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Abstract The effects of sodium nitroprusside (SNP) on

the multiplication, regeneration and rooting of Malus

hupehensis Rehd. var. pinyiensis Jiang in tissue culture

have been investigated. The results showed that the mul-

tiplication of plantlets was promoted significantly by

applying 20 lM SNP to the Murashige and Skoog (MS)

medium containing 2.0 lM 6-benzylaminopurine (BA) and

1.0 lM zeatin (ZT). Multiplication of plantlets from the 1st

subculture was more sensitive to SNP than that from the

4th or 7th subculture. The differentiation and regeneration

of adventitious shoots from leaves or cotyledons increased

significantly when 20–30 lM SNP was supplied to the

medium MS containing 25 lM BA, 2.5 lM a-naphtha-

leneacetic acid (NAA) and 2.5 lM ZT. Adventitious shoots

regeneration frequency from cotyledons was higher than

that from leaves at the presence of SNP. The rooting of

plantlets was promoted by SNP significantly and the best

result for rooting was achieved in the half-strength MS

medium containing 75 lM SNP. In addition, adventitious

roots without callus distributed at the base of shoots when

SNP was supplied.

Keywords Malus hupehensis � Multiplication �
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Abbreviations

BA 6-Benzylaminopurine

IBA Indole-3-butyric acid

MS Murashige and Skoog medium

NAA a-Naphthaleneacetic acid

NO Nitric oxide

SNP Sodium nitroprusside

ZT Zeatin

Introduction

Malus hupehensis Rehd. var. pinyiensis Jiang is a woody

plant originated from China, a variety of M. hupehensis

Rehd. (tea crabapple). It is highly capable of resisting

water-logging, shade, cold, and disease (Li 2001). Thus, it

is often used as a rootstock for propagating apples. As

PYTC is apogamic, plants are uniform, and little variation

is observed among progeny. Moreover, it is amenable for

genetic transformation, and therefore ideally suited for

genetic studies (Yang and Jie 1997). It is well known that

successful transformation of woody fruit trees relies on a

good regeneration system (Gómez-Lim and Litz 2004;

Petri and Burgos 2005), but an efficient regeneration sys-

tem has not been previously reported for M. hupehensis.

Adventitious shoot and root regeneration is a key step of

the establishment of regeneration system of plant. Recently,

it has been found that nitric oxide as a novel messenger

molecule can regulate plant growth and development (Neill

et al. 2003). Pagnussat et al. (2002) and Huang and She

(2003) found that exogenous NO could induce adventitious

root formation in cucumber and mung bean hypocotyl cut-

tings. Besides, Correa-Aragunde et al. (2004) also dem-

onstrated that NO played key role in determining lateral root

development in tomato. Tun et al. (2001) reported that
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cytokinin could induce release of NO in plant cell cultures,

such as Arabidopsis, tobacco and parsley. In addition, NO

could also promote the growth of leaves in peas (Leshem

1996) and induce the elongation of root tip in maize (Gouvea

et al. 1997). All these indicated that NO might play a role in

cell division and therefore participate in adventitious shoot

regeneration and multiplication.

In view of the particularity of M. hupehensis and the

importance of NO, this study was to elucidate effects of

NO on proliferation and regeneration of M. hupehensis and

to lay the foundation for the future genetic transformation

of M. hupehensis.

Materials and methods

Plant materials

The plantlets and cotyledons of M. hupehensis seedlings

were used as source material. The plantlets were selected

after subculture for approximately 25 days. The first 1–3

expanded leaves were separated from subculture plantlets;

the leaf edges were excised, and then cultured in the

regeneration medium. All cotyledons were surface-steril-

ized in 75% ethanol for 30 s, and rinsed three times with

sterile distilled water. Subsequently they were immersed in

a 0.1% HgCl2 solution containing 2–3 drops of Tween-20

for 6 min and rinsed five times in sterile distilled water.

The sterilized cotyledons were placed in the regeneration

medium. The subculture medium consisted of Murashige

and Skoog (MS; Murashige and Skoog 1962) supple-

mented with 2.0 lM 6-benzylaminopurine (BA), 1.0 lM

zeatin (ZT) and 1.0 lM a-naphthaleneacetic acid (NAA).

