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Exposure of seeds to optimum concentrations of smoke-water, karrikinolide and gibberellic acid promotes ger-
mination in many plants. The present study investigated the possible mechanism by which this is achieved.
The activities of some hydrolytic enzymes (amylase, invertase and protease) as well as antioxidant enzymes
(peroxidase, superoxide dismutase and catalase) were assayed in relation to nutrient accumulation in bean
(Phaseolus vulgaris L.) and maize (Zea mays L.) seedlings using these three plant growth promoting substances
(PGPS). The PGPS caused lipid peroxidation in the bean cotyledons and maize endosperm as evidenced by an
increased malondialdehyde (MDA) concentration and antioxidant enzyme activity. This was accompanied by a
reduction in starch content and amylase activity. However, a reverse trend was observed in bean shoots and
roots and maize coleoptiles and roots, probably accounting for the observed increase in growth recorded in
these seedling parts. In contrast, the PGPS had no effect on protein content, suggesting that this reserve was
not mobilized during the period under study. These results suggest that the probable mechanism by which
smoke-water, karrikinolide and gibberellic acid promote seedling growth may be through efficient mobilization
of starch reserves and subsequent transport to other seedling parts and by suppression of oxidative stress.

© 2015 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

Germination is the result of different physiological processes which
are sequentially initiated by water uptake (imbibition). This leads to
the breakdown of reserves followed by the transport of the products
to the growing parts for their development (Rahman et al., 2007;
Tonguc et al., 2012). Germination is a critical event in the life cycle of
plants, as the timing of emergence from the protective covering struc-
tures is crucial for survival and reproductive success (Nelson et al.,
2009). Hydration of seeds induces an increase in both respiration and
metabolic activity thus allowingmobilization of carbon and nitrogen re-
serves necessary to support germination and post-germination growth
until autotrophy is reached (Anzala et al., 2006).

A variety of abiotic stimuli including light, temperature andminerals
provide information about the external environment that affects germi-
nation. However, recent evidence indicates that certain seeds still
exhibit dormancy even in the presence of the necessary germinating
stimuli. Dormancy is the inability to initiate growth from meristems
or other organs and cells with the capacity to resume growth under fa-
vorable conditions (Rohade and Bhalerao, 2007). To overcome this dif-
ficulty, studies have implicated plant growth promoting substances
(PGPS) in the initiation and completion of germination of many seeds.

For instance, gibberellic acid (GA3) has been employed to break dor-
mancy in Arabidopsis Cvi seeds (Finch-Savage and Leubner-Metzger,
2006). Smoke-water (SW) and smoke-derived compounds including
karrikinolide (KAR1) and glyceronitrile promote germination in Grand
Rapids lettuce, Conostylis aculeata and Stylidium affine (Flematti et al.,
2004) as well as in Anigozanthos flavidus, Gyrostemon racemiger and
G. ramulosus (Downes et al., 2013).

Despite much research on PGRs, to the best of our knowledge, no
comparative work has been done on their possible mode(s) of action.
The presentworkwas planned tomonitor changes in enzymatic activity
and nutrient composition in different parts of bean (a dicotyledon) and
maize (amonocotyledon) seedlings during germination and growth. Al-
though the morphology of the two species differ, both of them have
starch in common as their main storage compound in the cotyledons
and endosperm respectively. Results of this study could provide a better
understanding of reserve mobilization during germination and early
growth of seedlings subjected to SW, KAR1 and GA3.

2. Materials and methods

2.1. Experimental seeds and germination experiments

Bean (Phaseolus vulgaris L.) andmaize (Zeamays L.) seeds used for the
experiment were purchased from McDonald Seeds, Pietermaritzburg,
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South Africa in February 2013. The seeds were surface-decontaminated
with 0.1% mercuric chloride solution for 20 min and rinsed thoroughly
with distilled water before germination. Smoke-water was prepared
by bubbling smoke from dry red grass (Themeda triandra) for 45 min
through a glass column containing 500 ml of water (Baxter et al.,
1994). The resulting extract was further diluted for treatments.
Karrikinolide (KAR1) that were used in this study were prepared ac-
cording to Flematti et al. (2005), Van Staden et al. (2004). Ten uniform
seeds of each crop were evenly placed in 9 cm Petri dishes lined with a
double layer ofWhatmanNo. 1 filter papermoistenedwith 5ml each of
the smoke-water (SW, 1:500 v/v), karrikinolide (KAR1, 10−8 M),
gibberellic acid (GA3, 10−5 M) or distilled water as control. The Petri
dishes were monitored for 8 days under dark conditions at 25 ± 1 °C.
The Petri dishes were opened under safe-light and further moistened
with 3ml of the respective PGPS on days 2, 4 and 6 to prevent seed des-
iccation. Biochemical analyses were carried out on days 3, 6, 7 and 8 re-
spectively on cotyledons, embryos, roots and shoots of bean seedlings
and endosperms, mesocotyls, coleoptiles and roots of maize seedlings.
Each treatment had four replicates thatwere laid out as a four factor ex-
periment in a completely randomized design and six representative
samples were selected for analysis.

