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Introduction
Seed germination, an early developmental event, starts with 

imbibitional water uptake and culminates into radicle protrusion [1-3]. 
Seed germination involves activation of embryonic growth following 
hydration. Underlying this activation is a metabolic upregulation 
that includes some subtle intangible regulatory components like 
reactive oxygen species (ROS) which are connected with messengers 
like hormones through complex signaling chains [4]. Among 
phytohormones, GA and ABA are well known for their antagonistic 
action for seed dormancy and germination. They play a contrasting role 
- GA breaks dormancy and promotes germination while ABA maintains
dormancy and inhibits germination. Role of GA and ABA has been
firmly established particularly by studying through mutational analysis
[5]. Thus seeds of GA-deficient mutants do not germinate in absence
of exogenous GAs and also germination can be prevented by GA
biosynthesis inhibitors. On the other hand, seeds of an ABA-deficient
mutant can germinate even in absence of GAs [5]. However, the exact
mode of action of these hormones at molecular level in the process
of germination (radicle emergence) is not clear. Ethylene, another
plant hormone involved in the control of growth and developmental
processes, has also been reported to break dormancy and promote
germination of seeds in a number of species [2,6,7]. Ethylene mimics
the action of GAs since seeds of GA deficient mutant germinate upon
application of ethylene [8]. Also, ethylene mutants show phenotypes
that resemble ABA action as these mutants do not germinate well
and are hypersensitive to ABA [9]. However, the exact mechanism of
ethylene action in promoting germination is not established, although
an ethylene-ABA interaction has been demonstrated in controlling
germination [10].

Recently, reactive oxygen species (ROS) have been demonstrated to 

play roles in growth and development either directly by participating 
in the process of cellular growth or differentiation or indirectly by 
signaling for induction of processes or reactions related to growth 
and differentiation. Seeds are reported to generate ROS either in dry 
condition or even when imbibed [11] and ROS generation has been 
associated with a positive role in the process of germination [12-14]. 
Attempts have been made to integrate phytohormones and ROS for 
their interaction either through cross talk in signaling or influencing 
metabolism in regulating germination [10,15,16]. However, the results 
are variable leading to no clear cut order of their position in the cascade 
of action.  Present study is aimed to explore the interactive role of GA, 
ABA and ethylene and possible involvement of ROS in mediation of 
hormone action during seed germination of Vigna radiata.  

Materials and Methods
Seeds of mung bean [Vigna radiata (L.) Wilczek var B1], collected 

from Pulses and Oilseeds Research Station, Berhampur, Murshidabad, 
West Bengal, India, were used as experimental material. Seeds were 
first sterilized in sodium hypochlorite solution, rinsed in distilled water 
several times and incubated in 9 cm Petri dishes on Whatman no.1 filter 
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Abstract
Regulation of seed germination is quite complex and is further complicated by interaction of hormones like 

gibberellin (GA), abscisic acid (ABA) and ethylene. Moreover, the involvement of reactive oxygen species (ROS) 
in hormone signaling for such regulation is still less understood. The aim of the present study was to explore the 
interactive role of GA, ABA and ethylene and possible involvement of ROS in mediation of hormone action during 
seed germination of Vigna radiata.  Seeds of V. radiata were germinated in presence of hormones, their biosynthesis 
or action inhibitors and in combinations with hydrogen peroxide and at intervals germination percentages were 
determined. Treated seeds were also tested for production of superoxide by NBT staining and analysed for NADPH 
oxidase (NOX) activity by in-gel assay. ABA and paclobutrazole (GA biosynthesis inhibitor) inhibited germination of 
non-dormant V. radiata seeds. GA recovered germination from inhibition by Ag+ (ethylene action inhibitor) whereas 
paclobutrazole-induced inhibition could not be recovered by ethylene. But ethylene could recover significantly ABA-
inhibited germination. Treatment with H2O2 rescued germination from inhibition by ABA, paclobutrazole and Ag+ with 
efficiency in the order ABA> Ag+>paclobutrazole. Superoxide (O2.-) production, as revealed by NBT staining, was
found mostly in the apical part of the axis in control and ethylene treated seeds and to a less extent in GA treated 
seeds while almost no stain was found in case of treatments with ABA, Ag+ and paclobutrazole. In-gel assay of 
NOX activity showed three bands in control and in case of treatments with ethylene, GA and fluridone while intensity 
became less for one or more bands in case of paclobutrazole, ABA and Ag+ treatment. It appears that ethylene and 
ABA is antagonistic to each other while GA is partially independent in regulating germination of Vigna radiata seeds 
through mediation of ROS.
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paper moistened with 2.5 cm3 distilled water or test solutions under 
controlled temperature (30 ± 2°C) and darkness in a seed germinator.

