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Abstract Germination of dragon spruce (Picea asperata Mast.) seeds pretreated with

gibberellin (GA) in response to water stress and changes in the levels of osmotic adjust-

ments as well as in activities of antioxidant enzymes were investigated. With decreasing

water potential caused by increasing concentrations of PEG 6000, germination percentage

and germination index decreased gradually; the decrease was especially prominent under

the serious water stress from PEG -0.6 MPa. In contrast, osmotic regulation substances

(free proline and soluble sugar contents), lipid peroxidation (MDA), and activities of

antioxidant enzyme (ascorbate peroxidase, catalase, and peroxidase) increased markedly

with decreased water potential. Similarly, the values in all parameters under -0.6 MPa

PEG treatment were markedly higher than the control and -0.2 MPa PEG treatment.

These results suggested that P. asperata seed germination was insensitive to water stress.

In addition, seeds pretreated with GA had increased tolerance to water stress as measured

by germination percentage and germination index, osmotic regulation substance, and

antioxidant enzyme activities.
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EDTA Ethylenediaminetetraacetic acid

GA Gibberellin

MDA Lipid peroxidation

PEG Polyethylene glycol

POD Peroxidase

PVP Polyvinylpyrrolidone

TCA Trichloro acetic acid

Introduction

Seed germination is affected by many factors, such as temperature, light, and soil water

content. The availability of retrievable water in the soil is considered the most important

factor for controlling seed germination (Sharma 1973; Sy et al. 2001). This might be due to

the fact that water influences the progress and kinetics of most biologically significant

reactions. As a solvent, water provides a fluid medium through which substrates diffuse to

active sites and enzymes undergo the conformational changes necessary for catalytic

activity. Research has shown that water stress strongly inhibited germination at extremely

high or extremely low temperatures (Zheng et al. 2004), and it may also reduce the

probability of seedling establishment because of the effect of low soil water emergence,

content on seedling survival, and growth of surviving seedlings (Shao et al. 2008a; Vill-

alobos and Peláez 2001).

The development of a plant from the seed comprises the germination phase, seedling

survival, and subsequent growth of the plant. For woody plants with potentially long

lifespan and low post-establishment mortality, seedling recruitment is a critical life-

history stage (Scholes and Archer 1997). The physiological responses of plants to water

deficits change in relation to their sensitivity to stress (Carvalho et al. 2005; Shao et al.

2008b).

Gibberellin (GA) is an important endogenous growth regulator that has profound and

various effects on regulating plant growth, development, and stress responses (Huerta et al.

2008; Sun et al. 2008). Specific roles of GA include the induction of seed germination,

promotion of hypocotyls, stem elongation, regulation of pollen development and flower

initiation, and wood formation (Mauriat and Moritz 2009; Richards et al. 2001; Ritchie and

Gilroy 1998). Many previous studies have shown that exogenous GA reduces the minimum

effective exposure time to the germination stimulant and promotes seed germination (Chae

et al. 2004; Song et al. 2005a, b). A similar study found that paclobutrazol (an inhibitor of

GA biosynthesis) applied during the conditioning period reduced seed germination (Zehhar

et al. 2002). As is well known, germination growth is accompanied by water uptake and,

thus, requires disequilibrium in water potential between the seed and its environment. For

this reason, Liu et al. (1996) hypothesized that GA lowers seed water potential and may,

thereby, promote germination.

Picea asperata is one of the dominant conifers of the subalpine forested areas in the

western Sichuan province of China. However, very few spruce seedlings or saplings could

be found among the undergrowths (Yin et al. 2007), which might be due to low seed

germination percentage and high seedling mortality of the P. asperata forest. Wu et al.