Subculture was performed every 30 days on the same

medium.

Experimental design

Culture media and culture conditions

MS medium was used as basal medium in all experiments.

Every medium was supplemented with 3% (w/v) sucrose

and solidified with 0.65% (w/v) agar (Solarbio, Beijing,

China). All media were adjusted to pH 5.8–6.2 with 1 N

KOH or 1 N HCl before autoclaving at 120�C, 1 atm for

20 min. Sodium nitroprusside (SNP) was as the NO donor.

All growth regulators except sodium nitroprusside (SNP)

were added before autoclaving. SNP was added after

autoclaving by filtering. All cultures except control were

kept in dark at 23–25�C in the first 6–7 days and later

under a 16/8 h (day/night) photoperiod with a light inten-

sity of 50 lM m-2 s-1 provided by cool white fluorescent

tubes.

Shoot multiplication

The basal multiplication medium was MS medium con-

taining 2.0 lM BA and 1.0 lM ZT. Plantlets from the 1st,

4th or 7th subculture about 2–3 cm high were separated,

and then were transferred to the multiplication medium

with various SNP concentrations (0, 5, 20, 30, 40 or

60 lM). Mean number of shoots per plantlet were recorded

after 25 days.

Adventitious shoots regeneration from leaves

or cotyledons

Separated leaves and the sterilized cotyledons were cul-

tured in the regeneration medium containing 25 lM BA,

2.5 lM ZT and 2.5 lM NAA supplemented with different

SNP concentrations (0, 10, 20, 30, 40 or 50 lM) respec-

tively. Initial cultures were incubated for 15 days in the

dark and subsequent culture in the light. The average

number of shoots per leaf or cotyledon and the adventitious

shoots regeneration frequency were calculated after 50 and

40 days of treatment, respectively.

Adventitious root formation

The isolated shoots with 2–4 cm long collected from sub-

culture medium were harvested and transferred to the half-

strength MS medium supplemented with various SNP con-

centrations (0, 25, 50, 75 or 100 lM), 2.5 lM IBA or

1.5 lM NAA. Rooting percentage, number of roots and root

morphology were determined after 40 days of treatment.

Data collection and statistical analysis

The experiment was repeated three times, with each

experiment consisting of 30 explants per treatment. The

average number of shoots was presented as the mean

shoots regenerated from leaves or cotyledons. Regenera-

tion percentage was expressed as the average percentage of

leaves or cotyledons that developed shoots divided by the

number of total leaves or cotyledons. ANOVA for statis-

tical analysis and shortest significant ranges (SSR) for

multiple comparisons were computed using the SAS soft-

ware program (SAS Institute Inc. 1999). Standard errors of

the difference between treatments were presented.

Results

Effects of SNP on shoot multiplication

The effects of different SNP concentrations on shoot

multiplication were detected (Fig. 1). Figure 1 showed that
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SNP stimulated shoot multiplication in a dose-dependent

manner. In the multiplication medium without SNP, the

multiplication of plantlets was slower. Mean number of

shoots per plantlet increased with the rising of SNP con-

centrations from 0 to 20 lM. The application of 20 lM

SNP significantly induced the increase of multiple shoots

compared with the multiplication medium without SNP

(P B 0.05). However, multiplication of plantlets declined

when the SNP concentrations were higher than 30 lM.

Furthermore, the role of SNP on shoot multiplication of

the plantlets from different subcultures was also recorded

in our experiments. Multiplication of plantlets from the 1st

subculture was more sensitive to SNP than that from the

4th or 7th subculture. The number of shoots per plantlet

from the 1st subculture approached 11.26 at 20 lM SNP,

where the number of shoots was markedly higher compared

with other treatments (P B 0.05). There were no significant

effects on shoot multiplication of plantlets from the 7th

subculture when the SNP concentrations were lower than

20 lM. But higher SNP concentrations (beyond 40 lM)

suppressed the shoot multiplication and reduced number of

shoots per plantlet. These results showed that multiplica-

tion of plantlets from the 1st subculture was more sensitive

to SNP than that from the 4th or 7th subculture and high

concentration of SNP was adverse to shoot multiplication.

