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Abstract Nitric oxide (NO) plays diverse roles in the
growth and development of plants and in their responses to
various abiotic and biotic stresses. It has also been reported
to repress flowering in Arabidopsis thaliana. In the present
study, NO donors sodium nitroprusside (SNP), S-nitroso-
N-acetyl penicillamine (SNAP), and 3-morpholinosydnon-
imine (SIN-1) induced flowering in Lemna aequinoctialis
6746 (a short-day strain) and in L. aequinoctialis LPg
(a photoperiod-insensitive strain) under noninductive con-
ditions. Nitrate and nitrite, two stable metabolites of NO,
did not induce flowering. On the other hand, cyanide
donors potassium ferricyanide {K;[Fe(CN)g]} and potas-
sium cyanide (KCN) induced flowering in both strains
under noninductive conditions. The flowering induced
under a 8-h daily photoperiod regime in the short-day strain
L. aequinoctialis 6746 was inhibited by NO and cyanide
donors. Vegetative multiplication of both strains was
adversely affected by NO and cyanide donors, irrespective
of the photoperiod conditions. The observed effects of
NO donors on flowering were substantially negated by
NO scavengers c-PTIO [2-(4-carboxyphenyl)-4.4,5,5-tet-
ramethylimidazoline-1-oxyl-3-oxide] and methylene blue.
This confirmed the role of NO in induction of flowering.
The inductive effect of CN™ also appeared to be partly
mediated through NO as NO scavengers partially negated
the effect of CN™.
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Introduction

Nitric oxide (NO), once considered a harmful pollutant,
became an important regulatory molecule when an
unidentified endothelium-derived relaxation factor in
mammals was recognized to be NO (Ignarro and others
1987). Despite its small and simple structure, NO plays an
important regulatory role in a number of biological pro-
cesses in both animals and plants (Moncada and Higgs 2006;
Krasylenko and others 2010). It plays a critical role in many
processes that affect plant growth and development and their
responses to abiotic and biotic stresses (Arasimowicz and
Floryszak-Wieczorek 2007; Besson-Bard and others 2008).
It has been shown to be involved in seed germination,
rhizogenesis, hypocotyl elongation, de-etiolation, stomatal
movement, xylem differentiation, mitochondrial activity,
oxidative stress, disease resistance, senescence, and pro-
grammed cell death (Besson-Bard and others 2008;
Krasylenko and others 2010). Recently, the stimulatory
effect of NO on shoot differentiation has also been reported
(Kalra and Babbar 2010).

The transition from the vegetative to the reproductive
stage has also been reported to be influenced by NO in
Arabidopsis thaliana. Its flowering was delayed by an
exogenous supply of NO, and also in a mutant overpro-
ducing NO (He and others 2004). Before Arabidopsis
(a dicot) became a system of choice for molecular genetic
analyses of floral induction and development, members of
the family Lemnaceae (monocots, commonly called
duckweeds) were used routinely as model systems for
physiological studies related to flowering (Kandeler 1984).
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Therefore, for the present study, Lemna was chosen to study
the effect of NO on its flowering. The observations presented
in this communication demonstrate the inductive effect of
NO (provided exogenously as its donors) on the flowering of
two duckweed strains, Lemna aequinoctialis 6746 (a short-
day plant) (Kandeler 1984) and L. aequinoctialis LPg
(a photoperiod-insensitive strain) (Khurana and Maheshwari
1983) under noninductive conditions.

Materials and Methods

The aseptic stock cultures of Lemna aequinoctialis Welw.
(synonyms: L. paucicostata Hegelm. and L. perpusilla
Torrey), strains 6746 and LPg, were raised on modified
Bonner and Devirian’s (1939) medium, supplemented with
1% (w/v) sucrose, the pH of which was adjusted to 5.5
before autoclaving. These strains were maintained by
subculturing after every 8-10 days. The cultures were
maintained under a photoperiodic regimen of 16-h light
(18 uE m2 s ") and 8-h dark. For subculturing, single
three-frond colonies were individually transferred to
100-ml Erlenmeyer flasks (Borosil, India), each containing
40 ml of autoclaved nutrient medium, in a laminar flow
cabinet. The flasks were plugged with cotton plugs (non-
adsorbent cotton wrapped in a layer of muslin cloth). Like
stock cultures, each experimental culture was also initiated
with a single three-frond colony in a 100-ml flask con-
taining 40 ml of the medium. For one experiment, plants
from one stock culture were used to minimize the variation
due to the “aging” or “stale” medium effect (Khurana and
Cleland 1992). Three replicates were used for individual
treatments of all experiments and each experiment was
repeated at least twice.

