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Abstract Abscisic acid (ABA) and gibberellins (GAs)

are two major phytohormones that regulate seed germina-

tion in response to internal and external factors. In this

study we used HPLC-ESI/MS/MS to investigate hormone

profiles in canola (Brassica napus) seeds that were 25, 50,

and 75% germinated and their ungerminated counterparts

imbibed at 8�C in either water, 25 lM GA4?7, a 80 mM

saline solution, or 50 lM ABA, respectively. During ger-

mination, ABA levels declined while GA4 levels increased.

Higher ABA levels appeared in ungerminated seeds com-

pared to germinated seeds. GA4 levels were lower in seeds

imbibed in the saline solution compared to seeds imbibed

in water. Ungerminated seeds imbibed in ABA had lower

GA4 levels compared to ungerminated seeds imbibed in

water; however, the levels of GA4 were similar for ger-

minated seeds imbibed in either water or ABA. The ABA

metabolites PA and DPA increased in seeds imbibed in

either water, the saline solution, or ABA, but decreased in

GA4?7-imbibed seeds. In addition, ABA inhibited GA4

accumulation, whereas GA had no effect on ABA accu-

mulation but altered the ABA catabolism pathway. Infor-

mation from our studies strongly supports the concept that

the balance of ABA and GA is a major factor controlling

germination.

Keywords Seed germination � Hormones � Metabolites �
HPLC-ESI/MS/MS

Introduction

Seed germination is an important process in the life history

of plants and its completion sets in motion the growth of

the seedling (Millar and others 2006). Seed germination

begins when a quiescent seed uptakes water and is com-

pleted with the elongation and emergence of the radicle in

a turgor-driven process (Finch-Savage and Leubner-Metz-

ger 2006). Germination is a very complex physiological

process that is controlled by a range of developmental and

external cues. Genetic and physiological studies have

shown the important role played by plant hormones in

regulating seed germination (Karssen and others 1989;

Jacobsen and others 2002; Koornneef and others 2002).

Studies on the genetic control of seed germination have

focused mainly on hormone biosynthesis and hormone-

responsive mutants. Through these studies, abscisic acid

(ABA) and gibberellins (GAs) have been demonstrated to

play important roles in the control of seed dormancy

and germination. For example, in gibberellin-deficient

Arabidopsis and tomato mutants, the full germination

response required the application of GA to the medium

(Koornneef and Van Der Veen 1980; Groot and Karssen

1987). ABA-deficient (aba) and ABA-insensitive (abi)
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mutants of Arabidopsis exhibit reduced seed dormancy

(Koornneef and others 1982; Karssen and others 1983;

Koornneef and others 1984; Debeaujon and Koornneef

2000; Jacobsen and others 2002), whereas exogenous ABA

or overproduction of ABA delayed seed germination or

enhanced seed dormancy (Frey and others 1999; Thompson

and others 2000; Lindgren and others 2003; Nambara and

Marion-Poll 2003). Previous studies proposed that ABA

induces and maintains seed dormancy (Nambara and Mar-

ion-Poll 2003; Kucera and others 2005), whereas GA, which

is antagonistic to the effect of ABA, releases seed dormancy

and promotes seed germination (Debeaujon and Koornneef

2000; Ogawa and others 2003; Yamauchi and others 2004;

Kucera and others 2005). The stimulatory role of GAs on

small-seeded plants such as tomato and Arabidopsis may be

explained by at least two different mechanisms. First, GAs

induce certain hydrolytic enzymes to overcome the

mechanical resistance imposed by the endosperm and seed

coat (Debeaujon and Koornneef 2000). For example, several

cell wall-loosening genes that encode b-1,3-glucanase and

endo-b-mannanase are GA-inducible and are consistently

associated with germination (Nonogaki and others 2000;

Wu and others 2001; Leubner-Metzger 2002; Koornneef and

others 2002; Wu and Bradford 2003). Second, GAs increase

the growth potential of the embryo, as indicated in Arabid-

opsis (Karssen and Lacka 1986; Debeaujon and Koornneef

2000).

Previous studies indicated that GA-mediated develop-

mental processes are regulated in part by changing the

cellular concentration of bioactive GAs (Yamauchi and

others 2004). In barley and Arabidopsis seeds, GA increases

during germination (Karssen and others 1989; Ogawa and

others 2003; Yamauchi and others 2004). Recent studies

have shown that breaking dormancy by after-ripening,

stratification, dark, and smoke is strongly correlated with a

decrease of ABA in seeds (Gubler and others 2005). In

addition, dormant cultivars of wheat and barley contained

more ABA than nondormant cultivars (Goldbach and

Michael 1976; Walker-Simmons and Sesing 1990). How-

ever, some studies suggested that seed germination is

determined by the concentration of ABA in imbibed seeds

and not by the concentration in dry seeds (Millar and others

2006). For example, in dormant and nondormant Arabid-

opsis seeds or embryos of barley, germination ability was

highly correlated with the changing pattern of ABA upon

imbibition (Ali-Rachedi and others 2004; Millar and others

2006). Hormone levels were shown to be strongly influ-

enced by various endogenous and external signals (Ogawa

and others 2003; Ali-Rachedi and others 2004; Yamauchi

and others 2004; Millar and others 2006). Besides hormone

levels, hormone sensitivity also plays an important role in

seed germination. In Arabidopsis, seed germination in

response to light and low-temperature stimuli was identified

to be due to enhanced GA sensitivity, not the amount of GA

(Derkx and others 1994).