Effects of SNP on adventitious shoots regeneration

from leaves

MS media containing different SNP concentrations were

tested for adventitious shoots regeneration from leaves

(Fig. 2). The SNP from 10 lM to 40 lM induced adventi-

tious shoots regeneration and good development of shoots,

especially in the medium containing 30 lM SNP where

regeneration frequency and average number of shoots

reached 78.6% and 9.35, respectively (Fig. 5a). Therefore,

the higher concentration SNP inhibited the regeneration of

adventitious shoots, and reduced regeneration frequency and

number of adventitious shoots. Leaves became brown and

necrotized in the medium with 50 lM SNP (Fig. 5b). These

results suggested that SNP also induced adventitious shoots

regeneration from leaves in a dose-dependent manner.

Effects of SNP on adventitious shoots regeneration

from cotyledons

The effects of SNP on the adventitious shoots regeneration

from cotyledons were also detected (Figs. 3, 5c). Figures

showed that all media with various SNP concentrations

could promote adventitious shoots regeneration, but their

effects were different. The number of shoots and regener-

ation frequency were higher on the MS supplemented with

SNP than those in the medium without SNP. Cultured in

the medium containing 20 lM SNP, cotyledons produced

the highest regeneration frequency (85.5%) and the most

shoots. About 20 lM SNP obviously induced adventitious

shoots regeneration from cotyledons.

Effects of SNP on adventitious root formation

No adventitious roots formed in the medium without auxins

and SNP. However, addition of SNP-induced adventitious
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Fig. 1 Effects of various concentrations of SNP on shoots multipli-

cation of M. hupehensis var. pinyiensis from different subcultures.
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meaning. Means showing the same letter with number are not

significantly different (P [ 0.05). Vertical bars: standard error
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Fig. 2 Effects of various concentrations of SNP on adventitious

shoots regeneration from leaves of M. hupehensis var. pinyiensis. a
Percent shoot formation. b Number of shoots forming on each shoot-

producing leaf. Means showing the same letter are not significantly

different (P [ 0.05). Vertical bars: standard error
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root formation significantly. Rooting percentage, number of

adventitious roots, number of lateral roots and number of

total roots (sum of adventitious roots and lateral roots)

gradually increased with the increasing of SNP concentra-

tions from 0 to 75 lM (Fig. 4). Rooting percentage and

number of adventitious roots reached 86.2% and 2.5,

respectively, in the medium with 75 lM SNP. When SNP

concentrations were over 75 lM, the numbers of adventi-

tious roots decreased. The number of lateral roots was

highest in the medium containing 100 lM SNP. These

results showed that adventitious root formation was more

sensitive to the concentration of SNP than the lateral root

formation.

About 75 lM SNP was significantly different from

2.5 lM IBA or 1.5 lM NAA for rooting percentage. NAA

produced the greatest number of adventitious roots, but no

lateral root was found in the adventitious roots. Plantlets

cultured in the medium containing 100 lM SNP produced

the highest number of lateral roots and the highest number

of total roots. This indicated that 100 lM SNP in the half-

strength MS medium was more suitable for lateral root

formation than 2.5 lM IBA or 1.5 lM NAA.

Effects of SNP on root morphology

Effects of SNP on root morphology were investigated after

40 days of culture (Fig. 5 and Table 1). The MS medium

containing SNP for rooting produced even distribution of

lateral roots and longer roots, and the roots formed directly

from the shoot base (Fig. 5d). When IBA was added into

the medium, fewer adventitious roots and more lateral roots

from the adventitious roots were formed, and lateral roots

distributed at middle and upper part of the adventitious root

(Fig. 5e). Furthermore, NAA resulted in more adventitious

roots and no lateral roots in the adventitious roots.

The heavy callus at the base of shoots and rooting from

the callus were found, and the roots were thick and short

in the medium containing NAA (Fig. 5f and Table 1).
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Comparably, SNP-induced roots presented more similar to

the natural morphology than IBA- and NAA-induced roots.

