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This study assessed the effects of different doses of ethephon and gibberellin A; on germination and o- and
B-amylase activity in Amaranthus caudatus seeds exposed to different levels of salt stress. NaCl at 25 and 50
mM only delayed germination; at 75, 100 and 125 mM it caused 50%, 90% and 99.5% inhibition of Amaranthus
caudatus seed germination. Both ethephon and GA4 (0.01, 0.1, 0.3 mM) effectively counteracted inhibition of
seed germination under salinity. The stimulatory effect of ethephon appeared earlier, and the seeds were more
sensitive to ethephon than to GA;. Ethephon enabled seed germination in the presence of all NaCl concentra-
tions (75, 100, 125 mM) even after 24 h. GA, alleviated inhibition caused by 75 and 100 mM NaCl until 48 h
and did not affect reduction of germination caused by NaCl at 125 mM. NaCl (100 mM) reduced o- and B-amy-
lase activity and seed germination after 14 h, and enhanced o-amylase activity after 20 h, although germination
was reduced. Ethephon and GA;increased o- but not B-amylase activity under salt stress during the first 14 h
of incubation.
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INTRODUCTION

Salinity is one of the major environmental stresses
for plants (Greenway and Munns, 1980). Based on
their ability to grow on salt medium, plants,
including crop species, are traditionally classified
as glycophytes, showing the effects of salt at con-
centrations less than 50 mM, or halophytes which
can complete their life cycles at 500 mM (Flowers,
1985; Maas, 1986). Although glycophytes generally
are more sensitive to saline stress, they range wide-
ly in tolerance between species and varieties
(Greenway and Munns, 1980). Plant growth is
affected by salinity at all stages of development, but
sensitivity varies greatly at different stages
(Caravajal et al., 1998; Akram et al., 2002; Akinci
et al., 2004). Germination is a critical stage in the
growth cycle of plant species; it determines plant
establishment and final crop production (Pearen et
al., 1997). Increasing salinity generally reduces
germination of glycophytes (Basalah and
Mohammad, 1999; Almansouri et al., 2001; Akinci
et al., 2004; Jamil et al., 2006; Siddiqui et al.,
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2006). This reduction is caused by two compo-
nents of salt stress: osmotic effects due to restrict-
ed supply of water, creating water stress, and ionic
effects due to seed ion uptake and/or accumulation
(Ungar, 1996; Dodd and Donovan, 1999;
Almansouri et al., 2001). Both components of salt
stress can reduce seed germination by limiting water
absorption (Dodd and Donovan, 1999; Duan et al.,
2004), altering the mobilization of stored reserves
(Lin and Kao, 1995), or other metabolic and molec-
ular responses (Ramagopal, 1990).

o-mylases (E.C. 3.2.1.1), which randomly
attack the internal a-D-(1—4) O-glucosidic linkages,
and (-amylases (E.C. 3.2.1.2), which hydrolyze
o-D-(1—4) O-glucosidic linkages from the non-
reducing end, are enzymes that play a major role in
the mobilization of insoluble starch granules
(Duedahl-Olesen et al., 2000). Under salinity,
decreased a-amylase activity has been reported in
Hordeum distichum (Tipirdamaz et al., 1995),
Triticum aestivum (Siddiqui et al., 2006), Triticum
durum seeds (Almansouri et al., 2001), Vigna radi-
ata cotyledons (Promila and Kumar, 2000) and

Abbreviations: DNSA - dinitrosalicylic acid reagent; GA, — gib-
berellin A;.
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Cicer arietinum seedlings (Kaur et al., 1998), and
increased P-amylase activity in Triticum durum
seeds (Almansouri et al., 2001).

Plant growth regulators such as exogenous eth-
ylene (Li et al., 1995; Basalah and Mohammad,
1999; Zhenguo and Jundi, 2001) or gibberellic acid
(GA;) (Kumar and Singh, 1996; Kaur et al., 1998;
Basalah and Mohammad, 1999) have been shown to
alleviate salinity-induced inhibition of seed germina-
tion of glycophytic plants. Reversal of the inhibitory
effect of NaCl on seed germination in Hordeum dis-
tichum (Tipirdamaz et al., 1995) and on seedling
growth in Cicer arietinum (Kaur et al., 1998) due to
exogenous GA; has been attributed to stimulation of
o -amylase activity.

Amaranthus (Amaranthaceae) is a glycophyte
and C, dicotyledonous mesophyte crop plant (Wang
et al., 1999). Amaranthus caudatus var. atropur-
pureus is one of several ornamental forms of this
group of plants, widely grown all over the world.
Exogenous ethylene and gibberellin A; were found to
stimulate A. caudatus seed germination (Kepczyn-
ski and Karssen, 1985; Kepczynski et al., 1988).
There is no information related to germination of
A. caudatus seeds under salinity.