The endogenous level of a given plant hormone is

controlled by biosynthesis and catabolism. De novo GA

and ABA biosynthesis during imbibition was demonstrated

by the following observations: an inhibitor of GA biosyn-

thesis, paclobutrazol, inhibits seed germination, which

contrasts with the enhanced effects of fluridone or nor-

flurazon, which are ABA biosynthesis inhibitors (Le Page-

Degivry and Garello 1992; Debeaujon and Koornneef

2000). Molecular studies indicated that two genes (NCED6

and 9) belonging to the Arabidopsis 9-cis-epoxycarotenoid

dioxygenase (AtNCED) gene family are the major genes

responsible for ABA synthesis during Arabidopsis seed

development and germination (Tan and others 2003;

Lefebvre and others 2006). At the same time, ABA

80-hydroxylase, the key enzyme in ABA catabolism, was

found to be indispensable for proper control of seed dor-

mancy and germination (Millar and others 2006). Gene

expression studies revealed that several GA biosynthesis

genes such as ent-kaurene oxidase (AtkO1), GA 20-oxi-

dase, GA 3-oxidase1 (AtGA30x1), and GA 3-oxidase2

(AtGA3ox2) are upregulated during seed imbibition and are

involved in the GA control of seed germination (Ogawa

and others 2003; Pérez-Flores and others 2003; Yamauchi

and others 2004). Gibberellin 2-oxidase (AtGA2ox2) gene

is responsible for the deactivation of bioactive GAs

(Yamauchi and others 2007). The precise control of the

expression of these genes indicates that fine-tuning of

hormone levels is an important signal for plant responses to

the environmental factors. Therefore, studying the hor-

mone profiles and their metabolites is an invaluable tool for

investigating the role played by plant hormones during

seed germination.

Low temperatures and salinity are considered important

stress factors limiting seed germination, emergence, and

stand establishment, particularly for canola (Brassica

napus), a small-seeded crop. Although information on the

roles of hormones in the process of seed germination has

greatly increased, knowledge of their roles in seeds sub-

jected to low temperatures and abiotic stressful conditions

is minimal. Because of the long cold winter in western

Canada, the soil is often frozen to a depth of 1 m. Because

of the short growing season, early seeding in May is

common when soil temperatures are generally lower than

10�C. Therefore, in this study the effects of low tempera-

tures and salinity on hormone profiles were studied at 8�C

in both germinated and ungerminated canola seeds.

In this study we used high-performance liquid chroma-

tography electrospray ionization tandem mass spectrometry

(HPLC-ESI/MS/MS) to profile ABA, ABA metabolites,

gibberellins, auxins, and cytokinins in canola seeds

(cv. black seed line, N89-53) imbibed at 8�C in either
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water, 25 lM GA4?7, an 80 mM buffered saline solution

of K2HPO4-K2HPO4 (pH 7.0), or 50 lM ABA when 25,

50, and 75% of the seeds were considered to have germi-

nated and also the counterparts of the ungerminated seeds

(75, 50, and 25%).

Materials and Methods

Plant Material and Seed Germination

Brassica napus seeds, a black seed genotype N89-53

obtained from Dr. G. Rakow, Agriculture and Agri-Food

Canada (Saskatoon, SK, Canada), were imbibed at 8�C in

either water, 25 lM GA4?7, a buffered saline solution

(80 mM K2HPO4-KH2PO4, pH 7.0), or 50 lM S(?) ABA

in the absence of light. All of the experiments were repli-

cated four times in Petri dishes with 100 seeds per dish

imbibed on filter paper with 5 ml of the above solutions.

Both germinated (25, 50, and 75%) and ungerminated

seeds (75, 50, and 25%) were collected for hormonal

analysis.

Extraction of Plant Hormones and Metabolites

The extraction procedure was as described in Chiwocha

and others (2003), except that 80% isopropanol acidified

with 1% glacial acetic acid was used as the extraction

solution. The extraction for each sample was replicated

three times.

Analysis of Endogenous Plant Hormones

and Metabolites by HPLC-ESI/MS/MS

The following plant hormones and their metabolites were

profiled for each collection: (1) ABA and metabolites:

ABA, phaseic acid (PA), dihydrophaseic acid (DPA),

70-hydroxy ABA (70-OH ABA), neo-phaseic acid (neo-PA),

and ABA glucose ester (ABAGE); (2) gibberellins (GA1,

GA3, GA4, and GA7; (3) auxins: indole-3-acetic acid (IAA)

and indole-3-aspartate (IAAsp); and (4) cytokinins: iso-

pentenyladenine (2iP), isopentenyladenosine (IPA), zeatin

(Z), zeatin riboside (ZR), dihydrozeatin (DHZ), dihydroze-

atin riboside (DHZR), and zeatin-O-glucoside (Z-O-Glu).