The stock solution of c-PTIO [2-(4-carboxyphenyl)-4,
4,5,5-tetramethylimidazoline- 1-oxyl-3-oxide] (Sigma, USA),
made in distilled water, was stored at —20°C. The solu-
tions of SNP (sodium nitroprusside, Sigma, USA), SNAP
(S-nitroso-N-acetyl penicillamine, Sigma, USA), SIN-1
(3-morpholinosydnonimine, Sigma, USA), KCN (potas-
sium cyanide, Hi Media, India), K3[Fe(CN)¢] (potassium
ferricyanide, Ranbaxy, India), and methylene blue (Hi
Media, India) were made fresh for each experiment. These
chemicals were added to the autoclaved medium after filter
sterilization.

The stock and experimental cultures were kept under
16-h daily illumination (6 a.m.—10 p.m.) and 8 h of dark-
ness (10 p.m.—6 a.m.). Short-day treatment consisted of 8 h
of light (10 a.m.—6 p.m.) and 16 h of dark (6 p.m.—10 a.m.).
Light was provided by cool daylight fluorescent tubes
(40 W, Philips) at 18 pE m~2 s™'. The temperature of the
culture room (in both light and dark conditions) was
maintained at 25 £ 2°C. Plants were either exposed to a

16-h daily photoperiod throughout the duration of experi-
ment or were initially exposed to a 16-h photoperiod for
2 days, followed by an 8-h photoperiod for 4 days, and
then transferred to a 16-h photoperiod for additional
3-6 days. These two regimens are hereafter referred to as
the 16-h daily photoperiod and the 8-h daily photoperiod,
respectively. Experiments conducted with L. aequinoctialis
LPg¢ strain were terminated 11-12 days after culture initi-
ation and those with L. aequinoctialis 6746 were evaluated
after 9-10 days of culture. On termination of the experi-
ments, plants from each replicate flask were fixed sepa-
rately in 90% alcohol. The bleached fronds were spread on
a glass slide and examined under a microscope to count the
number of flowering fronds (all those showing character-
istic bilobed anthers, Fig. 1 A-D). For comparing the
vegetative multiplication under different treatments, the
total number of fronds in each flask was counted.

Statistical analysis of the data and the preparation of
graphs were done by using Microsoft Excel 2007. The bars
in the figures represent mean + standard error.

Results and Discussion

The switch to flowering is a major developmental step and
an inherently complex process as it depends on quantitative
integration of multiple environmental and endogenous
signals (Baurle and Dean 2006). The physiological studies
on floral transition have led to the identification of several
putative floral signals, including growth regulators, which
play important roles in chemical control of flowering
(Corbesier and Coupland 2006). The involvement of NO in
flowering of A. thaliana was revealed as one of its mutants
(nox-1), which overproduces NO, flowered late, whereas
the other mutant (nos-1), which produces less NO, flowered
early. Moreover, an exogenously provided NO donor
repressed flowering (He and others 2004). Subsequent to
this report, there has been no other communication that
reports the involvement of NO in the flowering of any
plant. Therefore, in the present study, the role of NO in the
flowering of aseptically grown plants of L. aequinoctialis
was investigated. NO donors that mimic a NO effect are
generally employed for physiological studies as the treat-
ment of biological samples directly with NO gas is difficult
(Neill and others 2003; Floryszak-Weiczorek and others
2006). Moreover, use of more than one donor is advocated
to ensure that the observed effect is due to the NO released
and not due to the NO donor per se (Neill and others 2003).
Therefore, in the present study, the effect of three NO
donors, SNP, SNAP, and SIN-1, was studied.

