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Abstract The effects of nitric oxide (NO) on caulogen-

esis, shoot organogenesis and rhizogenesis from hypocotyl

explants of Linum usitatissimum were investigated. Exog-

enously supplied NO donors, 5 lM sodium nitroprusside

(SNP), 2 lM S-nitroso-N-acetylpenicillamine (SNAP) and

2 lM 3-morpholinosydnonimine (SIN-1), significantly

promoted shoot differentiation from the hypocotyl explants

of L. usitatissimum excised from its in vitro raised seed-

lings. Potassium ferrocyanide, a structural analogue of

SNP, lacking NO group, did not promote shoot organo-

genesis. Likewise, products of NO, NO�2 and NO�3 sup-

plied as 5 lM NaNO2 and 5 lM NaNO3 did not enhance

shoot differentiation. Another source of NO, a mixture of

sodium nitrite (SN) provided along with ascorbic acid

(AsA), also caused significant promotion in the average

number of shoots per responding explant. SNP also

augmented the rhizogenic response of the microshoots in

terms of percentage of responding explants, number of

roots per responding explant and average root length.

The NO scavengers, 2-(4-carboxy-phenyl)-4, 4, 5, 5-tetra-

methylimideazoline-1-oxyl-3-oxide (cPTIO) or methylene

blue (MB), provided along with SNP, SNAP, SIN-1 or

SN ? AsA, at concentrations equimolar to the optimum

concentration of the donors, reversed the promotory influ-

ence, thereby, confirming the role of NO in promotion of in

vitro morphogenesis. However, NO scavengers individu-

ally did not affect the observed morphogenic processes.

Morphological and histological studies of hypocotyl seg-

ments cultured on BM or BM ? SNP for 4, 8 and 12 days

demonstrated that SNP enhanced shoot differentiation by

inducing a higher number of shoot primordia, each of

which develops into a single shoot.
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Rhizogenesis

Introduction

Nitric oxide (NO) is a ubiquitous, versatile and highly

diffusible bioactive gaseous free radical. It influences a

plethora of biological processes in both animals and plants

(Lamattina et al. 2003; Wilson et al. 2008). The plant

responses that have been shown to be modulated or med-

iated by NO are seed germination, hypocotyl elongation

(Beligni and Lamattina 2000; Bethke et al. 2006), rhizo-

genesis (Pagnussat et al. 2003), stomatal movement

(Desikan et al. 2004), senescence (Leshem and Haramaty

1996), flowering (He et al. 2004) and xylem differentiation

(Gabaldón et al. 2005). NO also alleviates biotic stress by

inducing host resistance (Delledonne et al. 1998) and abi-

otic stresses by serving as an antioxidant (Beligni and

Lamattina 1999). The experiments, results of which are

presented here, were undertaken to investigate the effect of

NO on in vitro morphogenesis, more specifically caulo-

genesis (shoot differentiation), utilizing hypocotyl explants

of Linum usitatissimum, an important fiber- and oil-yield-

ing plant. The effect of NO on rhizogenesis of the in vitro

developed shoots was also studied. A number of studies

have demonstrated flax hypocotyl to be a highly responsive

explant for in vitro regeneration through caulogenesis or

embryogenesis (Link and Eggers 1946; Gamborg and

Shyluk 1976; Kaul and Williams 1987; Dedičová et al.

2000; Salaj et al. 2005). Because of its well-characterized
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regenerative potential and capability of forming shoots on

basal media, L. usitatissimum was chosen as experimental

material for the present study.

Materials and methods

The seeds of L. usitatissimum cv. Neelam were procured

from the botanical garden of the Department of Botany,

University of Delhi, India. The seeds were surface steril-

ized with 0.1% mercuric chloride (w/v) for 7–8 min, and

were then implanted on to the basal medium (BM), com-

prising Murashige and Skoog (1962) medium, supple-

mented with 3% sucrose and gelled with 0.8% agar.

Hypocotyl explants (1 cm long), excised from 11-day-old

in vitro raised seedlings were used as caulogenic explants.

In vitro regenerated microshoots (5.5–6 cm) were used for

the experiments on rhizogenesis. BM was supplemented

with different concentrations of freshly prepared solutions

of NO donors, sodium nitroprusside (SNP, 0–40 and

0–6 lM), 3- morpholinosydnonimine (SIN-1, 2–16 and

0–5 lM) and S-nitroso-N-acetylpenicillamine (SNAP,

2–16 and 0–5 lM), alone or along with a NO scavenger, 2-

(4-carboxy-phenyl)-4, 4, 5, 5-tetramethylimideazoline-1-

oxyl-3-oxide (c-PTIO) or methylene blue (MB), at con-

centrations equimolar to the concentration of NO donor.