The retention times, precursor-to-product-ion transitions,

and the procedure used for quantification of endogenous

plant hormones and metabolites using the deuterium-

labeled analog of each compound as its internal standard

were as described previously in Chiwocha and others

(2003). The precursor-to-product-ion transitions used to

monitor and quantify each compound and their internal

standard are shown as the following: ABA (m/z 263 [ 153),

d4-ABA (m/z 267 [ 156), PA (m/z 279 [ 139), d3-PA

(m/z 282 [ 142), DPA (m/z 281 [ 171), d3-DPA (m/z

284 [ 174), 70-OH-ABA (m/z 279 [ 151), d4-70-OH-ABA

(m/z 283 [ 154), ABA-GE (m/z 425 [ 263), d5-ABA-GE

(m/z 430 [ 268); GA1 (m/z 347 [ 273), d2-GA1 (m/z

349 [ 275), GA3 (m/z 345 [ 221), d2-GA1 (m/z 349 [
275), GA4 (m/z 331 [ 213), d2-GA4 (m/z 333 [ 215), GA7

(m/z 339 [ 223), d2-GA4 (m/z 333 [ 215); IAA (m/z

174 [ 130), d5-IAA (179 [ 135), IAAsp (m/z 289 [ 132),

d5-IAA (m/z 179 [ 1350; 2ip (m/z 204 [ 136), d6-2iP

(210 [ 137), IPA (m/z 336 [ 204), d6-IPA (m/z 342 [
210), Z (m/z 220 [ 136), d3-DHZ (m/z 225 [ 136), ZR (m/z

352 [ 220), d3-DHZR (m/z 337 [ 225), DHZ (m/z 222 [
136), d3-DHZ (m/z 225 [ 136), DHZR (m/z 353 [ 222),

d3-DHZR (m/z 357 [ 223), Z-O-Glu (m/z 382 [ 220), and

d5-Z-O-Glu (m/z 387 [ 225). d2-GA1, d2-GA4, d5-IAA,

d3-DHZ, and d3-DHZR were also found to be appropriate

internal standards for GA3, GA7, IAAsp, Z, and ZR,

respectively. Each sample was injected and analyzed in

triplicate by HPLC-ESI/MS/MS.

Results

Germination Response of Brassica napus Seeds

at 8�C Employing Various Incubation Media

The germination time course of Brassica napus seeds

imbibed at 8�C in either water, 25 lM GA4?7 (GA), an

80 mM saline solution, or 50 lM ABA in the absence of

light is shown in Fig. 1. Compared with seeds imbibed in

water, GA stimulated seed germination, whereas the saline

solution or ABA inhibited seed germination.

Fig. 1 Germination profiles of Brassica napus (N89-53) imbibed at

8�C in either water, 25 lM GA4?7, a 80 mM saline solution, or

50 lM ABA in the absence of light. Germination was scored as

radicle emergence. Values are means ± SE of four replicates
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Hormone Profiles During Germination

Both germinated and ungerminated seeds imbibed at 8�C in

either water, GA4?7, the saline solution, or ABA were

collected at 25, 50, and 75% germination for hormonal

analysis. The differences among the endogenous hormones

and their metabolites at the different stages of germination

are presented.

ABA

Changes in the levels of ABA at 25, 50, and 75% germi-

nation and their ungerminated counterparts are shown in

Fig. 2. It was not possible to determine ABA levels in

seeds imbibed in exogenous ABA; however, it was possi-

ble to measure the ABA metabolites that are discussed later

(Figs. 3 and 4). The level of ABA in dry seeds was

70 ng g-1 dry weight (DW), which in all cases decreased

to less than 26 ng g-1 DW in germinated seed (Fig. 2). A

greater decrease was observed in seeds imbibed in the

saline solution (20 ng g-1 DW or less) compared with the

26 ng g-1 DW for GA-imbibed seeds (Fig. 2). In all

the treatments, there was little or no change in the levels of

ABA as germination proceeded. ABA levels also decreased

in the ungerminated seeds but not to the extent observed in

the germinated seeds. For example, for 75% of ungermi-

nated seeds, the concentration of ABA was approximately

35 ng g-1 DW compared with 26 ng g-1 DW for 25%

germinated seeds imbibed in water (Fig. 2). Surprisingly,

the ABA concentration in 75% ungerminated GA-imbibed

seeds was similar to the level observed in seeds imbibed in

the saline solution. In all the treatments, the level of ABA

was higher in the 25% ungerminated seed, which was the

slowest to germinate. The 50% stage is considered to have

the highest rate of germination and this is reflected by the

levels of ABA.

ABA Metabolites

The main ABA metabolite stored in dry seeds was ABA-

GE, followed by DPA which was nearly half of the con-

centration as ABA-GE, then 70 OH-ABA, and finally PA

(Figs. 3 and 4). During imbibition, ABA-GE remained

relatively constant over time in both the germinated and

ungerminated seeds imbibed (Fig. 3a). In contrast, there

was an approximately 40% increase in ABA-GE for seeds

imbibed in GA4?7, suggesting that it is the major ABA

catabolite (Fig. 3b). DPA increased in seeds imbibed in

water; however, it increased more in germinated seeds

compared with ungerminated seeds (Fig. 3a). In the pres-

ence of GA4?7, DPA decreased in ungerminated seeds and

was not detectable in germinated seeds (Fig. 3b), sug-

gesting a different pathway of ABA catabolism. There was

a slight decrease in 70-OH-ABA in both germinated and

ungerminated seeds imbibed in either water or GA,

whereas PA increased slightly (Fig. 3).