Under noninductive conditions of the 16-h daily pho-
toperiod, none of the two strains of L. aequinoctialis
flowered in the basal medium (Fig. 2a, b). However, NO
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Fig. 1 A, B Vegetative and
reproductive fronds of the strain
6746, respectively. C,

D Vegetative and reproductive
fronds of the strain LPg,
respectively. a anther, p pistil
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Fig. 2 Effect of different concentrations of SNP, SNAP, SIN-1, Kj3[Fe(CN)g], and KCN on the flowering and vegetative growth of
L. aequinoctialis 6746 (a) and LPg (b) under 16-h daily photoperiods

donors induced flowering in both strains (Fig. 2a, b). both SNP and SNAP, whereas SIN-1 was most effective at
Among the different concentrations of the three donors,  a concentration of 6 uM. The strain LP¢ exhibited maximal
maximal flowering in strain 6746 was observed at 4 uM of  flowering at 6 uM of SNP and 4 pM of both SNAP and
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Table 1 Flowering and

LPg

No. of fronds % Flowering No. of fronds

. Concentration 6746
vegetative growth of (M)
L. acquinoctialis 6747 and LPg K % Flowering
as affected by potassium
ferricyanide (0-2 pM) 0 0
0.5 0
1.0 0
1.5 2.0 £ 0.60
2.0 14.40 £ 1.70

56.0 £2.0 0 66.0 £ 2.50
5030 £ 1.15 0 56.0 = 1.60
45.0 £ 1.50 0 47.0 £+ 2.60
40.0 £ 225 450 £ 1.0 39.0 £ 1.20
33.30 £+ 1.60 22.30 £ 1.50 35.0 £ 1.80

SIN-1. SNAP and SIN-1 were not as effective as SNP in
inducing flowering in the two strains (Fig. 2a, b). The
multiplication of fronds of both strains was adversely
affected by the three NO donors, with the degree of inhi-
bition being directly proportional to their concentration
(Fig. 2c, d). Even in inhibiting vegetative multiplication,
SNAP and SIN-1 were not as potent as SNP (Fig. 2c, d).
To rule out the possibility of the observed effects due to
NO,~ and NO;~, stable metabolites of NO (Ullrich and
others 1997), the effect of sodium nitrite and sodium nitrate
added individually to the medium at different concentra-
tions (2, 5, and 10 uM) was also studied. None of these
initiated flowering in either of the two investigated strains
(data not presented). Likewise, sodium nitrite (10, 20 pM)
and ascorbic acid (5, 10 uM), provided together as a source
of NO (Kronke and Kolb-Bachofen 1996), did not induce
flowering in either strain (data not presented).

SNP, along with NO, also generates cyanide as the first
volatile breakdown product (Bethke and others 2006).
Cyanide has been shown to induce flowering in Lemna
(Tanaka and others 1983). Therefore, studying the effect of
cyanide along with SNP became necessary to ascertain the
cause of the observed inductive effect on flowering by the
latter. In the present study, cyanide donors (Ks;[Fe(CN)g
and KCN) induced flowering in both strains under a 16-h
daily photoperiod, and the most effective concentrations of
these two cyanide donors were 2 and 15 puM, respectively
(Fig. 2a, b). However, as the most effective concentration
of potassium ferricyanide was the lowest of the tested
concentrations, another experiment was conducted to study
its effect at levels lower than 2 uM. Also in this experi-
ment, maximal flowering in both strains was recorded at
2 uM (Table 1). Cyanide donors also affected the multi-
plication of the fronds adversely in a dose-dependent
manner (Fig. 2c, d).

Under an 8-h daily photoperiod, about one third of the
fronds of the short-day strain 6746 flowered in the basal
medium (Fig. 3a), whereas fronds of strain LPg remained
exclusively vegetative (Fig. 3b). In strain 6746, flowering
induced by the inductive short-day conditions was inhib-
ited by SNP and SNAP, at all of the tested concentrations
(Fig. 3a). Even in its inhibitory effect on flowering, SNAP
was not as potent as SNP (Fig. 3a). In comparison with

their inhibitory effect on flowering in the strain 6746, both
SNP and SNAP induced flowering in the photoperiod-
insensitive strain LPg, with maximal flowering at 6 and
4 uM, respectively (Fig. 3b). Under these photoperiodic
conditions, SNP was more effective than SNAP in inducing
flowering (Fig. 3b). Although SNP induced flowering
in LPg under 8-h-photoperiod conditions, it was not as
effective as under 16-h photoperiods. Thus, the flowering
response observed at the most effective concentration
(6 uM) under an 8-h photoperiod was almost one third of
the corresponding value under 16-h photoperiods (Figs. 2b,
3b). However, the effect of SNAP was essentially similar
under both photoperiodic conditions (Figs. 2b, 3b). Irre-
spective of their effect on flowering, both NO donors
inhibited vegetative growth of the strains 6746 and LPg¢ in a
dose-dependent manner, as evidenced by the decrease in
total frond number (Fig. 3c, d).