2.2. Assay of lipid peroxidation and antioxidant enzymes

Crude extracts were prepared by adopting the method described
by Li et al. (2013). Fresh samples of the various seedling parts (1 g)
were separately homogenized with 8 ml of 0.1 M Tris–HCl buffer
(pH 7.8) under chilled conditions (4 °C) using a pestle and mortar.
The homogenate was centrifuged (5000 rpm for 15 min) and the
resulting supernatant was used for the assays. Lipid peroxidation
was determined using the method described by Heath and Packer
(1968) and expressed in terms of malondialdehyde (MDA) concentra-
tion. Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed
according to the method of Kakkar et al. (1984). One unit of enzyme
activity is defined as the amount of enzyme that gave 50% inhibition
of nitroblue tetrazolium (NBT) reduction in 1 min. The activity of
catalase (CAT; EC 1.11.1.6) was determined following the method of
Luck (1974). One enzyme unit was calculated as the amount of en-
zyme required to decrease the absorbance at 240 nm by 0.05 units.
Peroxidase (POD; EC 1.11.1.7) activity was assayed following the
method described by Koroi (1989). All the experiments were per-
formed in a cold room.

2.3. Determination of starch content

Starch content was determined according to the procedure de-
scribed by Dkhil and Denden (2010). Samples of each seedling part
(1 g) were separately homogenized in a volume of 16 ml 80% (v/v)
ethanol using an ice-cold mortar and pestle. The ethanol was quickly
decanted off and perchloric acid (6 ml, 30%, v/v) was added to the
residue to solubilize the starch present. The slurry was left at room
temperature for 6 h and starch was detected with I2-KI reagent pre-
pared by diluting 0.1 ml stock solution (0.06 g I2 and 0.60 g KI in
10 ml distilled water) with 0.05 M HC1 just prior to the assay. Samples
of 0.5 ml starch solution were mixed with 0.5 ml I2-KI reagent, 1 ml
30% (v/v) perchloric acid and left standing for 5 min at room temper-
ature. The absorbance of the resultant solution measured at 620 nm
using a Spectrophotometer (Cary 50 Conc, Australia), was compared
to that of the standard curve which was obtained using soluble starch
dissolved in 30% perchloric acid and detected with the same I2-KI
reagent.

2.4. Determination of soluble protein

Protein concentration was determined by the method of Bradford
(1976) using Bovine Serum Albumin (BSA) as a standard. Seedling

parts (0.5 g) were separately homogenized using a mortar and pestle
in a solution of sodium phosphate buffer (0.1 M, pH 7.0, 5 ml) under
chilled condition and then passed through Whatman No. 1 filter
paper. The residuewas discarded and the clear filterate used for protein
estimation. The sample and Bradford reagent were mixed in the ratio
1:10. Respective samples (100 μl) were added to 1 ml Bradford reagent
and absorbance was read at 595 nm using a Spectrophotometer (Cary
50 Conc, Australia). Distilled water (100 μl) added to 1 ml of Bradford
reagent was used as a blank.

2.5. Assay of hydrolytic enzymes

Crude enzyme extract was prepared as described by Rahman et al.
(2007). Briefly, samples of respective seedling parts (2 g) were thor-
oughly crushed and homogenized using a mortar and pestle in 10 ml
cold 0.1 M phosphate buffer (pH 6.7 for total amylase and pH 7.0 for
invertase and protease enzymes). The temperature was maintained at
4 °C by placing the mortar in a bowl containing ice-chips. The suspen-
sion was filtered and the filtrate collected was then centrifuged at
10,000 rpm for 15 min. The clear supernatant obtained was used as en-
zyme source for the assays. Amylase activity was assayed according
to the method described by Jayaraman (1981), invertase activity was
assayed following the method of Mahadevan and Sridhar (1982),
while proteolytic activity was measured following the method of
Reimerdes and Meyer (1976).

2.6. Statistical analysis

The experiment was carried out in a completely randomized de-
sign with four replicates. One-way analysis of variance (ANOVA) was
employed to assess the significance of treatment means. In all cases,
the confidence coefficient was set at 0.05.

3. Results

3.1. MDA concentration and antioxidant enzyme activity

In comparison with the control, lipid peroxidation measured in
terms of MDA concentration, increased significantly in the bean cotyle-
dons and maize endosperms while it was significantly reduced in the
bean shoots and roots and maize coleoptiles and roots of experimental
seedlings treated with SW, KAR1 and GA3 (Table 1). However, these
PGPS had no significant effect on MDA concentration of bean embryos
and maize mesocotyls during the period of study when compared
with the control. A trend similar to MDA concentration was observed
in the activity of antioxidant enzymes in maize seedlings (Fig. 1). SOD
was however more sensitive, exhibiting significant reduction in the
mesocotyl of seedlings subjected to SW, KAR1 and GA3 (Fig. 1f). The
roots of maize seedlings treated with KAR1 and GA3 also showed signif-
icant reduction in the activities of SOD on day 8 (Fig. 1h) and CAT on
days 6, 7 and 8 (Fig. 1l) when compared to seedlings treated with SW.
The data generated for bean seedlings with respect to antioxidant en-
zyme activity followed almost the same pattern as reported for maize
(Fig. 2). The only exception however occurred in POD activity of bean
shoots where its activity was not affected following treatment with
the PGPS (Fig. 2d). The roots of bean seedlings treated with KAR1 and
GA3 also showed significant reduction in the activities of SOD (Fig. 2g)
and CAT (Fig. 2k) compared to seedlings treated with SW.

3.2. Starch and protein contents

During germination, the starch content in the bean cotyledons and
maize endosperms of seedlings treated with the PGPS significantly
decreased, with KAR1 and GA3 eliciting greater reduction than SW
(Table 2). The three tested compounds however, significantly enhanced
starch accumulation in the bean embryos, shoots and roots and maize
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