The aim of this study was to determine whether
inhibition of seed germination by NaCl and its coun-
teraction by ethephon and gibberellin are related to
the effects on o- or B-amylase activity during seed
imbibition and germination.

MATERIALS AND METHODS

PLANT MATERIAL

The experiments used Amaranthus caudatus cv.
atropurpureus seeds harvested in 2003 and stored
dry at -20°C. These seeds were obtained from the
W. Legutko Ornamental and Vegetable Seed Station,
Kobylin, Poland.

GERMINATION OF SEEDS

Seeds were incubated in 5 cm Petri dishes on one
layer of filter paper moistened with 1.5 ml dis-
tilled water or the same volume of water solutions
of 25-125 mM NaCl at 25 mM intervals. Seed
germination was checked at 21, 24, 36, 48, 72 and
84 h incubation in water and/or NaCl. To deter-
mine the effect of ethephon or GA; under salinity
stress seeds were incubated in the presence of
those regulators at 0.01, 0.1 and 0.3 mM and NaCl
at 75, 100 or 125 mM. Seed germination was
determined at 24 and 48 h incubation. Five repli-
cates of 50 seeds each were made.

The seeds were incubated in darkness at 25°C,
and checked under green safelight (0.5 umole m? s™).
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A seed was regarded as germinated when its radicle
was ~1 mm in length.

o- AND B-AMYLASE ACTIVITY

For determination of o- and -amylase activity, three
replicates of 100 seeds each incubated in the pres-
ence of ethephon or GA; at 0.1 mM and at 100 mM
of NaCl for 12, 14 or 24 h were used. Before enzyme
extraction, germination percentage and fresh weight
were determined.

o-amylase activity was measured according to
Black et al. (1996). Seeds were homogenized in an
Eppendorf tube with 4 ml ice-cold 20 mM TRIS-
maleate buffer (pH 6.2) containing 1 mM CacCl,,.
The homogenate was centrifuged at 12,000 g for
5 min. The clear supernatant was used for the o-
amylase activity assay. Buffer (1.2 ml) with 1.2 ml
enzyme extract was incubated for 2 min at 37°C. To
2.4 ml diluted enzyme extract, 0.6 ml suspension
(25 mg ml!) of Phadebas blue starch (Pharmacia,
Uppsala, Sweden) was added, vortexed and incubat-
ed with shaking for 30 min at 37°C. The reaction
was stopped by adding 0.6 ml 0.5 M NaOH. The
reaction mixture was centrifuged at 8000 g for 5 min
and the absorbance of the supernatant was meas-
ured at 620 nm. A calibration curve using barley
malt o-amylase was prepared. Enzyme activity was
expressed in units g' FW; one unit is equivalent to
the amount of enzyme liberating 1 mg maltose from
starch at 37°C and pH 6.2.

B-amylase activity was measured by the method
of Bernfeld (1955). Seeds were homogenized with
4 ml ice-cold 16 mM sodium acetate buffer, pH 4.8.
The homogenate was centrifuged at 12,000 g for
15 min, and the supernatant was used for deter-
mining B-amylase activity. Enzyme extract (0.5 ml)
was added to 0.5 ml 1% potato starch in 16 mM
sodium acetate buffer equilibrated at 37°C for
2 min, vortexed and incubated with shaking for
5 min at 37°C. Then 0.5 ml 3,5-dinitrosalicylic acid
(DNSA) reagent was added to the reaction mixture
and it was boiled for 5 min. Absorbance at 540 nm
was read after adding 4.5 ml distilled water. The
DNSA reagent consisted of 1% 3,5-dinitrosalicylic
acid, 0.4 M NaOH and 1 M potassium sodium tar-
trate. A standard curve using maltose solution was
prepared. B-amylase activity was expressed in units
g! FW; one unit is defined as the amount of enzyme
that liberated 1 mg maltose from starch in 5 min at
37°C at pH 4.8.

DATA ANALYSIS

Germination data are expressed as means *=SD
from five replicates; amylase activity data are
expressed as means =*=SD from three replicates.
Statistical treatment of the results employed
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Fig. 1. Effect of NaCl on Amaranthus caudatus seed ger-
mination at different intervals of incubation at 25°C in the
dark. Means from 5 replicates. Points with different letters
differ significantly at p < 0.05 by two-way ANOVA with
Duncan's test of arcsine-transformed data.

Statistica for Windows ver. 7.1 (StatSoft Inc., Tulsa,
Oklahoma, USA). Two-way ANOVA was used to
determine the effect of each NaCl concentration at
each time of incubation. Three-way ANOVA was
used to compare the effects of plant growth regula-
tor (PGR) concentration, salinity and incubation
time. Differences between means were considered
significant at P < 0.05 by Duncan's multiple range
test. Prior to analyses the data were checked for nor-
mality of distribution with the Shapiro-Wilks test.
Germination data were arcsine-transformed to
ensure homogeneity of variance. Amylase activity
data were log(x)-transformed.