(2004) reported the impacts of light and temperature on the germination of P. asperata
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seeds. Few studies documented the response of P. asperata seeds to the water conditions in

this region. With the changing of management practices associated with subalpine conif-

erous plantations from timber- oriented to ecology- oriented, it is important to understand

whether P. asperata plantations can self-regenerate, and, if so, how to control their natural

regeneration (Yin et al. 2007). In addition, the understanding of seed germination physi-

ology of a species can help evaluate safe-site availability because seed dormancy/germi-

nation traits determine the number and timing of seedling emergence (Shimono and

Washitani 2004); however, few reports are available about the physiological properties of

exogenous GA related to seeds and their response to water stress. As a result, in the present

study, germination, osmotic adjustment, MDA, and the corresponding activities of catalase

(CAT), ascorbate peroxidase (APX), and peroxidase (POD) of P. asperata seeds that had

been pretreated with GA and subjected to water stress were studied. The present investi-

gation also offers a reference opinion and a theoretical basis for improving the germination

of P. asperata seeds and understanding the natural regeneration progress of P. asperata
forest areas.

Materials and methods

Plant materials

Picea asperata seeds were harvested in October 2007 from the Miyaluo area (102�500E,

31�500N, 2,800 m a.s.l.), Sichuan province, China and kept at 4�C until treatment (March,

2008).

Experimental procedures

Germination tests were conducted from 26 June to 10 July 2008 as follows: P. asperata
seeds of uniform size were surface sterilized with 10:1 water/bleach (5.25% w/v NaOCl)

solution for about 15 min and then rinsed with distilled water. Disinfected seeds were

soaked in either 100 mg l-1 GA solution or distilled water (control) for 24 h. Germination

and early seedling growth of the cultivar were studied using distilled water (control) and

under osmotic potentials of -0.2 (slight water stress) and -0.6 MPa (moderate water

stress) for polyethylene glycol (PEG 6000) (Michael and Kaufaman 1973). In the present

study, -0.2 and -0.6 MPa were designed as slight water stress and moderate water stress,

respectively (Kaya et al. 2006; Zhu et al. 2005). Five replicates of 50 seeds each were

tested for germination on two sheets of filter paper (previously moistened with 4 ml

distilled water, which was periodically added) in 9-cm diameter glass Petri dishes. Incu-

bation took place in a 16 h light/8 h dark photoperiod under a photon flux density of

120 lmol m-2 s-1 (determined by CI-301 PS, CID Inc., USA) and constant temperature

regimes of 20�C. Germinated seeds were counted and placed into other moistened

Petri dishes (a new Petri dish for each treatment) every 24 h throughout the incubation

period. The germination criterion was the emergence of the radical through the seed coat.

Germination index (Gi) was calculated on the basis of germination percentage as:

Gi =
P

Gt/Dt, where Gt is the percentage of seed germinated at 2 days intervals, and Dt is

the number of germination days (Huang et al. 2003). Seeds treated for 15 days were

sampled for a determination of the biochemical parameters. The sample contained the

germinated seeds and seedlings.
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Free proline content

Free proline was extracted and determined according to the procedure used by Bates et al.

(1973). Samples of 0.3 g were homogenized in 5 ml 3% aqueous sulphosalycylic acid and

then were centrifuged at 3,0009g for 20 min. The supernatant was treated with ninhydrin

dissolved in acetic acid and boiled for 1 h; next, absorbance at 520 nm was recorded with a

calibration curve. Free proline content was expressed as mg g-1 seed.

Lipid peroxidation and soluble sugar

Lipid peroxidation was determined by estimating the malondialdehyde (MDA) content

with slight modification (Heath and Packer 1968). Samples of 0.3 g were macerated in

5 ml of 0.1% trichloroacetic acid. The homogenate was centrifuged at 10,0009g for 5 min

for every 1 ml of the aliquot of the supernate, 4 ml of 20% Trichloro acetic acid (TCA)

containing 0.5% thiobarbituric acid was added. The mixture was heated at 95�C for

30 min, then cooled quickly on an ice bath; the resulting mixture was centrifuged at

10,0009g for 15 min. The concentration of MDA was calculated from the absorbance at

532 nm (correction was done by subtracting the absorbance at 600 nm for unspecific

turbidity) by using the extinction coefficient of 155 mM cm-1.

The total soluble sugars were extracted from samples by refluxing in 80% ethanol as

described by Cerning and Guilbot (1973), and quantitative determination was carried out as

described by Yemm and Willis (1954).