The effect of potassium ferrocyanide, a structural analogue

of SNP but not a NO donor, was tested at 5 lM. Ther-

molabile chemicals (SNP, SNAP, SIN-1, cPTIO and MB)

were filter sterilized and were added to other constituents

of the medium which were sterilized by autoclaving. Prior

to autoclaving, the pH of the media was adjusted to 5.8. All

cultures were exposed to continuous light of 70 lMm-2s-1

and 16 h photoperiod, provided by 40-W cool day fluo-

rescent tubes, and incubated at 25 ± 2�C with 50–60%

relative humidity. For all but one experiment, the cultures

were evaluated for the number of caulogenic or rhizogenic

explants after 21 days of culture. The results of these

experiments have been expressed as the percentage of

responding explants, average number of roots or shoots per

responding explant and average shoot or root length. In one

experiment, explants were scored for the number of shoot

domes (protuberances), shoot buds and shoots after 4, 8 and

12 days of culture. All experiments were repeated at least

twice with 30 explants per treatment each time.

The data were subjected to one-way analysis of variance

(ANOVA, P B 0.05) using SPSS version 10. To test the

significance of the observed differences, pairwise com-

parisons were made by using Post Hoc Tukey HSD test at

P B 0.05. Graphs were generated by using Microsoft Excel

2007. The bars in the figures represent mean ± standard

deviation. Different letters on the bars represent signifi-

cantly different values.

The origin of shoots was traced by carrying out histo-

logical studies of hypocotyl segments cultured on BM or

BM ? SNP for different time periods (4, 8 and 12 days).

The explants were fixed in FAA (100% formalin : glacial

acetic acid : 50% ethanol, 1:1:18). These were dehydrated

by passing through tertiary butyl alcohol dehydration series

(50, 70, 85, 95 and 100%), followed by infiltration and

embedding in paraffin wax as described by Johansen

(1940). The paraffin blocks with hypocotyl segments were

mounted on wooden blocks and 6-lm-thick sections were

cut using a rotary microtome. The sections stained with 1%

safranin and 0.05% astra blue were mounted in DPX on

glass slides (Johansen 1940). The sections were observed

under a compound microscope (Nikon microscope E600)

and photographed with a Nikon digital camera (DXM

1,200) fitted over it. For each of the two treatments for

which histological study was carried out, sections from 12

explants were observed.

Results and discussion

For studying the effect of NO, generally its donors are used

as exogenous sources rather than the gas directly because

direct exposure to NO is technically difficult and cumber-

some. Commonly used NO donors are SIN-1 (Hung and

Kao 2004), SNP, S-nitrosoglutathione, SNAP, Roussin’s

Black Salts, NOR-3 (?/-)-(E)-4-ethyl-2-[(E)- hydroxyi-

mino]-5-nitro-3-hexenamide (Neill et al. 2003). Sodium

nitrite was provided along with an antioxidant as ascorbic

acid releases NO at acidic pH (Hung and Kao 2004). In the

present study, initially the effect of 0–40 lM SNP was

studied on the caulogenic response of L. usitatissimum

hypocotyl explants. At 5 lM, SNP increased the average

number of shoots per explant, whereas the percentage of

responding explants remained unaffected. At the next

higher concentration (10 lM), the caulogenic response was

lower than even that of the control. At 20 and 40 lM,

explants bleached without showing any morphogenic

development (data not presented). Therefore, the next

experiment was conducted using a narrow range (0–6 lM).

All the concentrations of SNP augmented the caulogenic

response by increasing the average number of shoots per

explant with significant increase being only at 4 and 5 lM

(Fig. 1). Although the percentages of responding explant

and average shoot length also varied among the treatments,

the differences were not significant, and therefore these

data have not been presented in the figures.

The other two NO donors, SNAP and SIN-1, were also

tested first at concentrations ranging from 2 to 16 lM.

Among the tested levels, only 2 lM of both donors

increased the average number of shoots significantly with

response at the higher concentrations either comparable to
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or less than the control (data not presented). However,

unlike SNP, even at the highest concentration of these

donors, explants were visibly healthy and some developed

shoots. As 2 lM was the only concentration of both that

promoted caulogenic response, in the next set of experi-

ments the effect of these donors was tested at 1–5 lM.