Changes in ABA-GE in saline solution-treated seeds

were similar to those observed for both germinated and

ungerminated seeds imbibed in water (Fig. 4a). The

increase in DPA for saline solution-treated ungerminated

seeds was similar to ungerminated seeds imbibed in water;

however, there was a 35% decrease in the germinated seeds

compared with a 38% increase in the water-imbibed

geminated seeds (Figs. 3a and 4a). The concentration of

70-OH-ABA in the saline solution-treated seeds was simi-

lar to the germinated water- and GA-imbibed seeds and

the water-imbibed ungerminated seeds. In contrast to the

water- and GA-treated seeds and the saline solution-treated

Fig. 2 Changes in ABA in both

germinated and ungerminated

seeds imbibed at 8�C in either

water, a saline solution, or

GA4?7 in the absence of light.

Seeds were collected at 0, 25,

50, and 75% germination and

also their ungerminated

counterparts at the same

intervals. a Ungerminated.

b Germinated. Values are

means ± SE of three replicates
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ungerminated seeds, there was a major increase in PA in

the germinated saline solution-treated seeds (Fig. 4a). In

one of the three ABA catabolytic pathways, ABA is

catabolized first to PA and then DPA (Harrison and Walton

1975). It appears that salinity affects the conversion of PA

to DPA. Although ABA-GE was the major ABA catabolite

in germinated GA-treated seeds, DPA was the major

catabolite in germinated ABA-treated seeds (Figs. 3b and

4b). DPA increased from 120 ng g-1 DW in dry seeds to

155 ng g-1 DW in ABA-imbibed seeds at 25% germina-

tion, and increased to greater than 400 ng g-1 DW in seeds

at 50 and 75% germination. ABA-GE also increased in

both germinated and ungerminated seeds imbibed in ABA;

however, its increase was not as large as observed for DPA

(Fig. 4b).

Gibberellins

GA3 was not detected in dry seeds (Fig. 5), but at 25%

germination, GA3 increased to approximately 50 ng g-1

DW in seeds imbibed in water (Fig. 5). At 50% germina-

tion, GA3 decreased to approximately 35 ng g-1 DW and

then increased to 60 ng g-1 DW at 75% germination

(Fig. 5). There was a significant increase in GA3 in the

75% ungerminated seeds imbibed in water, but then GA3

decreased from 27 ng g-1 DW and remained constant at

15 ng g-1 DW in the 50 and 25 % ungerminated seeds

(Fig. 5). Trace amounts of GA4 (4 ng g-1 DW) were

detected in dry seeds, which increased to 18 ng g-1 DW

when 25% of the water-imbibed seeds germinated and

remained relatively constant thereafter (Fig. 5). The level

Fig. 3 Changes in ABA

metabolites in both germinated

and ungerminated seeds

imbibed at 8�C in either water

or GA4?7 in the absence of

light. Seeds were collected at 0,

25, 50, and 75% germination

and also their ungerminated

counterparts at the same

intervals. a Water. b GA4?7.

Values are means ± SE of three

replicates
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of GA4 in ungerminated seeds was similar to what was

observed in germinated seeds imbibed in water at all stages

of germination (Fig. 5). In contrast to the increase in GA3

for seeds imbibed in water, there was no increase in GA3 in

seeds imbibed in either GA4?7 (data not shown), the saline

solution, or ABA (Fig. 6). The increase in GA4 was less in

seeds imbibed in the saline solution compared with seeds

imbibed in water (Fig. 6a). There was a twofold decrease

in GA4 in seeds after 75% germination. A similar pattern

was observed in ungerminated seeds as was observed for

seeds imbibed in water, except the increase in GA4 was

approximately 47% less (Fig. 6a). In ABA-treated germi-

nated seeds the increase in GA4 was similar to what was

observed in water-treated germinated seeds (Fig. 6b). GA4

increased in ABA-imbibed 75% ungerminated seeds,

almost to the level observed in water-treated ungerminated

seeds (Fig. 6b). Thereafter, GA4 decreased and decreased

50% in 25% ungerminated seeds (Fig. 6b). GA1 and GA7

were not detected in our study.

Auxins

There was a significant increase in IAA at all stages of

germination in water; however, IAA increased more in

ungerminated seeds (Fig. 7a). IAAsp levels remained

constant at all stages (Fig. 7a). In contrast to water-imbibed

seeds, there were little or no changes in either IAA or

IAAsp in seeds imbibed in either GA4?7, the saline solu-

tion, or ABA (Figs. 7b and 8).

Fig. 4 Changes in ABA

metabolites in both germinated

and ungerminated seeds

imbibed at 8�C in either the

saline solution or ABA in the

absence of light. Seeds were

collected at 0, 25, 50, and 75%

germination and also their

ungerminated counterparts at

the same intervals. a Saline

solution. b ABA. Values are

means ± SE of three replicates
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Cytokinins

ZR, iPA, and DhZR were detected in either germinated or

ungerminated seeds in all treatments except seeds imbibed

in ABA (Figs. 9 and 10). DhZR increased markedly in seeds

imbibed in water but was not detected in seeds imbibed in

GA4?7 (Fig. 9). Compared with dry seeds, iPA increased in

seeds imbibed in either water or GA4?7 (Fig. 9). The largest

increase was observed in seeds imbibed in water at 75% of

germination. For seeds imbibed in the saline solution, ZR

remained at the same level as in the dry seeds (Fig. 10). The

levels of DhZR increased in both germinated and ungermi-

nated seeds imbibed in the saline solution; however, iPA was

not detected in either (Fig. 10).