Enzyme assay

Enzyme extraction was conducted based on the method described by Chen and Sung

(2001). Samples of 0.3 g were homogenized in a prechilled mortar and pestle in extraction

medium at 4�C. The extraction medium contained 50 mM potassium phosphate buffer

(pH7.4), 1 mM ethylenediaminetetraacetic acid (EDTA), 2% (w/v) polyvinylpyrrolidone

(PVP), and 0.05% (v/v) Triton X-100. The homogenate was centrifuged at 12,0009g for

20 min at 4�C, and then the supernatant was kept at -20�C and used for enzyme activity

and protein content assays. All assays were conducted at 4�C. Total soluble protein con-

tents of the enzyme extracts were determined according to Bradford (1976) using BSA as a

standard.

Following Luck (1974), catalase (CAT, EC 1.11.1.6) activity was determined in the

homogenates by directly measuring the induction of H2O2 in absorbance at 240 nm, the

reaction medium containing 50 mM potassium phosphate buffer (pH 7.0), 10 mM H2O2,

and the 0.1 ml enzyme extract in a final volume of 3 ml at 25�C. CAT activity was

determined using the extinction coefficient (40 mM-1 cm-1) for H2O2.

Ascorbate peroxidase activity (APX, EC 1.11.1.11) was analyzed according to Nakano

and Asada (1981) by monitoring the decrease at 290 nm (extinction coefficient

29 mM-1 cm-1) for 1 min. The reaction mixture contained 50 mM sodium phosphate

buffer (pH 7.0), 0.1 mM EDTA, 1 mM ascorbate acid, 2.5 mM H2O2, and 50 ll of enzyme

extract.

Peroxidase activity (POD, EC 1.11.1.7) was based on the method described by Castillo

et al. (1984): increase in optical density due to the formation of tetra-guaiacol. The 3 ml

reaction mixture contained 10 mM guaiacol, 50 mM H2O2, 50 mM phosphate buffer (pH

6.0), and 50 ll enzyme extract. Absorbance was recorded at 470 nm and was calculated

using the extinction coefficient 26.6 mM-1 cm-1.
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Statistical analyses

Statistical analyses were conducted with SPSS11.0 statistical software package for Win-

dows. The experiment was a split-plot design. Three levels of PEG treatment were taken as

main plots and nested into two levels of GA pretreatment, which was vice plot. Thus, we

had 6 treatments, and each treatment was duplicated 5 times. ANOVA were applied to test

the difference between GA pretreatment and water stress treatment. Data in all of the

figures and tables are shown as means ± SE.

Results

Germination percentage and index

In the distilled water and GA pretreatment, PEG-induced germination percentages were

lower compared to those under controlled treatment (Fig. 1). However, the magnitude of

the decrease was more pronounced under the -0.6 MPa conditions (decreased by 91.95

and 73.03%, respectively) than that under the -0.2 MPa conditions, where the decrease

was 13.64 and 15.73%, respectively (Fig. 1, P \ 0.001). In addition, GA-pretreated seeds

showed a higher final germination percentage compared to seeds that had been pretreated

with distilled water (Fig. 2, P \ 0.05). Significantly interactive effect between GA and

PEG treatment was not found in final percentage of germination (Fig. 1, P [ 0.05).

The index of germination (Fig. 2) reached a minimum value under the -0.6 MPa

conditions. In contrast to the control treatment, the germination index in both distilled-

water-and GA-pretreated seeds decreased 88.06 and 79.82%, respectively, under the

-0.6 MPa conditions. There was no statistically significant change in the control and the

-0.2 MPa treatment.
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Fig. 1 Germination, osmotic adjustment and antioxidant enzymes activities of Picea asperata seeds
pretreated by gibberellin under water stress. Open square, distilled water treatment; filled square, gibberellin
pretreatment. Different letters above the bars indicated significantly differences between treatments
(P \ 0.05, n = 5). Data were shown as means ± SE. Fp, PEG effect; FGA: gibberellin effect. FP9GA,
PEG 9 gibberellin interactive effect
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Germination was initiated 5 days after PEG-treatment and reached approximately 35%

after 15 days (Figs. 1, 3); a gradual increase in the germination percentage was found with

all treatments from the 5th day to 15th day. As Fig. 3 shows, under both control and