To establish the roles of phytohormones, seeds of V. radiata were 
directly treated with various concentrations of Gibberellic acid (GA; 
0.01, 0.1 and 1 mM), Abscisic Acid (ABA; 0.01, 0.1 and 1 mM) and 
paclobutrazole (PAC; 0.01, 0.1 and 1 mM), a GA biosynthesis inhibitor 
and incubated as mentioned earlier. Germination percentage was 
monitored at hourly intervals after 6 h of incubation. 

For any possible interaction among hormones seeds were subjected 
to combined treatments and assessed for recovery of germination. 
Combinations used were GA (1 mM) with AgNO3 (5 mM), ethrel 
(0.05 mM) with PAC (1 mM) and ABA (1 mM) with ethrel (0.05 mM). 
Similarly, for a possible interaction between ROS and hormones, seeds 
were treated with combination of H2O2 (10 mM) with ABA (1 mM), 
with paclobutrazole (1 mM) and with AgNO3 (5 mM) for any rescue 
from inhibition.

Superoxide generation by axes during germination under the 
effect of different treatments was detected by histochemical staining 
according to a modified method of Jabs et al. [17]. Whole seeds were 
either incubated in distilled water or treatments like Ethrel (0.05 mM), 
AgNO3 (5 mM), GA (mM), paclobutrazole (mM) and ABA (mM) for 
12 h followed by incubation in 0.5 mM nitroblue tetrazolium (NBT) in 
50 mM phosphate buffer (pH 6.8) for 20 min and observed for intensity 
of staining. NOX activity in axes of germinating seeds under different 
treatments was determined by an in-gel assay method. In this assay 
seeds of Vigna radiata were incubated in DW or treatment solutions for 
12 h. The enzyme was then extracted from embryonic axes isolated from 
seeds and the samples were run on non-denaturing polyacrylamide gels 
to detect NOX activity following the method described in Carter et al. 
[18]. The activity was graded by studying the band width and band 
intensity. 

Each experiment was conducted with three replicates and the mean 
values were presented. Germination percentage was calculated by 
counting germinated seeds (radicle emerged 2 mm) out of 100 seeds for 
each set. The data were expressed in figures and the standard errors (SE) 
of the means were calculated [19] and plotted in the figures as vertical 
bars. 

Results
Germination percentages of seeds of V. radiata incubated at different 

concentrations of GA (0.01, 0.1 and 1 mM), ABA (0.01, 0.1 and 1 mM) 
and paclobutrazole (0.01, 0.1 and 1 mM) for different durations along 
with a control have been shown in figure 1. In case of treatments with 
GA, germination percentage was found to be almost similar to control 
at all concentrations of GA (Figure 1A), whereas in case of seeds treated 
with different concentrations of ABA significant inhibition (reaching 
maximum of 40%) was found only at 1 mM, lower concentrations (0.01 
and 0.1 mM) being almost ineffective (Figure 1B). Paclobutrazole was 
also effective in preventing germination almost completely only at high 
concentration (1 mM) while lower concentrations (0.01 and 0.1 mM) 
could not alter much the germination percentage (Figure 1C).

Figure 2 is related to the hormonal interaction in regulating 
germination. To study the effect of GA in absence of ethylene action, 
seeds treated with a combination of AgNO3 (5 mM) and GA (1 mM) 
showed a good recovery of germination as the germination percentage 
in case of combined treatment reached very near to control (almost 
90%) compared to Ag+-treated seeds (about 25%) after 24 h (Figure 2A). 
Conversely, for the action of ethylene in absence of GA biosynthesis 

seeds were treated with a combination of paclobutrazole (1 mM) and 
Ethrel (0.05 mM). Ethrel could marginally improve germination only 
after 24 h of incubation (Figure 2B). To study ethylene-ABA interaction 
during germination, seeds were incubated in a mixture of ABA (1 mM) 
and Ethrel (0.05 mM) along with ABA and Ethrel treatments alone 
and control (DW). In the combined treatment germination percentage 
increased over ABA alone from the beginning (near control value) and 
reached almost 90% after 24 h of incubation (Figure 2C). 