Both SNAP and SIN- 1 optimally raised the average

number of shoots per explant at 2 lM (Fig. 1). The other

source of NO, that is SN at different concentrations along

with AsA in the ratio of 2:1 (Kröncke and Kolb-Bachofen

1996), also promoted the caulogenic response with the

optimal combination being 30 lM SN ? 15 lM ASA

(Fig. 1). This combination is not commonly used as a NO

source because of the possibility of the formation of other

radicals. However, it has been shown to counteract toxicity

due to reactive oxygen species (Beligni and Lamattina

1999; Hung and Kao 2004). An average of 10 shoots were

produced from the explants cultured at the optimal con-

centration of SNAP compared to about 7–8 from the

explants cultured on the optimum concentrations of SNP,

SIN-1 or SN ? AsA. Whether these differences are sta-

tistically significant cannot be ascertained as all these four

experiments were conducted at different times maintaining

BM control each time.

To rule out the possibility that the observed promotory

effects of NO donors were due to NO�2 and NO�3 ; stable

metabolites of NO (Ullrich et al. 1997; Beligni and

Lamattina 1999), the effect of 5 lM NaNO2 and 5 lM

Fig. 1 Caulogenic response of hypocotyl explants of Linum usita-
tissimum cultured for 21 days on MS medium supplemented with

different concentrations of SNP (0–6 lM), SNAP (0–5 lM) SIN-1

(0–5 lM), and a combination of sodium nitrite and ascorbic acid.

Bars represent mean ± SD. Different letters on the individual bars of

each of the four experiments presented signify significantly different

values among the treatments of the same experiment (P B 0.05)

Fig. 2 Caulogenic response of hypocotyl explants of Linum usita-
tissimum cultured for 21 days on MS medium supplemented with

optimum concentration of SNP (5 lM), SNAP (2 lM), SIN-1 (2 lM)

and sodium nitrite (30 lM) and ascorbic acid (15 lM) alone or along

with equimolar concentrations of cPTIO or MB. Bars represent

mean ± SD. Different letters on the individual bars of each of the

four experiments presented signify significantly different values

among the treatments of the same experiment (P B 0.05)
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NaNO3 was also studied. Although MS basal medium, used

in the present study, contains about 40 mM (40,000 lM) of

nitrate, an additional 5 lM of NO�2 or NO�3 ; was supple-

mented to rule out the remote possibility of the observed

increase in response due to this negligible rise in nitrate or

nitrite concentration. As expected, neither of these had any

effect on the caulogenic response (data not presented).

Likewise, potassium ferrocyanide, a structural analog of

SNP which lacks NO moiety, did not affect the caulogenic

response. This also ruled out the possibility of the observed

effect of SNP being due to cyanide (CN-), known to be

released by SNP (Manjunatha et al. 2008; Murgia et al.

2004).

To further ascertain that the observed promotion in the

caulogenic response was due to NO released by its donors,

specific NO scavengers cPTIO (Beligni and Lamattina

2000; Parı́s et al. 2007) and MB (Gouvêa et al. 1997; Giba

et al. 1998; Zhao et al. 2007) were used alone or along with

NO donors at concentrations equimolar to the optimum

concentration of the respective NO donor. Both scavengers

when provided along with a NO donor partially or

completely negated their promotory effect (Fig. 2). Of the

two, cPTIO was more effective than MB. However, when

provided alone, these scavengers did not affect either the

morphogenic response or the onset of differentiation of

hypocotyl explants. This apparently rules out the involve-

ment of endogenous NO. However, the existence of

endogenous NO in the hypocotyl explants and its effect on

their morphogenic response can not be conclusively ruled

out as cPTIO is supposed to be cell impermeable, and

therefore can react only with NO or its derivatives which

diffuse out of the cells (Planchet and Kaiser 2006).

In order to decipher whether SNP promotes a caulogenic

response by increasing the number of shoot primordia or by

promoting the development of more than one shoot from

each primordium, ontogenic observations were made at

both morphological and histological levels. In addition, this

study also aimed to reveal whether SNP advances the onset

of differentiation. Morphological observations made at

intervals of 1 day revealed that, by the fourth day of cul-

ture, dome-like protuberances developed on the surface of

both the control and treated explants. These protuberances

Fig. 3 a–f Development of

shoots from the hypocotyl

explants of Linum usitatissimum
cultured on basal medium (BM;

a–c) or the same adjuvated with

SNP (5 lM; d–f) for 4 (a,d), 8

(b,e) and 12 days (c,e)
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increase in size during the next 4 days and get converted to

shoot buds. After 4 days of culture, the dome-like struc-

tures, developed on the surface of hypocotyl explants

cultured on medium adjuvated with SNP, were at advanced

stages of development as compared with explants on BM.

By the eighth day, shoot buds along with newly developed

shoot domes (protuberances) could be observed on the

explants. By the end of 12 days, most of the shoot buds had

developed into elongated shoots (Fig. 3a–f). As new shoot

domes continue to develop even after 4 days of culture, at

each time interval, shoot primordia and shoot buds as well

as open shoots were counted. At any given time (4, 8 and

12 days), the total number of shoot primordia/shoot buds/

shoots was significantly higher on SNP-adjuvated medium

than on BM (Table 1).