-0.2 MPa conditions, although the germination percentage in GA-pretreated seeds
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Fig. 2 Germination, osmotic adjustment and antioxidant enzymes activities of Picea asperata seeds
pretreated by gibberellin under water stress. Open square, distilled water treatment; filled square, gibberellin
treatment. The different letters above the bars indicated significantly differences from each other (P \ 0.05,
n = 5)
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Fig. 3 Germination, osmotic adjustment and antioxidant enzymes activities of Picea asperata seeds
pretreated by gibberellin under water stress. Multi symbol, gibberellin-stimulated seed and PEG 0 MPa,
circle, gibberellin-pretreated seed and PEG -0.2 MPa, solid line, gibberellin-pretreated seed and PEG
-0.6 MPa; diamond, distilled water pretreated seed and 0 MPa, square, distilled water pretreated seed and
-0.2 MPa, triangle, distilled water pretreated seed and -0.6 MPa). The different letters above the bars
indicated significantly differences from each other (P \ 0.05, n = 5). To keep the figure clear bars standing
for SE were omitted
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initially increased more rapidly compared to the control treatment, the germination per-

centage in GA and distilled water pretreatments finally reached the same value by the end

of the experimental period. However, under the -0.6 MPa conditions, GA-pretreated seeds

had a higher germination percentage compared to the control conditions throughout the

experiment (Fig. 3).

Free proline, MDA, and soluble sugar content

Under the -0.2 MPa conditions, free proline content in distilled-water- and GA- pretreated

seeds increased by 26.34 and 40.00%, respectively, compared to the control treatment.

However, under the -0.6 MPa conditions, it increased 94.74 and 215% as compared to the

control treatment. These results indicated that PEG treatment increased free proline content

significantly, but the increase under the -0.6 MPa conditions was more evident than that

under the -0.2 MPa conditions. On the other hand, after the same PEG treatment, free

proline content in distilled-water-pretreated seeds exhibited a lower value compared to

GA-pretreated seeds.

The lipid peroxidation level in P. asperata seeds, measured as MDA, is provided in

Table 1. The level of MDA after both distilled-water and GA pretreatments changed with

decreasing PEG treatment. MDA content in distilled-water and GA pretreatments

increased 22.22 and 157.14%, respectively, under the -0.2 MPa conditions, and it

increased 38.89 and 285.71%, respectively, under the -0.6 MPa conditions. The inter-

action between PEG treatment and GA pretreatment was also significant on free proline

and MDA (P \ 0.001, Table 1).

Soluble sugar content increased with decreasing PEG treatment with both distilled-

water and GA pretreatment. In addition, GA-pretreated seeds showed higher content in

soluble sugar as compared to those under distilled water pretreatment (P \ 0.05, Table 1).

No significant interaction between PEG treatment and GA pretreatment was found in

soluble sugar content.

Table 1 The effect of PEG treatment on free proline, MDA and soluble sugar contents of gibberellin-
pretreated Picea asperata seeds for 15-days

Treatment Pro (mg g-1) MDA (nmol g-1) Soluble sugar (mg g-1)

H2O

CK 0.19 ± 0.03d 0.18 ± 0.02d 6.08 ± 0.37d

-0.2 MPa 0.24 ± 0.01c 0.22 ± 0.04 cd 7.04 ± 0.29 cd

-0.6 MPa 0.37 ± 0.02b 0.25 ± 0.03c 10.25 ± 0.19b

GA

CK 0.20 ± 0.02d 0.21 ± 0.01 cd 7.16 ± 0.44 cd

-0.2 MPa 0.28 ± 0.04c 0.54 ± 0.05b 9.39 ± 0.62bc

-0.6 MPa 0.63 ± 0.04a 0.81 ± 0.05a 12.71 ± 3.18a

FP 0.000 0.000 0.000

FGA 0.000 0.000 0.010

Fp9GA 0.000 0.000 0.627

FP, PEG effect, FGA, gibberellin effect, FP9GA, PEG 9 gibberellin interactive effects. Data were shown as
means ± SE. Different letters in the table indicated significantly differences between treatments (P \ 0.05,
n = 5)
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Antioxidant enzymes activities