RESULTS

Germination of Amaranthus caudatus seeds in dis-
tilled water reached maximum (~100%) at 36 h
(Fig. 1). NaCl at 25 and 50 mM delayed germination
without any significant effect on the final germina-
tion percentage, but seeds exposed to 50 mM NaCl
reached maximum germination later than in the
control (Fig. 1). Higher concentrations of NaCl sig-
nificantly inhibited germination, manifested in
delayed initiation of germination and reduction of
the final germination percentage. NaCl at 75, 100
and 125 mM reduced germination by 50%, 90% and
99.5% versus the control after 84 h.

Ethephon alone at 0.01, 0.1 and 0.3 mM signif-
icantly increased the germination percentage versus
the control after 24 h incubation (Fig. 2a).
Combined application of ethephon with NaCl (75,
100 and 125 mM) significantly reduced the inhibito-
ry effect of salinity on seed germination after 24 h
(Fig. 2a), but ethephon had less of an ameliorating
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effect on inhibition in the 125 mM NaCl treatment
than at lower salinity. After 48 h, seed germination
in treatments containing ethephon with NaCl
reached 90-98% (Fig. 2b).

The germination percentages for GA;-treated
seeds (0.01, 0.1, 0.3 mM) were similar to those of
the controls at 24 and 48 h (Fig. 3). Salinity-induced
inhibition (NaCl concentrations as in Fig. 3a) was
not alleviated during 24 h incubation by any applied
GA, treatment (Fig. 3a). GA; did significantly allevi-
ate inhibition induced by NaCl at 75 and 100 mM
after 48 h (Fig. 3b). We found that GA4 could not
improve germination to any significant extent in the
125 mM NacCl treatment at 48 h.

NaCl at 100 mM had no significant effect on -
amylase activity, as compared to the control at 12 h,
when germination was not noted in any combination
(Fig. 4a, numbers above columns). After 14 h, NaCl
at 100 mM slightly but significantly decreased
enzyme activity and visibly reduced seed germination
versus the control. Although the inhibitory effect of
NaCl was apparent in the germination percentages,
seeds showed clearly higher a-amylase activity than
in the control after 20 h. When ethephon and GA4
were used alone at 0.1 mM, a-amylase activity signif-
icantly increased after 12 and 14 h, and germination
increased after 14 h incubation (Fig. 4a). Combined
application of ethephon and GA, under salinity yield-
ed significantly higher o-amylase activity versus the
control and NaCl alone after 12 and 14 h incubation.

GA, significantly increased B-amylase activity
versus the control after 12 h incubation (Fig. 4b).
NaCl significantly decreased it at 14 h. Combined
treatment with ethephon and NaCl or with GA; and
NaCl did not affect B-amylase activity during the
incubation period.

DISCUSSION

The low concentrations of NaCl only delayed germi-
nation, and the high concentrations affected the final
percentages of Amaranthus caudatus seed germina-
tion. Similar trends have been reported in other
crop seeds, including Amaranthus paniculatus
(Jamil et al., 2006), Medicago sativa (Basalah and
Mohammad, 1999), Triticum durum (Almansouri et
al., 2001) and Vigna radiata (Mohammed, 2007).
Our results clearly demonstrate the ability of exoge-
nous ethephon and GA; to alleviate inhibition of
A. caudatus seed germination under salinity. The
stimulatory effect of ethephon in the presence of
NaCl was seen earlier than that of GA;, and ethep-
hon was found to be more effective than GA,. Other
authors have described alleviation of the detrimental
effects of salinity on seed germination by ethylene
and/or GA4 in seeds of crops including Lactuca sati-
va, Triticum aestivum, Cicer arietinum, Medicago
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Fig. 2. Effect of ethephon on Amaranthus caudatus seed germination in the presence of NaCl after 24 h (a) or 48 h (b)
incubation at 25°C. Means from 5 replicates. Points with different letters differ significantly at p < 0.05 by three-way

ANOVA with Duncan's test of arcsine-transformed data.
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Fig. 3. Effect of GA; on Amaranthus caudatus seed germination in the presence of NaCl after 24 h (a) or 48 h (b) incu-
bation at 25°C. Means from 5 replicates. Points with different letters differ significantly at p < 0.05 by three-way ANOVA

with Duncan's test of arcsine-transformed data.