Discussion

Compared to what occurs with water, seeds germinate

slightly faster in the presence of GA4?7 and slower when

imbibed in either the saline solution or ABA (Fig. 1). This

different germination pattern is thought to be controlled by

endogenous hormones such as GA or ABA. To elucidate

how hormones control germination, we profiled changes in

ABA and its metabolites, gibberellins (GA3 and GA4),

auxins (IAA and IAAsp), and cytokinins (ZR, dhZR, and

iPA) in both germinated and ungerminated seeds at dif-

ferent stages of germination. In addition, we added exog-

enous GA4?7, ABA, or a saline solution to the seeds to

determine what effect they had on the hormones. Profiles of

ABA and its metabolites for seeds imbibed in GA4?7 and

profiles of gibberellins for seeds imbibed in ABA are dis-

cussed in detail in the section on interactions between GA

and ABA.

ABA and its Metabolism

ABA is a negative regulator in the control of seed germi-

nation (Finch-Savage and Leubner-Metzger 2006). ABA

levels in seeds are regulated by anabolism and catabolism

(Okamoto and others 2006). In our study, ABA levels

decreased in all cases upon imbibition, irrespective of the

treatments (Fig. 2), which is consistent with the pattern of

ABA changes observed in Arabidopsis (Ali-Rachedi and

others 2004) and barley (Millar and others 2006). More-

over, our results reveal that ungerminated seeds contained

higher ABA levels than germinated seeds in all the treat-

ments. These results indicate that a decline in ABA is

required for the initiation of germination and there is a

threshold level controlling seed germination. Seeds imbibed

in the saline solution germinated slower than seeds imbibed

in water (Fig. 1). Compared with ungerminated seeds

imbibed in water, ABA levels were higher in ungerminated

seeds imbibed in the saline solution; however, they were

slightly lower in germinated seeds imbibed in the saline

solution. This suggests that the delay in germination for

seeds imbibed in the saline solution may be a function of the

time required for catabolism of ABA at 8�C below the

threshold level. This concept is supported by previous

studies that demonstrated that there is a threshold level for

ABA inhibition of germination (Millar and others 2006).

Fig. 5 Changes in gibberellins in both germinated and ungerminated

seeds imbibed at 8�C in water in the absence of light. Seeds were

collected at 0, 25, 50, and 75% germination and also their

ungerminated counterparts at the same intervals. Values are mean-

s ± SE of three replicates
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Higher ABA levels observed in ungerminated seeds imbibed

in the saline solution may be the result of induced ABA de

novo synthesis or the delayed rate of ABA catabolism.

Previous studies in lettuce (Yoshioka and others 1998;

Gonai and others 2004), and tomato (Fellner and Sawhney

2001) demonstrated that delayed seed germination under

stressful conditions is partially due to induced ABA de novo

synthesis. However, fluridone, an ABA inhibitor (Yoshioka

and others 1998), had no effect on the germination of seeds

imbibed in the saline solution as described in the current

study (Zhang and Gusta, unpublished data). The higher ABA

levels observed in our study may be attributed to the rate of

ABA catabolism, which is inhibited by the saline solution

rather than de novo ABA synthesis. Previous studies in

either Arabidopsis (Ali-Rachedi and others 2004), lettuce

(Toyomasu and others 1994), or barley (Millar and others

2006) demonstrated a correlation between ABA levels in

imbibed seeds and seed germinability. In our study, the lowest

level of ABA was found in 50% ungerminated seeds followed

by an increase in 25% ungerminated seeds. Seeds at 50%

germination have the highest germination rate, whereas

seeds at 75% germination have the slowest germination rate.

These results provide evidence to support the concept that

endogenous ABA concentration is associated with seed

germinability.

Previous studies have established that ABA is catabo-

lized through two major oxidation pathways: 80 hydroxyl-

ation to PA and then to DPA and 70 hydroxylation to

70-OH-ABA (Uknes and Ho 1984; Cutler and Krochko

1999) or a conjugation pathway to ABA-GE (Zhou and

others 2004). In Arabidopsis, molecular studies with

CYP707A1 and CYP707A2 genes, which encode two key

Fig. 6 Changes in gibberellins

in both germinated and

ungerminated seeds imbibed at

8�C in either the saline solution

or ABA in the absence of light.

Seeds were collected at 0, 25,

50, and 75% germination and

also their ungerminated

counterparts at the same

intervals. a Saline solution.

b ABA. Values are means ± SE

of three replicates
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enzymes in the ABA 80-hydroxylase pathway, revealed that

the 80 hydroxylation pathway is the major pathway

involved in ABA-controlled germination (Kushiro and

others 2004; Millar and others 2006; Okamoto and others

2006). In our study, both PA and DPA increased in seeds

imbibed in water, as expected with the observed reduction

in ABA (Fig. 3); however, 70-OH-ABA levels did not vary

significantly in ungerminated seeds and slightly decreased

in germinated seeds (Fig. 3). ABA-GE also remained rel-

atively constant in seeds imbibed in water, although it was

the major ABA catabolite in dry seeds. These results

indicate that the 80 hydroxylation is the preferred pathway

for ABA catabolism in canola seeds imbibed in water at

8�C, which is consistent with previous studies. For ger-

minated seeds imbibed in the saline solution, PA was

higher compared to water-imbibed germinated seeds,

whereas DPA decreased, which is in contrast to the

increase observed in germinated seeds imbibed in water

(Fig. 4). These results indicate that the conversion of PA to

DPA in seeds is affected by the saline solution. For seeds

imbibed in ABA, DPA was significantly enhanced com-

pared with water-imbibed seeds. This observation is con-

sistent with the concept that ABA itself can activate its 80

hydroxylation catabolic pathway (Uknes and Ho 1984;

Cutler and Krochko 1999; Qin and Zeevaart 2002). In our

study we found that ABA-GE was also greatly enhanced in

seeds imbibed in ABA. It appears that the ABA-GE con-

jugation pathway is also activated via exogenous ABA.