The activities of CAT, APX, and POD were given in Table 2. A gradual increase in the

activities of CAT, APX, and POD were observed under both GA and distilled-water

pretreatment with decreasing PEG treatment. On the other hand, under the same PEG

conditions, GA-pretreated seeds showed substantially lower activity in CAT and POD

compared with distilled-water-pretreated seeds, but there were no statistically significant

changes in APX activities with the same PEG treatment.

Discussion

Seed germination has been the critical stage for species survival. Water stress may result in

delayed and reduced germination or may prevent germination completely (Hegarty 1977).

The results obtained in the present study demonstrated that decreased water potential

resulted in a delay and reduction of germination percentage (Fig. 3); similar results have

been reported in lentils (Corchete and Guerra 1986; Zheng et al. 2005). However, the

germination percentage drastically decreased and was delayed at water potential of

-0.6 MPa (Figs. 1, 2) as compared to the control and -0.2 MPa treatment, which showed

that slight water stress (-0.2 MPa water potential) has no effect on the germination of

P. asperata seeds. The results also suggested that germination in P. asperata seeds is

insensitive to water stress (Ma and Wang 1994). The results reported in the present study

could be interpreted to mean that water does not play a key role for P. asperata seed

germination; the knowledge of specific conditions that allow germination and early

development would aid in understanding the ecological behaviors of P. asperata.

Seed germination has been promoted by gibberellin (GA) in many plant species (Peng

and Harberd 2002). In the present study, GA-pretreated seeds showed higher germination

Table 2 The effect of PEG treatment on CAT, APX and POD activities of gibberellin–pretreated Picea
asperata seeds for 15-days

Treatment CAT(lmol
min-1mg-1 protein)

APX(mmol
min-1mg-1 protein)

POD(mmol
min-1mg-1 protein)

H2O

CK 0.07 ± 0.01b 1.08 ± 0.16b 0.29 ± 0.01c

-0.2 MPa 0.08 ± 0.00a 1.25 ± 0.10ab 0.30 ± 0.01b

-0.6MPA 0.09 ± 0.01a 1.35 ± 0.10a 0.33 ± 0.01a

GA

CK 0.05 ± 0.00d 0.61 ± 0.08c 0.23 ± 0.01e

-0.2 MPa 0.056 ± 0.01 cd 1.25 ± 0.08ab 0.26 ± 0.00d

-0.6MPA 0.06 ± 0.00c 1.37 ± 0.01a 0.28 ± 0.00c

FP 0.004 0.000 0.000

FGA 0.000 0.007 0.000

FW9GA 0.717 0.001 0.292

FP, PEG effect; FGA, gibberellin effect, FP9GA, PEG 9 gibberellin interactive effect. Data were shown as
means ± S.E. Different letters in the table indicated significantly differences between treatments (P \ 0.05,
n = 5)
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capacity compared to those that had been pretreated with distilled water under the same

water conditions (Fig. 2). On the other hand, under the -0.6 MPa conditions, the germi-

nation percentage of GA-pretreated seeds was significantly higher than that of the distilled-

water-treated counterparts. These results suggest that GA pretreatment may have partly

removed the water-stress block to germination, which might be due to the fact that GA may

induce production and activation of a-amylase and protease in the endosperm; this would

result in improved germination capacities (Jones and Carbonell 1984).

Accumulation of proline under water stress protected the cell by balancing the osmotic

strength of cytosol; preserving protein structures and enzyme activities; scavenging

hydroxyl and other free radicals; and regulating cytosol acidity induced by unfavorable

environmental conditions (Kishor et al. 1995). We found a significantly higher proline

accumulation under water stress in both distilled-water- and GA-pretreated seeds

(Table 1). Slow accumulation of proline occurred under the -0.2 MPa conditions

(Table 1), which was consistent with similar findings for wheat (Song et al. 2005a, b).