Discussion

A series of physiological changes of plantlets are happen-

ing in long-term subculture process. Different stage of

subculture has different sensitivity to regulator. Multipli-

cation of plantlets from the 1st subculture was more

sensitive to SNP than that from the 4th or 7th subculture

(Fig. 1). Carimi et al. (2005) provided the evidence that

NO was produced in suspension cell cultures treated with

BA in a dose-dependent manner. Figure 1 shows that shoot

multiplication regulated by SNP in a dose-dependent

manner too.

The influence of nitric oxide was closely related to plant

hormones on the plant growth. Tun et al. (2001) demon-

strated rapid increase of NO release in plant cell cultures

induced by cytokinin and implied that NO might act in

cytokinin signal transduction. Cytokinins regulate a number

of important processes including adventitious shoots dif-

ferentiation and regeneration of plant in vitro. This report

demonstrated that SNP obviously induced adventitious

shoots differentiation and regeneration from leaves and

cotyledons in vitro. The role of NO on adventitious shoots

regeneration is poorly understood in previous studies. The

mechanism underlying adventitious shoots differentiation

Fig. 5 Adventitious shoots regeneration from leaves and cotyledons,

and adventitious roots formation in M. hupehensis var. pinyiensis. a
Adventitious shoots regeneration from leaves on the regeneration

medium with 30 lM SNP. b Adventitious shoots regeneration from

leaves on the regeneration medium with 50 lM SNP. c Adventitious

shoots regeneration from cotyledons on the regeneration medium with

20 lM SNP. d Rooted plantlets on �MS ? 75 lM SNP. e Rooted

plantlet on �MS ? 2.5 lM IBA. f Rooted plantlet on

�MS ? 1.5 lM NAA

Table 1 Effects of SNP on root

morphology of M. hupehensis
var. pinyiensis

Treatment (lM) Root color Lateral roots

distribution

Root morphology Callus at the

base of shoots

SNP0 (�MS only) None None None None

SNP50 Pink Even Long and thin None

SNP75 Pink Even Long and thin None

SNP100 White Even Long and thin None

IBA2.5 Kelly Middle and upper From thick to thin Little

NAA1.5 White None Thick and short Heavy
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induced by exogenous nitric oxide may be similar. Because

exogenous cytokinins led to a rapid stimulation of NO

release in cell cultures which has the properties necessary for

a potential role in cytokinin signal transduction (Tun et al.

2001). Therefore, NO can be considered as an ‘intermedi-

ary’ of adventitious shoots differentiation and it is

more efficient and effective to induce adventitious shoots

regeneration.

Adventitious rooting involves the development of a

meristematic tissue after removal of the primary root sys-

tem. More recently, it was demonstrated that NO was

involved in the auxin response during adventitious root

formation in cucumber (Pagnussat et al. 2002) and a sub-

sequent report showed that an NO-mediated cGMP-

dependent pathway was operating in that process (Pag-

nussat et al. 2003). This report showed that the NO donor

of SNP could regulate the formation of adventitious root in

woody plant (Fig. 4). Auxin induced dedifferentiation of

parenchyma cells and entrance to cell division to form the

root meristem (De Klerk et al. 1995; Fujita and Syôno

1996). Auxin and NO have also been suggested to share

common steps in signal transduction pathways leading to

root elongation (Gouvêa et al. 1997). These indicate that

NO may interact with auxins linking the regulation of cell

division to differentiation during the ‘‘de-differentiation’’

and ‘‘re-differentiation’’ of plant cells (Ötvös et al. 2005).

Comparative effects of SNP, IBA and NAA on adven-

titious root formation were remarkably different. SNP

promoted rooting resulted in even distribution of lateral

roots, no callus at the base of shoots and rooting directly

from the shoot base. When IBA was added, it resulted in

more lateral roots and middle and upper distribution of

lateral roots. The MS medium containing NAA for rooting,

it produced heavy callus at the base of shoots and rooting

from the callus (Fig. 5d–f). Pagnussat et al. (2002) found

that NO- and IAA-induced roots presented similar ana-

tomic structure. These indicate that the effect of NO on

adventitious roots is similar to indole auxin (such as IAA

and IBA), and is significantly different from naphthalene

auxin (such as NAA).
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