This is different from previous studies in plants that have

shown that only the 80 hydroxylation is activated (Uknes

and Ho 1984; Cutler and Krochko 1999; Qin and Zeevaart

2002).

Fig. 7 Changes in auxins in

both germinated and

ungerminated seeds imbibed at

8�C in either water or GA4?7 in

the absence of light. Seeds were

collected at 0, 25, 50, and 75%

germination and also their

ungerminated counterparts at

the same intervals. a Water.

b GA4?7. Values are

means ± SE of three replicates
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Gibberellins

GAs have been shown to be required for germination from

studies on GA-deficient mutants (Koornneef and Van Der

Veen 1980; Groot and Karssen 1987) and GA biosynthesis

inhibitors (Karssen and others 1989; Nambara and others

1991). GA4, a bioactive gibberellin, increases in imbibed

seeds, indicating that GA4 is essential for seed germination.

GA4 may be a major bioactive gibberellin for canola seed

germination at 8�C. This finding is consistent with studies

on Arabidopsis which also demonstrated the essential role

of GA4 in seed germination (Ogawa and others 2003;

Yamauchi and others 2004). GA4 was lower in seeds

imbibed in the saline solution compared with that in seeds

imbibed in water. After 75% of the seeds germinated in the

saline solution, the 25% ungerminated seeds had the lowest

GA4 (Fig. 6). These results indicate that salinity-delayed

seed germination is partly induced by its inhibitory effect

on GA4 accumulation. In combination with the ABA pro-

files for seeds imbibed in the saline solution, we propose

that the saline solution inhibits seed germination by

reducing ABA catabolism as well as GA accumulation. In

addition to GA4, GA3, another bioactive gibberellin, was

found to accumulate only in seeds imbibed in water but not

in the saline solution or ABA. This result indicates that the

GA3 biosynthetic pathway was also activated in seeds

imbibed in water at 8�C; however, the saline solution and

ABA inhibited this step. Until now, a large number of GAs

(approximately 126) have been identified in higher plants,

fungi, and bacteria (Hedden and Phillips 2000). The GAs

vary in activity; for example, previous studies have shown

that GA1, GA3, GA4, and GA7 all stimulate Arabidopsis

seed germination, although the extent of the activity varies

(Derkx and others 1994). However, Ogawa and others

Fig. 8 Changes in auxins in

both germinated and

ungerminated seeds imbibed at

8�C in either the saline solution

or ABA in the absence of light.

Seeds were collected at 0, 25,

50, and 75% germination and

also their ungerminated

counterparts at the same

intervals. a Saline solution.

b ABA. Values are means ± SE

of three replicates
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(2003) and Yamauchi and others (2004) have demonstrated

that GA4 is the major hormone for Arabidopsis seed ger-

mination, whereas GA1 plays a minor role. However, in

Arabidopsis etr1-2 mutant seeds (ethylene insensitivity),

GA1, not GA4, is the major GA associated with seed ger-

mination (Chiwocha and others 2005). In addition, GA1

and GA3 were also accumulated in shoot tips of Brassica

napus during a cold period, indicating roles in vernalization

(Zanewich and Rood 1995). These studies, in combination

with our results and other studies (Hedden and Kamiya

1997), indicate that candidate gibberellins controlling cer-

tain plant growth are variable and dependent on species,

tissues, developmental stages, endogenous hormone inter-

actions, and environmental conditions.

GA and ABA Interaction

The antagonistic roles of GA and ABA in controlling

germination can occur through a direct or an indirect

interaction or both. Direct actions include the interaction

between their metabolism, whereas indirect roles would be

the opposite effect of GA and ABA on genes that regulate

seed germination. There is a great deal of evidence to

support the indirect action of GA and ABA on seed ger-

mination. GA and ABA have opposite effects on genes

encoding for endo-b-mannanase, b-1,3-glucanase, a-amy-

lase, and expansin (Leubner-Metzger and others 1996;

Chen and Bradford 2000; Wu and others 2001; Leubner-

Metzger 2002; Koornneef and others 2002; Wu and

Fig. 9 Changes in cytokinins in

both germinated and

ungerminated seeds imbibed at

8�C in either water or GA4?7 in

the absence of light. Seeds were

collected at 0, 25, 50, and 75%

germination and also their

ungerminated counterparts at

the same intervals. a Water.

b GA4?7. Values are

means ± SE of three replicates
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Bradford 2003). In Arabidopsis, this indirect action of GA

and ABA was also shown in the expression of several

ABRE-containing genes (Ogawa and others 2003). How-

ever, there is less evidence to support the direct antagonism

of ABA and GA.