These results further confirmed that P. asperata seeds are insensitive to drought stress. On

the other hand, GA-pretreated seeds have a higher proline accumulation under serious

water stress from the PEG -0.6 MPa conditions. As we knew, the increase in proline

content during osmotic stress may be essential for drought tolerance because it not only

contributes to osmotic adjustment but also reduces the effects of drought stress damage by

protecting enzyme structure, stabilizing membranes and scavenging hydroxyl radicals;

therefore, accumulation of free proline content in GA-pretreated P. asperata seeds pos-

sessed a positive significance for seedling establishment.

Lipid peroxidation has considerable potential to damage membranes and may be a

principal cause of seed deterioration (McDonald 1999); malondialdehyde (MDA) con-

centration could reflect the degree of damage resulting from adverse conditions. As showed

in the present study, GA pretreatment had positive effects on seed germination (Figs. 1, 2,

3). Water stress resulted in detrimental effects on seed germination, but the combination of

GA pretreatment and water stress alleviated the detrimental effect on seed germination

(Figs. 1, 2, 3). Under water stress, a gradual decrease in germination capacities was

concomitant with increased MDA concentration (Table 1). The water-stress-induced

decrease in membrane stability indicates the extent of lipid peroxidation caused by active

oxygen species (Menconi et al. 1995). In addition, a significant increase in the levels of

MDA was observed in GA-pretreated seeds, suggesting that lipid peroxidation during

water stress was enhanced in P. asperata seeds. The changes in the levels of MDA by seed

pretreatment might result from treatment-induced changes in the activities of free-radical-

and peroxide-scavenging enzymes.

Soluble sugars were usually utilized early in germination as an immediate energy

source. This may be responsible for the decline in total soluble sugars in axes and coty-

ledons during initial germination (Nkang 2002). The extent of soluble sugar accumulation

during the experiment was much higher in the seeds that had suffered from water stress

than those in the control (Table 1). Likewise, similar to our results, Wang et al. (2004)

reported that PEG treatment caused a significant increase in soluble sugar content of alfalfa

and milkvetch seeds. The increase in the soluble sugar content was likely to result from

decreased rates of export under drought stress conditions. On the other hand, GA-pre-

treated seeds had higher soluble sugar content than those of the untreated seeds under the

same water conditions. The increase in soluble sugar, resulting from GA treatment, was

reported in numerous species by many studies in the literature (Lovell and Booth 1967;

Ning et al. 2006), demonstrating that the accumulation of soluble sugar content correlates
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with the decrease of starch. In this study, the increase of soluble sugar accumulated the

energy for seed germination.

We found a significant increase in APX in the seeds of P. asperata under water stress

that had undergone GA pretreatment and control treatment. Belmonte et al. (2005) reported

that increased APX activity was observed in PEG-treated white P. asperata seeds. It

seemed that a high level of APX may be involved in the removal of H2O2, which, if it

accumulates in high levels, may be deleterious for the developing embryos. Previous

research (Noctor and Foyer 1998) has discussed the crucial role played by APX during the

detoxification processed.

CAT and POD have been implicated in the removal of H2O2. Catalase (CAT) partic-

ipated in the elimination of H2O2 by its dismutation into water and oxygen (Smirnoff

1993). In our study, PEG treatment of -0.2 MPa had no significant effect on CAT activity

in GA-pretreated seeds. Previous studies also reported that CAT activity was not affected

by mild drought (Fu and Huang 2001). However, CAT activity under PEG -0.6 MPa

conditions showed markedly higher levels compared to the control for both GA- and

distill-water-pretreat seeds (Table 2). This result indicated that, compared to the control

treatment, a higher level of CAT activity suggested more effective H2O2 dismutation

capacity under water stress. POD was among the major enzymes that scavenged H2O2,

which was produced through dismutation of O2
- (Türkan et al. 2005). In this study,

increased PEG stress corresponded to significantly increased POD activity of P. asperata
seeds after both distilled water and GA pretreatment. This might be due to the fact that

PEG treatment resulted in a greater capacity to decompose H2O2 more rapidly.

