them in IBA-free medium

for 2 weeks; mean ± SD
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Fig. 2 CO2 and H2O vapor

exchange parameters of mother

and in vitro-raised plants of

D. hamiltonii. Bars denote ±SD

values
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Molecular analysis

Field evaluation of tissue-culture-raised plants and their

performance (morphological and physiological evaluation)

is important for long-term assessment and commercial

applications. Furthermore, checking the genetic fidelity of

such plants is necessary for the production of genetically

uniform regenerants. In recent years, DNA profiling

through RAPD techniques has been used for the analysis of

diversity and identification of duplicates within large

germplasm population (Virk et al. 1995), phylogenetic

relationships (Millan et al. 1996) and for assessing genetic

fidelity of tissue-culture-raised plants (Isabel et al. 1993;

Rani et al. 1995). The need for assessing genetic stability in

bamboo tissue culture using molecular techniques has also

been highlighted (Gielis et al. 2002).

In the present investigation, during the primer-screening

step for RAPD analysis, six primers produced clear and

score able amplification products in all the samples from

D. hamiltonii plants (Table 4). When amplified, these six-

random primers produced a total of 33 fragments ranging

in size from 0.3 to 2.6 kb (Table 4). The number of frag-

ments produced by a primer ranged from 4 (OPC15) to 7

(OPA5 and OPA11; Table 4). The pattern of RAPD frag-

ments produced by the random primer OPA5 is shown in

Fig. 3. All amplification products were found to be

monomorphic across the in vitro-propagated plants and the

corresponding mother plant. In reaction on the template of

DNA isolated from plants at different stages of growth with

primers OPA3, OPA4, OPA5, OPA19 and OPA15, any

variation was not observed in the mother plant and in vitro-

raised plants. This indicates the presence of genetic fidelity

among the regenerants of D. hamiltonii obtained in this

study. In a similar study, the clonal fidelity of in vitro-

raised plants of Bambusa balcooa and B. tulda was con-

firmed by RAPD analysis (Das and Pal, 2005); these

workers advocated the use of axillary meristem culture for

true-to-type or clonal propagation. In this investigation,

preliminary test was carried out using RAPD during

various stages of growth and development of in vitro-raised

plants, up to 1.5 years after field plantation, to check the

presence of somaclonal variation, if any, which may occur

in plants propagated in vitro, and reported in many species,

for example, Coffea arabica (Rani et al. 2000), Musa

paradisiaca (Gimenez et al. 2001), Elaeis guineensis

(Rival et al. 1998) and so on.

As in many other reports, nodal segments taken from

precocious branches (Ramanayake and Yakanadawala

1997) were used as explant in this study, where axillary

buds were used for further multiplication. The approach

taken in the present investigation ensures clonal propaga-

tion of true-to-type plants. The efforts made in this study

have enhanced in vitro multiplication (by 5-fold) when

compared with control. More than 90% rooting was

recorded in this study when compared with the earlier

reports (Sood et al. 2002a, b) wherein only up to 30%

rooting was demonstrated. The hardening and field per-

formance of in vitro-propagated plants is particularly

important aspect that needs utmost attention. Substantial

numbers of in vitro-propagated plants do not survive after

transfer from controlled in vitro conditions to ex vitro

environment of the green house and later in the open field.

Our result demonstrated more than 70% plant survival in

the field and is comparable with the earlier report (Sood

et al. 2002a).

In conclusion, this study describes an effective regen-

eration, multiplication, rooting and field establishment

protocol for in vitro propagation of D. hamiltonii. These

features are necessary for the adoption of in vitro propa-

gation technology for large-scale multiplication of this

species. Tissue-culture methods allows the production of a

large number of plantlets identical with the mother plant is

less labor intensive and cheaper once the methods have

Table 4 Total number of amplified fragments and number of poly-

morphic fragments generated by PCR using RAPD markers

Name

of primer

Sequence

of primer

Total no. of

amplified products

Size range

(kb)

OPA 3 AGTCAGCCAC 5 0.3–2.6

OPA 4 AATCGGGCTG 5 0.3–2.4

OPA 5 AGGGGTCTTG 7 0.4–2.5

OPA 11 CAATCGCCGT 7 0.3–2.5

OPC 15 GACGGATCAG 4 0.3–0.7

OPA 19 CAAACGTCGG 5 0.3–2.5

Fig. 3 RAPD pattern of mother bush and in vitro-raised D. hamil-
tonii plants generated by primer OPA5, where M weight marker, MP
mother plant, 1–2 plants just after transfer to soil (0 day), 3–4 plants

after transfer to the polyhouse/nethouse (15-day-old), 5–6 fully

hardened plants ready for field transfer (2-month-old), 7–8 plants

6 months after field plantation and 9–10 plants 18 months after field

plantation
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been standardized and, hence, offers distinct advantages

over conventional methods for multiplication of elite

bamboo clones (Prutpongse and Gavinlertvatana 1992;

Saxena and Dhawan 1999; Gielis et al. 2002; Godbole et al.

2002; Sood et al. 2002a, b; Das and Pal 2005).

The outcome of the work would help in refining the

multiplication and rooting steps for the development of

technology packages for mass-scale propagation and cul-

tivation of D. hamiltonii; this will not only help in large-

scale multiplication of this useful multipurpose bamboo

species for the restoration of degraded land, but also result

in deriving economic benefits by the local communities.
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