GA3 enhances seed germination by reducing ABA levels

in lettuce (Toyomasu and others 1994; Gonai and others

2004), whereas in Arabidopsis, exogenous GA4 had no

effect on endogenous ABA (Ogawa and others 2003). In our

study, GA4?7-imbibed seeds had a higher level of ABA than

seeds imbibed in water, which rules out the possibility that

GA affects ABA accumulation. Although GA4?7 had no

effect on ABA accumulation, we did observe that GA4?7

affected the ABA catabolic pathway compared to water-

imbibed seeds. In water-imbibed seeds, ABA was degraded

to DPA, whereas in GA4?7-imbibed seeds, ABA was cata-

bolized to ABA-GE. This finding indicates that GA alters

ABA catabolism and changes it from the major 80 hydrox-

ylation pathway to the ABA-GE conjugation pathway.

ABA-GE is assumed to be an irreversible inactive metabo-

lite of ABA (Cutler and Krochko 1999), although some

research has suggested that it can be hydrolyzed to ABA

(Sauter and others 2002). In Arabidopsis and lettuce seeds,

the ABA-GE conjugation pathway has been proposed to be

the major pathway for ABA degradation (Chiwocha and

others 2003, 2005). From our studies we found that this

pathway is activated in seeds imbibed in either GA4?7 or

ABA, whereas the 80 hydroxylation is the preferred pathway.

Fig. 10 Changes in cytokinins

in both germinated and

ungerminated seeds imbibed at

8�C in either the saline solution

or ABA in the absence of light.

Seeds were collected at 0, 25,

50, and 75% germination and

also their ungerminated

counterparts at the same

intervals. a Saline solution.

b ABA. Values are means ± SE

of three replicates
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It has been proposed that in barley GA accumulation is

inhibited by ABA (Jacobsen and others 2002); however,

no direct evidence was obtained to support this hypoth-

esis. We observed that GA4 levels were lower in unger-

minated seeds imbibed in ABA than ungerminated seeds

imbibed in water (Fig. 6). This observation supports the

hypothesis that ABA has an inhibitory effect on GA

accumulation. Although a lower level of GA4 was

detected in ungerminated seeds imbibed in ABA com-

pared to water, GA4 levels in germinated seeds imbibed

in ABA and water were nearly identical (Fig. 6). Based

on these results we postulate that seeds overcome exog-

enous ABA by accumulating GA4. This ABA-dependent

GA requirement was also shown in an Arabidopsis mutant

(Debeaujon and Koornneef 2000). Because ABA inhibits

GA4 accumulation, a longer imbibition time is required to

attain the required level of GA to stimulate germination.

Therefore, this may be one mechanism whereby ABA

inhibits seed germination. In sorghum, the inhibitory

effect of ABA on the expression of the GA 20-oxidase

gene, the crucial gene in GA biosynthesis, also supports

this antagonistic role of ABA on GA accumulation

(Pérez-Flores and others 2003).

Auxins and Cytokinins

Auxin plays a major role in controlling cell elongation in

isolated stem and coleoptile; however, there is no direct

evidence that it is involved in seed germination. Recently, a

study in Arabidopsis revealed that several auxin biosyn-

thesis genes and genes encoding auxin carrier proteins are

regulated by exogenous GA4 during seed germination

(Ogawa and others 2003). In addition, IAA level changes

during seed germination were also reported in lettuce

(Chiwocha and others 2003), Arabidopsis, and its etr

mutant (Chiwocha and others 2005). However, our study

did not show a consistent involvement of auxins in canola

seed germination. A similar conclusion was reached for the

involvement of cytokinins. We detected ZR, DhZR, and

iPA during seed germination, but no association could be

reached regarding their roles in germination.

Conclusion

The major hormones in controlling Brassica napus seed

germination are ABA and GA, whereas auxins and cyto-

kinins had little or no effect. Reduced ABA levels and

increased GA4 content are required for canola seeds to

germinate at 8�C; however, the ratio between these two

hormones may be more important. Although ABA declined

in imbibed seeds in all treatments, the catabolic pathways

responsible for this decline are different. ABA inhibited

GA4 accumulation, whereas GA had no effect on ABA

accumulation; however, GA alters the ABA catabolic

pathway. Both ABA catabolism and GA accumulation are

reduced by salinity.

The number of seeds that germinate over time follows a

sigmoidal distribution. Thus, although genetically identi-

fied, the seeds are vastly physiologically different because

all of the seeds on plants do not ripen at the same time and

under the same environmental conditions. In the late phase

the germination rate is much slower compared with the

exponential stage, and the germination slows in the station

stage. Factors that control germination increase include

germination-promoting hormones (for example, GAs), a

decrease in the germination inhibitory hormones (for

example, ABA), the breakdown of the seed coat, and

enzymes involved in the cell cycle and breakdown of cell

reserves, to name a few. Because not all seeds were created

equal, all of the above factors result in a sigmoid pattern of

germination; therefore, it is not unexpected that there are

different germination responses to phytohormones and

environmental constraints for different seed samples within

the same population.

Acknowledgments This work was supported by a Natural Sciences

and Engineering Research Council of Canada (NSERC) strategic

grant to LVG.

References

Ali-Rachedi S, Bouinot D, Wagner M-H, Bonnet M, Sotta B, Grappin

P, Jullien M (2004) Changes in endogenous abscisic acid and

levels during dormancy release and maintenance of mature

seeds: studies with the Cape Verde Islands ecotype, the dormant

model of Arabidopsis thaliana. Planta 219:479–488

Chen F, Bradford KJ (2000) Expression of an expansin is associated

with endosperm weakening during tomato seed germination.