Of the two CN donors, only the effect of K;[Fe(CN)g]
was studied on the flowering response in both 6746 and
LP¢ under 8-h photoperiods. K;[Fe(CN)¢] inhibited flow-
ering in the strain 6746, whereas it induced flowering in
LPg at all concentrations (Fig. 3a, b). However, vegetative
growth of both strains was reduced as the concentration of
ferricyanide increased (Fig. 3c, d).

To confirm that the observed effects were due to NO
released by the NO donors, specific NO scavengers c-PTIO
(Goldstein and others 2003) and methylene blue (Cragan
1999) were used alone or in combination with NO donors.
¢-PTIO is known to be highly specific for NO scavenging.
It is used extensively to scavenge NO because it does not
react with any ROS (Goldstein and others 2003). When
provided alone at concentrations equimolar to the optimal
concentration of SNP, NO scavengers c-PTIO and methy-
lene blue did not induce flowering under 16-h daily pho-
toperiodic conditions in either strain (Fig. 4a, b). However,
they had a slight inhibitory effect on the vegetative growth
of both strains (Fig. 4c, d). When provided along with
SNP, both NO scavengers negated the inductive effect of
SNP with varying degrees of efficacy (Fig. 4a, b). Of the
two NO scavengers, c-PTIO was more -effective in
negating the floral inductive effect of SNP than methylene
blue. Along with SNAP, SIN-1, K;[Fe(CN)¢], and KCN,
only the effect of c-PTIO was studied. The flowering
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Fig. 3 Effect of different concentrations of SNP, SNAP, and K;[Fe(CN)g] on the flowering and vegetative growth of L. aequinoctialis 6746

(a) and LPg4 (b) under 8-h daily photoperiods

induced by these in both strains was negated by c-PTIO
(Fig. 4a, b).

Under inductive short-day conditions, the inhibitory
influence of SNP and SNAP on the flowering response of
strain 6746 was significantly negated by c-PTIO (Fig. 5a).
The other NO scavenger, methylene blue, also was able to
counteract the inhibitory effect of SNP on flowering of
strain 6746 (Fig. 5a, b); however, it was not as effective as
c-PTIO. In 8-h daily photoperiod conditions, SNP and
SNAP induced flowering in strain LPs. This inductive
effect of SNP and SNAP was negated by c-PTIO and
methylene blue to different extents, the latter being used
only with SNP (Fig. 5b). When provided alone, c-PTIO did
not have any significant effect on the flowering of either
strain (Fig. 5a, b). The inhibitory effect of SNP or SNAP
on the vegetative growth of both strains was not negated by
¢-PTIO or methylene blue (Fig. 5c, d).

This counteracting effect of NO scavengers strength-
ened the view that the observed induction or inhibition of
flowering in the investigated duckweeds was due to NO.
Moreover, NO scavenger c-PTIO partly negated the effect
of CN, although it is not known to scavenge CN™ (Bethke

@ Springer

and others 2006). These results are in agreement with an
earlier report of reduction of Arabidopsis seed dormancy
(Bethke and others 2006) by both NO and CN™. However,
¢-PTIO did not negate the effect of CN™ to the same extent
as that of NO donors. One intriguing possibility indicated
by these observations is that the flower-inducing effect
of cyanide is partly through NO. This implies that it
somehow stimulates NO production, as was also indicated
by the observations of Bethke and others (2006). In their
study, the NO scavenger c-PTIO negated both cyanide- and
SNP-stimulated Arabidopsis seed germination. It was
suggested that cyanide could break dormancy by increasing
the NO concentration. This elevation of NO concentration
was ascribed to either reduced breakdown of NO or an
increase in NO synthesis. Moreover, cyanide could have
potentiated the sensitivity of seeds to NO and acted
downstream of NO production (Bethke and others 2006).
Alternatively, cyanide might have increased the NO con-
centration by interfering with its catabolic cycle involving
hemoglobin (Bethke and others 2006). Yet another possi-
bility is that the breakdown of NO because of its reduction
by cytochrome oxidase (Borutaité and Brown 1996) might
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Fig. 4 Effect of c-PTIO and methylene blue, provided alone or along with SNP, SNAP, SIN-1, K;[Fe(CN)4], or KCN on the flowering and
vegetative growth of L. aequinoctialis 6746 (a) and LP¢ (b) under 16-h daily photoperiods

be prevented by the inhibition of cytochrome oxidase by
cyanide, a well-known effect of the latter (Siegien and
Bogatek 2006).