Our results indicated that an increase in antioxidant enzyme activities (CAT, APX, and

POD) in P. asperata seeds suffering water stress corresponded to a decrease in germination

(Fig. 1; Table 2). A similar increase in the activity of CAT, APX, and POD was reported in

stressed seeds (Kopyra and Gwóźdź 2003). In contrast, some studies in the literature (Goel

et al. 2003; Maity et al. 2000) demonstrated that germination of the seeds decreased

progressively with artificial ageing, but a decrease in germination was accordant with a

decrease in activity of CAT, APX, and POD. The discrepancy between our study and their

results might exist in that orthodox seeds were devoid of antioxidant enzymes. In addition,

stress conditions can create oxidative stress (Sgherri et al. 2000), and the plant may have

possessed antioxidants such as ascorbic acid and enzymes such as SOD, APX, CAT,POD

etc. that are able to endure oxidative damage. Yet under the same water conditions,

GA-pretreated seeds showed lower activities of CAT and POD than did seeds that had been

pretreated with distilled water. This result seemed to correspond to greater germination

capacity in GA-pretreated seeds (Figs. 1, 2, 3), which might contribute to drought stress

tolerance of GA-pretreated seeds.

In conclusion, based on the data obtained from the final germination percentage (i.e.,

the germination index), GA pretreatment did promote germination of P. asperata seeds.

It was possible that the low sensitivity of P. asperata seeds to water stress was associated

with its lower activity of proline; MDA and soluble sugar contents; and antioxidative

enzymes (CAT, APX, and POD); as well as its greater germination capacity under the

-0.2 PEG conditions compared to the -0.6 PEG conditions. Additionally, although

serious water stress induced the inhibitory properties of P. asperata seed germination,

GA pretreatment was able to alleviate the inhibitory effects resulting from drought stress.

More definite results could be obtained by studying the influence of other environmental

factors (such as light, temperature, litter aqueous extracts, etc.) on germination of

P. asperata seeds.
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Management implications

The conclusions of this study showed that P. asperata seeds were insensitive to water

stress; only serious water stress could decrease the germination rate. Therefore, water is not

a limiting factor for P. asperata seed germination in subalpine coniferous forest areas. In

reforestation practice, policymakers should consider other environmental factors and take

advantage of available human-aided possibilities. Land closure for reforestation can protect

seeds from human activities, being trampled by livestock, and elevations in the temperature

of the environment. The removal of thick litter may eliminate the physical obstacles

associated with seed germination and seedling establishment. These measurements have

been reported to have a positive effect for natural regeneration in coniferous forests

(Béland et al. 2000; Narukawa and Yamamoto 2002; Yin et al. 2007).
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expression analysis in citrus reveals the role of gibberellins on photosynthesis and stress. Plant Cell
Environ 31:1620–1633

New Forests (2010) 39:231–243 241

123



Jones RL, Carbonell J (1984) Regulation of the synthesis of barley aleurone a-Amylase by gibberellic acid
and calcium ions. Plant Physiol 76:213–218
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Kopyra M, Gwóźdź EA (2003) Nitric oxide stimulates seed germination and counteracts the inhibitory
effect of heavy metals and salinity on root growth of Lupinus luteus. Plant Physiol Biochem 41:
1011–1017

Liu YQ, Bino RJ, Karssen CM, Hilhorst HWM (1996) Water relations of GA- and ABA-deficien tomato
mutants during seed and fruit development and their influence on germination. Physiol Plant 96:
425–432

Lovell PH, Booth A (1967) Effects of gibberellic acid on growth, tuber formation and garbohydrate
distribution in solanum tuberosum. New Phytol 66:525–537

Luck H (1974) Catalases. In: Bergmeyer HU (ed) Methods of enzymatic analyses. Academic Press,
New York

Ma CG, Wang JH (1994) Responses of seeds of spruce, larch and other conifers to water stress in the seed
germination stage. For Res 7:121–124

Maity S, Banerjee G, Roy M, Pal C, Pal B, Chakrabarti D, Bhattacharjee A (2000) Chemical induced
prolongation of seed viability and stress tolerance capacity of mung bean seedlings. Seed Sci Technol
28:155–162