To study the interaction of ROS with ABA, ethylene and GA, seeds 
treated with ABA (1 mM), AgNO3 (5 mM) and PAC (1 mM) were 
supplemented in all cases with H2O2 (10 mM) (Figure 3). Results showed 
that germination percentage of the seeds treated with the combination 
of ABA and H2O2 was recovered almost fully reaching almost to the 
level of control (Figure 3A). On the other hand, a significant recovery 
of germination was noted by combining AgNO3 with H2O2 (Figure 3B) 
and paclobutrazole with H2O2 (Figure 3C) compared to AgNO3 and 
PAC alone. Thus germination percentage reached nearly 80% in case of 
former combination while it reached up to 60% in the latter. 

Results of NBT staining for localization of superoxide producing 
tissues of V. radiata seeds subjected to treatments with ethylene (0.05 
mM), AgNO3 (5 mM), GA (1 mM), paclobutrazole (1 mM) and ABA (1 
mM) for 12 h along with a control have been depicted in figure 4. Seeds 
treated with ethylene and GA as well as control seeds showed stain 
of differential intensity in the apical region and part of the subapical 
region of the germinated axis. On the other hand, seeds treated with 
AgNO3, paclobutrazole and ABA remained unstained for any portion 
and axes also did not grow.

Figure 5 shows the photographs of in-gel assay for NOX activity in 
axes from V. radiata seeds treated with different hormones and their 
inhibitors. Three NBT-sensitive bands of almost equal intensity were 
found in the control set (Figure 5A). Axes from seeds treated with 
fluridone, ABA biosynthesis inhibitor and somewhat axes from GA-
treated seeds also showed a similar NOX profile. However, in case of 
paclobutrazole treatment the upper band was of less intensity, while in 
case of axes from ABA-treated seeds all three bands became faint (Figure 
5A). On the other hand, axes from ethylene-treated seeds showed a 
NOX profile similar to control, whereas bands almost disappeared in 
case of Ag+ treatment. 

Discussion
Phytohormones like GA and ABA and also ethylene play a major 

role in regulating the processes of dormancy release and germination 
[2,20]. Seed dormancy release and germination of seeds having coat 
dormancy result from the increased growth potential of the embryo 
that overcomes the constraint exerted by the covering layers like testa 
and endosperm [20]. ABA is a positive regulator of dormancy induction 
and its maintenance, while it is a negative regulator of germination. 
On the other hand, GA releases dormancy, promotes germination 
and counteracts ABA effects. Seeds of Vigna radiata are non-dormant 
having no residual endosperm and germination percentage started to 
increase upon imbibition after a lag of 6 h reaching maximum (nearly 
100%) at about 12 h of incubation. Exogenous application of GA 
was hardly effective in promoting germination further over control 
(Figure 1A). It can be assumed that endogenous GA biosynthesis in 
the radicle is sufficient enough to cause axis elongation associated with 
germination. On the contrary, exogenous application of ABA inhibited 
germination only at a very high concentration (1 mM) (Figure 1B) 
indicating a low sensitivity of seeds of this species (or variety) to ABA. 
Role of endogenous GA in germination of V. radiata seeds was further 
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proved by the experiment with paclobutrazole, a GA biosynthesis 
inhibitor that showed a marked decrease in percentage of germination 
particularly at high concentration (1 mM) (Figure 1C). Besides GA and 
ABA, ethylene has also important role in seed germination what we 
have already shown using ethylene action inhibitor, Ag+ (AgNO3) in 
case of V. radiata seeds [7]. Therefore, the role of these three hormones 
in controlling seed germination has been re-established in a model 
species, Vigna radiata.

Phenotypic analysis of mutants on hormone biosynthesis and 
action suggests a cross talk resulted from influence on synthesis and 
sharing of signalling components for control of most physiological 
and developmental processes [21]. Germination is a complex response 
expected to have converging signal inputs from several hormones. 
Indeed, antagonistic role of GA and ABA based on cross talk in 
signalling for seed germination is well established [22]. However, little 
was known about the interaction or cross talk of ethylene with GA and 
ABA until recently [10,20]. To study ethylene-GA interaction, AgNO3 
was used to stop ethylene action and exogenous GA was applied. It was 
observed, that GA could overcome the inhibitory effect of Ag+ after a 
short lag period (Figure 2A). On the contrary, the inhibition imposed 
on germination by paclobutrazole (Figure 2B) was marginally overcome 
by ethylene. Earlier observation that GA at high concentration restores 
germination of etr1 seeds while ethylene could not break dormancy 
in gib-1 mutant seeds [23,24] also leads to the same inference that 
GA has possibly a more direct action than ethylene. Weiss and Ori 
[25] proposed for both the positive and negative interaction between 
ethylene and GA. Other observations suggest that GA-ethylene 
interaction in case of seed germination seems to be complementary 
[2,26]. Apparently, GA might have its own signalling pathway or 
components apart from its interactive response pathway with ethylene 
that may counteract the effects of ABA. In case of recovery experiments 
with ethylene over ABA inhibition on germination of V. radiata seeds, 
a significant recovery of germination was noted (Figure 2C), though 
recovery was far less or almost nil when ABA treatment given alone for 