Histological analysis of the longitudinal sections of

hypocotyl explant cultured on BM or BM ? SNP revealed

that domes observed at morphological levels after 4 days

of culture are, in fact, meristematic tissue arising from

epidermal or sub epidermal regions of the explant. The

latter could be distinguished from the adjoining tissue

because of their deep staining and small sized cells

(Fig. 4a, d). During the course of culture, domes get con-

verted into shoot buds which later elongate to form shoots

(Fig. 4b, c, e, f). The shoot buds originated from the control

as well as treated explants without any intervening callus

phase (Fig. 4a–f). In an earlier published study on L. usi-

tatissimum (Link and Eggers 1946), direct shoot bud

development from the epidermal cells of the hypocotyl

explants was reported. Another noteworthy observation

was that, at any time interval, shoot bud primordia, shoot

buds or shoots were at advanced stages of development on

SNP-adjuvated medium compared with BM. However,

SNP or other donors did not affect the morphology of the

shoots.

Table 1 Ontogeny of caulogenesis at morphological level in hypocotyl explants cultured on MS basal media alone or supplemented with SNP

for 21 days

Treatment (lM) Total explants Average number of meristematic domes/shootbuds/shoots per responding explant

4 days 8 days 12 days 21 days

BM 96 4.60 ± 0.67 b 5.67 ± 0.54 b 5.90 ± 0.33 b 5.76 ± 0.46 b

SNP (5) 96 6.28 ± 0.38 a 7.63 ± 0.80 a 7.99 ± 0.49 a 7.78 ± 0.89 a

Values represent means ± standard deviation

Values in a column followed by different letters are significantly different at P B 0.05

Fig. 4 a–f Longitudinal sections of hypocotyl explant of Linum
usitatissimum cultured on basal medium (BM; a–c) or the same

adjuvated with SNP (5 lM; d–f) for for 4 (a,d), 8 (b,e) and 12 days

(c,f) showing meristematic dome (md) and shoot buds with leaf

primordia (pl). Scale bar pertains to 50 lm

Fig. 5 Rhizogenic response of in vitro developed shoots of Linum
usitatissimum cultured on MS medium for 21 days supplemented with

different concentrations of SNP (0–4 lM). Bars represent

mean ± SD. Different letters on the individual bars signify signif-

icantly different values (P B 0.05)
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On the basis of both morphological and histological

observations, it is concluded that SNP augments the caul-

ogenic response by increasing the number of meristems.

Enhanced differentiation of meristems in SNP-adjuvated

medium could possibly be explained on the basis of earlier

reports (Ötovös et al. 2005; Pagnussat et al. 2004) showing

regulation of cell cycle-regulatory genes and mitogen-

activated protein kinases by NO. In addition, NO might be

modulating expression of genes associated with shoot

meristem differentiation.

The promotion of adventitious roots by NO has been one

of the widely reported and analyzed NO effects on plants

(Pagnussat et al. 2002, 2003; Stöhr and Stremlau 2006). In

the present study, too, NO provided as SNP promoted

rooting of microshoots regenerated from the hypocotyl

explants. However, unlike its effect on shoot differentia-

tion, NO promoted rhizogenesis in terms of all the fol-

lowing parameters observed in this study: the percentage of

responding explants, average number of roots per shoot,

and average root length (Fig. 5). This promotory effect of

SNP on rhizogenesis was also reversed by the NO scav-

enger, cPTIO (Fig. 6). cPTIO alone did not affect the

rhizogenic response. This observation is at variance with

the previous reports by Pagnussat et al. (2002, 2003) who

observed a significant reduction in rhizogenic response of

cucumber hypocotyl explants by cPTIO alone. However,

Gouvêa et al. (1997) reported that MB, though negating the

elongation of maize roots induced by NO donors, had no

effect when provided alone.

Along with its well-known effect on rhizogenesis, the

present study reports the promotory influence of NO on

shoot differentiation under in vitro conditions, an unknown

effect of NO until recently. However, very recently, Han

et al. (2009) reported promotion of in vitro regeneration

and multiplication of Malus hupehensis by SNP. In this

report, although the promotory effect of SNP was attributed

to NO, no additional experiments involving the use of NO

scavengers alone or along with SNP were conducted. The

present observations conclusively demonstrate the effect of

NO on de novo differentiation of shoots, thus adding one

more dimension to already known effects of this small,

simple and versatile signaling molecule. This opens up new

vistas of research for the elucidation of components of the

signal cascade downstream NO leading to its effect on

caulogenesis.
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