In the present study, although the possible qualitative
differences in the actions of SNP, SNAP, and SIN-1 were
not detected, SNP proved to be more potent than SNAP and
SIN-1. This could not have been due to the amount of NO
produced by each donor as SNAP generates higher
amounts of NO than SNP (Wink and others 1996). In
addition, SNAP is much more effective in releasing NO,
both in vitro and in vivo (Floryszak-Weiczorek and others
2006). The major reason that there is more flowering with
SNP appears to be that along with NO it also produces
cyanide, which too induces flowering when provided alone

through CN™ donors. On the other hand, both SNAP and
SIN-1 decompose to produce only NO. This explanation
gains more credence because the quantitative flowering
response (~30%) due to SNP was almost equal to the sum
total of the flowering induced by SNAP/SIN-1 (~7-9%)
and CN™ (~20%). The observed higher efficacy of c-PTIO
than of methylene blue was probably because of differ-
ences in their modes of action. c-PTIO reacts specifically
with NO (Graziano and others 2002), whereas methylene
blue inhibits NO production and/or action (Cragan 1999).
K;5[Fe(CN)g] shares structural features with SNP but lacks
a nitroso group and thus the ability to generate NO.
Dissociation of K;[Fe(CN)g¢] and KCN results in the pro-
duction of free cyanides (Meeussen and others 1992).

@ Springer
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Fig. 5 Effect of c-PTIO and methylene blue, provided alone or along with SNP or SNAP, on the flowering and vegetative growth of L.

aequinoctialis 6746 (a) and LP¢ (b) under 8-h daily photoperiods

K;s[Fe (CN)g¢] was much more effective than KCN in
inducing flowering at their most effective concentrations.
This could be because ferricyanide has six times more
cyanide on a molar basis than KCN and thus generates
approximately six times more HCN than KCN.

The observed differential effect of NO on flowering of
Arabidopsis (He and others 2004) and Lemna (present
study) is nothing new, as promotive or suppressive effects
of plant hormones on flowering is known to vary among
different species (Fujioka and others 1983). Thus, Lemna, a
monocot, responding to NO in a manner different from
Arabidopsis, a dicot, is not surprising. One possible
explanation for the contrasting effect of NO on the flow-
ering of Arabidopsis and Lemna could be that NO under
inductive conditions represses flowering, whereas under
noninductive conditions it induces or promotes this
response. The present observations that NO induced flow-
ering under noninductive conditions (as in L. aequinoctialis

@ Springer

6746 under long days and in L. aequinoctialis LPg under
either of the photoperiods) and inhibited flowering under
inductive photoperiodic conditions (as in L. aequinoctialis
6746 under short days) conform with this presumption. The
inductive effect of NO on flowering could have been due to
the initiation of a cascade of events leading to the activa-
tion of genes involved in flowering normally affected by a
favorable photoperiod. It is well known that several genes
affected by NO are also regulated by light (Griin and others
2006; Thomas 2006). He and others (2004) also observed
that NO influences the regulation of genes responsible for
photoperiod perception and the ones associated with floral
transition. The inhibitory effect of NO on flowering in
L. aequinoctialis 6746 under inductive short-day condi-
tions could have been due to a buildup of supraoptimal
levels of NO itself or component(s) of its signaling path-
way. The speculation derives credence from the fact that
NO is known to be a global player in the hormone signaling
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pathway (Neill and others 2003) and can directly or indi-
rectly influence signaling cascades involving Ca®", cGMP,
and so forth (Durner and others 1998).

In conclusion, the present communication reports the
inductive effect of NO donors on the flowering of duck-
weeds. The earlier reported and presently confirmed effect
of CN" on flowering of Lemna appears to be partly medi-
ated through NO. However, the signaling events leading to
induction of flowering of the studied plants by NO at the
moment remain largely inexplicable. Therefore, it would
be worthwhile to investigate the signaling pathway con-
necting NO and flowering. One possibility that also needs
examination is that the observed flowering due to NO could
be a stress response. Stress-induced flowering has been
reported in many plants (Wada and Takeno 2010) and NO,
besides being known to alleviate stress, causes stress in
certain situations (Arasimowicz and Floryszak-Wieczorek
2007). The observed inhibitory effect of NO donors on the
vegetative growth of the studied plants is also indicative of
stress caused by NO donors. The present findings would
necessitate a fresh outlook into relating NO with flowering.
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