Mauriat M, Moritz T (2009) Analyses of GA20ox- and GID1-over-expressing aspen suggest that gibber-
ellins play two distinct roles in wood formation. Plant J 58:989–1003

McDonald MB (1999) Seed deterioration: physiology, repair and assessment. Seed Sci Technol 27:177–237
Menconi M, Sgherri CLM, Pinzino C, Navari-Izzo F (1995) Activated oxygen production and detoxification

in wheat plants subjected to a water deficit programme. J Exp Bot 46:1123–1130
Michael BE, Kaufaman MR (1973) The osmotic potential of polyethyleneglycol 6000. Plant Physiol

51:914–916
Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach

chloroplasts. Plant Cell Physiol 22:867–880
Narukawa Y, Yamamoto S (2002) Effects of dwarf bamboo (Sasa sp.) and forest floor microsites on conifer

seedling recruitment in a subalpine forest, Japan. For Ecol Manag 163:61–70
Ning W, Fan WL, Li HB, Liu YJ, Ge XG (2006) Effect of alternating temperature and gibberellin (GA3) on

metabolic control of Japanese Aralia (Aralia elata) seed in dormancy-breaking process. Acta Hortic
Sin 33:649–652

Nkang A (2002) Carbohydrate composition during seed development and germination in two sub-tropical
rainforest tress species (Erythrina caffra and Guilfoylia monostylis). J plant physiol 159:473–483

Noctor G, Foyer CH (1998) Ascorbate and glutathione: keeping active oxygen under control. Ann Rev Plant
Physiol Plant Mol Biol 49:249–279

Peng JR, Harberd NP (2002) The role of GA-mediated signaling in the control of seed germination. Cur
Opin Plant Biol 5:376–381

Richards DE, King KE, Ait-ali T, Harberd NP (2001) How gibberellin regulates plant growth and devel-
opment: a molecular genetic analysis of gibberellin signaling. Ann Rev Plant Physiol Plant Mol Biol
52:67–88

Ritchie BS, Gilroy S (1998) Tansley review No.100 Gibberellins: regulating genes and germination. New
Phytol 140:363–383

Scholes RJ, Archer SR (1997) Tree-grass interactions in savannas. Annu Rev Ecol Syst 28:517–544
Sgherri CLM, Maffei M, Navari-Izzo F (2000) Antioxidative enzymes in wheat subjected to increasing

water deficit and rewatering. J Plant Physiol 157:273–279
Shao HB, Chu LY, Jaleel CA, Zhao CX (2008a) Water-deficit stress-induced anatomical changes in higher

plants. C R Biol 331:215–225
Shao HB, Chu LY, Lu ZH, Kang CM (2008b) Primary antioxidant free radical scavenging and redox

signaling pathways in higher plant cells. Int J Biol Sci 4(1):8–14
Sharma ML (1973) Simulation of growth and its effect on germination of five pasture species. Agron J

65:982–987
Shimono A, Washitani I (2004) Seedling emergence patterns and dormancy/germination physiology of

Primula modesta in a subalpine region. Ecol Res 19:541–551
Smirnoff N (1993) The role of active oxygen in response of plants to water deficit and desiccation. New

Phytol 125:27–58

242 New Forests (2010) 39:231–243

123



Song SQ, Lei YB, Tian XR (2005a) Proline metabolism and cross-tolerance to salinity and heat stress in
germinating wheat seeds. Rus J Plant Physiol 52:793–800

Song WJ, Zhou WJ, Jin ZL, Cao DD, Joel DM, Takeuchi Y, Yoneyama K (2005b) Germination response of
Orobanche seeds subjected to conditioning temperature, water potential and growth regulator treat-
ments. Weed Res 45:467–476

Sun TK, Sun YK, Wang YM, Kim SG, Hwang DH (2008) Analysis of embryonic proteome modulation by
GA and ABA from germinating rice seeds. Proteomics 8:3577–3587

Sy A, Grouzis M, Danthu P (2001) Seed germination of seven Sahelian legume species. Journal of Arid
Environments 49:875–882
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