sativa and Vigna radiata (Khan and Huang, 1988;
Li et al., 1995; Kumar and Singh, 1996; Kaur et al.,
1998; Basalah and Mohammad, 1999; Zhenguo and
Jundi, 2001; Mohammed, 2007). In Cucumis melo,
Lycopersicon esculentum and Spinacia oleracea,
salinity decreased ethylene biosynthesis during seed
germination (Zapata et al., 2004). Gibberellin con-
tent was reduced under salinity in Hordeum vulgare
and Lactuca sativa seeds (Kabar and Baltebe,
1989). Salinity-induced reduction of plant growth
hormone levels has been shown to be enough to

inhibit germination (Boucaud and Ungar, 1976). It
is possible that NaCl at least partially lowers the eth-
ylene or gibberellin levels in A. caudatus seeds,
since endogenous ethylene and gibberellins have
been shown to be needed for germination of these
seeds (Kepczynski and Karssen, 1985; Kepczynski
et al., 1988). The mechanisms by which ethylene
and/or gibberellins promote seed germination may
involve alleviation of the inhibitory effects of abscisic
acid or phenolic compounds, whose production is
induced by salt stress (Dhingra and Varghese, 1985;
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Fig. 4. Effect of 100 mM NaCl in the presence of 0.1 mM ethephon or GA, on a-amylase (a) or f-amylase (b) activity in
Amaranthus caudatus seeds after different intervals of incubation at 25°C. Means from 3 replicates. Numbers above
columns indicate seed germination percentage (nontransformed data). Columns with different letters differ significant-
ly at p < 0.05 by three-way ANOVA with Duncan's test of log(x)-transformed data.

Ayaz et al., 2000; Khan and Ungar, 2002; Xiong and
Zhu, 2003). Counteraction of exogenous ABA-inhibi-
tion of A. caudatus seed germination by ethylene or
GA; (Rudnicki and Dzieciol, 1971; Kepczynski,
1986) might support that suggestion, but such con-
clusions cannot be verified without thorough study
of the endogenous levels of plant hormones in A.
caudatus seeds under salt stress.

The stimulatory effect of exogenous ethylene and
GA, on a-amylase activity up to 14 h incubation sug-
gests that their mode of action in regulating A. cau-
datus seed germination involves control of key
enzymes responsible for starch degradation. The
increase of B-amylase activity by GA; at 12 h may
indicate that exogenous gibberellin controls both
major enzymes responsible for starch metabolism
during early imbibition by A. caudatus seeds. Salt
stress reduced both o- and f-amylase activity only
at 14 h. The effect of NaCl on o-amylase activity at
20 h was the opposite. Based on these data it seems

unlikely that the stress effect on A. caudatus seed
germination occurred via inhibition of o- and
B-amylase activity. It should be mentioned that
increased o-amylase activity in A. caudatus seeds
did not always lead to stimulation of germination in
our study. This suggests that A. caudatus seed ger-
mination is not directly dependent on o-amylase
activity. However, the increase of a-amylase activity
due to ethylene and GAj; during the first 14 h of
A. caudatus seed germination may help the seeds
to overcome the inhibition exerted by salinity
stress. «-amylase activity in Triticum aestivum
seedlings was stimulated under salinity (El-Fouly
and Jung, 1972). In these seeds, salinity may
induce increased respiration (Kasai et al., 1998).
The energy requirement for basal metabolism
increases in stressed seeds, and this could explain
higher o-amylase activity independently of the effect
on germination in A. caudatus seeds. The increase
of a-amylase activity could be associated with an



124

adaptive strategy for saline conditions. In Oryza
sativa and Gossypium vitifolium, enhanced o-amy-
lase activity, increased total free sugar concentra-
tion and reduced starch content were suggested as
means of achieving accumulation of solutes, reduc-
ing the osmotic potential under salt stress condi-
tions (Dubey and Singh, 1999; Ashraf et al., 2002).
Soluble sugars are listed among the compatible
organic solutes responsible for osmotic adjustment
and maintenance of turgor (Kameli and Losel,
1995; Agarwal et al., 1999; Prado et al., 2000). In
A. caudatus, alleviation of NaCl-induced inhibition
of seed germination by both ethephon and GA; was
not linked to regulation of B-amylase activity.

Our results clearly show the detrimental effect of
NaCl on A. caudatus seed germination. These seeds
showed higher sensitivity to exogenous ethylene than
to GA; under salinity stress. The mechanism by
which NaCl inhibited A. caudatus seed germination
was not mediated by reduction of o- and B-amylase
activity. Exogenous ethylene and GA, increased
o~ but not B-amylase activity during early imbibition
and germination under salinity, but their ameliorat-
ing effects on seed germination inhibition did not
occur through a direct effect on those metabolic
activities. The NaCl-induced increase in o-amylase
activity in the seeds might be an adaptive mechanism
for managing stress conditions.
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