a considerable period followed by ethylene, as observed by us earlier 
in the same species [7]. Such recovery could be attributed to a strong 
interaction between ethylene and ABA signal transduction pathways 
and ethylene can promote germination by directly interfering with 
ABA signalling [9,21,27]. Linkies et al. [10] demonstrated that ethylene 
counteracts the inhibitory action of ABA on endosperm cap weakening 
and rupture during germination of Lepidium seeds. It was also observed 
by some workers that there was an increase in sensitivity to ABA with 
respect to germination and seedling establishment for wild type seeds 
of Arabidopsis in presence of AgNO3, which further demonstrates the 
negative regulation of ABA sensitivity by the action of ethylene [28].                                                    

It has recently emerged that besides their role in stress and 
pathogenic defence ROS can act as signalling molecule for several plant 
processes like growth and development [29-31] and that it may act 
downstream of plant hormones [32]. Therefore, it is quite reasonable to 
assume for a similar action of ROS action for GA and ABA during seed 
germination. Our recovery experiments in this study showed that H2O2 
rescued germination almost fully from the inhibition imposed by ABA 
(Figure 3A). ABA might have affected ROS metabolism either directly 
or by interfering with ethylene action on ROS metabolism as exogenous 
H2O2 suppressed the action of ABA. Sarath et al. [33] also demonstrated 
a reversal of ABA-induced inhibition of germination by H2O2 and 
they explained this as due to interference of H2O2 in ABA signalling 
possibly involving nitric oxide. On the other hand, action of GA on 
seed germination of V. radiata is in line with H2O2, as H2O2 can partially 
overcome the inhibition by paclobutrazole on germination (Figure 3C). 
Roles of ROS in GA signalling in the aleurone layer and programmed 
cell death (PCD) in Hordeum vulgare has already been established, 
where GA initiates cell death of aleurone cells, whereas ABA inhibits 
cell death [34]. However, GA may have some other way of signalling in 
use for germination as H2O2 could not fully rescue when GA synthesis 
was blocked by paclobutrazole. Liu et al. [15] demonstrated that H2O2 
upregulates ABA catabolism through NO signalling while promotes 
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Figure 1: Effect of hormones and their inhibitors on germination percentage of 
Vigna radiata seeds.
Seeds were incubated with medium containing (A) GA, (B) ABA and (C) pa-
clobutrazole (PAC) of different concentrations as mentioned in the figure and 
germination percentage was recorded at intervals. Data were mean of three 
replicate values and ± SE has been indicated as vertical error bars. 
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Figure 2: Effect of combined treatments of hormones and their inhibitors on 
germination percentage of Vigna radiata seeds.
Seeds were incubated with medium containing (A) AgNO3 (Ag) + GA, (B) pa-
clobutrazole (PAC) + ethylene (ETH) and (C) ABA + ethylene (ETH) at concen-
trations as mentioned in the figure and germination percentage was recorded at 
intervals. Data were mean of three replicate values and ± SE has been indicated 
as vertical error bars.
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GA synthesis thus favouring germination. On the other hand, Bahin 
et al. [16] proposed that H2O2 alleviates dormancy by activating GA 
signalling and synthesis, not by repressing ABA signalling. 

In order to verify the ethylene-ROS cross talk, seeds of V. radiata 
were tested for recovery by exogenous ROS from inhibition by ethylene 
action inhibitor (AgNO3). Significant recovery in germination was 
noted by the application of exogenous ROS supplied in the form of H2O2 
along with AgNO3 (Figure 3B). Conversely, treatment with ethylene was 
not that much effective in recovery of seed germination when added 
along with propyl gallate, a potent ROS scavenger, as observed earlier 
[12]. It appears that ROS are acting downstream, while ethylene is an 
upstream component for the signalling cascade regulating germination 
as was found in case of ROS action for elongation growth [35-37]. 

Whether these hormones (GA, ABA and ethylene) influence 
germination via ROS production was further tested by NBT staining 
for superoxide accumulation (Figure 4). Specifically the tip region and 
a part of subapical region of axis corresponding to the growing region 
were found to accumulate superoxide corroborating the view that 
apoplastic synthesis of ROS is involved in the cell elongation process 
associated with germination [37]. Treatment of seeds with GA and 
ethylene showed O2.- accumulation almost similar to the control set 
whereas treatments with ABA, paclobutrazole and Ag+ prevented such 
accumulation. This observation supports the view that these hormones 
interact with ROS for controlling germination [38]. Among the 
different possible pathways, ROS generation through a transmembrane 
enzyme, NAD(P)H oxidase (NOX), which transfers electrons from 
cytoplasmic NAD(P)H to O2 to form O2•– in the apoplast has been 
proposed to play important role in developmental phenomena [39,40]. 
NADPH oxidases from plants have been reported to be encoded by 
Rboh (respiratory burst oxidase homologs) gene family [41,42]. It is 
proposed that NOX-generated O2•– is metabolized further to H2O2 

gel assay for NOX activity in the axes from germinating seeds showed 

Finally, it can be concluded that ethylene essentially plays a positive 
role in seed germination of Vigna radiata with a possible interaction 
with ROS, the latter may be placed downstream of ethylene action. 
ABA can interfere with ROS generation or ROS signalling, which 
is counteracted by ethylene, while GA may partially rely upon ROS 
action independently or via interfering with ABA for its role in seed 
germination.

AC
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PAC GA ETH 
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AG 

Figure 4: Histochemical staining of Vigna radiata seeds for superoxide accu-
mulation.
Seeds were germinated for 12 h in the medium containing ABA (1 mM), AgNO3 
(AG, 5 mM), ethylene (ETH, 0.05 mM), GA (1 mM) and paclobutrazole (PAC, 1 
mM) along with a control (CON) followed by staining in NBT solution for localiza-
tion of superoxide producing zones. Photographs are of representative seeds 
showing the average effect for respective treatments.
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B  

Figure 5: In-gel assay for NADPH oxidase (NOX) activity profile of axes from 
seeds of Vigna radiata subjected to treatments with hormones and their inhibi-
tors.
Seeds were germinated for 12 h in the medium containing (A) GA (1 mM), pa-
clobutrazole (PAC, 1 mM), ABA (1 mM), fluridone (Flu, 1 mM) and (B) ethylene 
(ETH, 0.05 mM), AgNO3 (AG, 5 mM) along with control (Con). Axes were ex-
tracted with Triton X100 for membrane proteins which was then run in native gel 
followed by NBT staining for NOX activity specific bands. 

and OH⋅ that ultimately initiates the cell elongation process [37,43]. In-
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Figure 3: Effect of combined treatments of hormones or their inhibitors and 
hydrogen peroxide (H2O2) on germination percentage of Vigna radiata seeds.
Seeds were incubated with medium containing (A) ABA, (B) AgNO3 (Ag) and 
(C) paclobutrazole (PAC) along with H2O2 in each case at concentrations as 
mentioned in the figure and germination percentage was recorded at intervals. 
Data were mean of three replicate values and ± SE has been indicated as verti-
cal error bars.

three NBT-sensitive bands (Figure 5) which indicates O2•– producing 
activity possibly through NOX enzyme during germination of V. radiata 
seeds. Sagi and Fluhr [44] carried out the activity gel assay of NOX 
based on protein fractionation in native or sodium dodecyl sulphate 
(SDS) - polyacrylamide gels that also gave significant results. In their 
native-PAGE analysis, one or two major O2- producing formazan 
bands were detected in tomato (Lycopersicum esculentum) and tobacco 
(Nicotiana tabacum) plasma membranes, respectively. In contrast 
to the mammalian gp91phox, the plant homolog can produce O2•– in 
the absence of additional cytosolic components and is stimulated 
directly by Ca2+. NOX activity was clearly affected by ABA and Ag+ 
thus indicating the possible interaction of ABA and ethylene with ROS 
production through NOX activity in a contrasting way. GA is probably 
not totally dependent on NOX activity for controlling germination as 
paclobutrazole partially affected NOX activity. 
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