Plant Physiol 124:1265–1274

Chiwocha SDS, Abrams SR, Ambrose SJ, Cutler AJ, Loewen M,

Ross AR, Kermode AR (2003) A method for profiling classes of

plant hormones and their metabolites using liquid chromato-

graphy-electrospray ionization tandem mass spectrometry: an

analysis of hormone regulation of thermodormancy of lettuce

(Lactuca sativa L.) seeds. Plant J 35:405–417

Chiwocha SDS, Cutler AJ, Abrams SR, Ambrose SJ, Yang J, Ross

ARS, Kermode AR (2005) The etr1–2 mutation in Arabidopsis

thaliana affects the abscisic acid, auxin, cytokinin and gibber-

ellin metabolic pathways during maintenance of seed dormancy,

moist-chilling and germination. Plant J 42:35–48

Cutler A, Krochko J (1999) Formation and breakdown of ABA.

Trends Plant Sci 4:472–478

Debeaujon I, Koornneef M (2000) Gibberellin requirement for

Arabidopsis seed germination is determined both by testa

characteristics and embryonic abscisic acid. Plant Physiol

122:415–424

Derkx MPM, Vermeer E, Karssen CM (1994) Gibberellins in seeds of

Arabidopsis thaliana: biological activities, identification, and

effects of light and chilling on endogenous levels. Plant Growth

Regul 15:223–234

J Plant Growth Regul (2010) 29:91–105 103

123



Fellner M, Sawhney VK (2001) Seed germination in a tomato male-

sterile mutant is resistant to osmotic, salt and low-temperature

stresses. Theor Appl Genet 102:215–221

Finch-Savage W, Leubner-Metzger G (2006) Seed dormancy and the

control of germination. New Phytol 171:501–523

Frey A, Audran C, Marin E, Sotta B, Marion-Poll A (1999)

Engineering seed dormancy by the modification of zeaxanthin

epoxidase gene expression. Plant Mol Biol 39:1267–1274

Goldbach H, Michael G (1976) Abscisic acid contents of barley

grains during ripening as affected by temperature and variety.

Crop Sci 16:797–799

Gonai T, Kawahara S, Tougou M, Satoh S, Hashiba T, Hirai N,

Kawaide H, Kamiya Y, Yoshioka T (2004) Abscisic acid in the

thermoinhibition of lettuce seed germination and enhancement

of its catabolism by gibberellin. J Exp Bot 55:111–118

Groot SPC, Karssen CM (1987) Gibberellins regulate seed germina-

tion in tomato by endosperm weakening: a study with gibber-

ellin-deficient mutants. Planta 171:525–531

Gubler F, Millar AA, Jacobsen JV (2005) Dormancy release, ABA

and pre-harvest sprouting. Curr Opin Plant Biol 8:183–187

Harrison MA, Walton DC (1975) Abscisic acid metabolism in water

stressed bean leaves. Plant Physiol 56:250–254

Hedden P, Kamiya Y (1997) Gibberellin biosynthesis: enzymes,

genes and their regulation. Annu Rev Plant Physiol Plant Mol

Biol 48:431–460

Hedden P, Phillips AL (2000) Gibberellin metabolism: new insights

revealed by the genes. Trends Plant Sci 5:523–530

Jacobsen JV, Pearce DW, Poole AT, Pharis RP, Mander LN (2002)

Abscisic acid, phaseic acid and gibberellin contents associated

with dormancy and germination in barley. Physiol Plant

115:428–441

Karssen CM, Lacka E (1986) A revision of the hormone balance

theory of seed dormancy: studies on gibberellin and/or abscisic

acid-deficient mutants of Arabidopsis thaliana. In: Bopp M (ed)

Plant growth substances. Springer-Verlag, Berlin, pp 315–323

Karssen CM, Brinkhorst-van der Swan DLC, Breekland AE, Koorn-

neef M (1983) Induction of dormancy during seed development

by endogenous abscisic acid: studies on abscisic acid deficient

genotypes of Arabidopsis thaliana (L.) Heynh. Planta 157:

158–165

Karssen CM, Zagorski S, Kepczynski J, Groot SPC (1989) Key role

for endogenous gibberellins in the control of seed germination.

Ann Bot 63:71–80

Koornneef M, van der Veen JH (1980) Induction and analysis of

gibberellin sensitive mutants in Arabidopsis thaliana (L.) Heynh.

Theor Appl Genet 58:257–263

Koornneef M, Jorna ML, Brinkhorst-van der Swan DLC, Karssen CM

(1982) The isolation of abscisic acid (ABA) defiant mutants by

selection of induced revertants in non-germinating gibberellin

sensitive lines of Arabidopsis thaliana (L.) Heynh. Theoret Appl

Genet 61:385–393

Koornneef M, Reuling G, Karssen CM (1984) The isolation and

characterization of abscisic acid-insensitive mutants of Arabid-
opsis thaliana. Physiol Plant 61:377–383

Koornneef M, Bentsink L, Hilhorst H (2002) Seed dormancy and

germination. Curr Opin Plant Biol 5:33–36

Kucera B, Cohn MA, Leubner-Metzger G (2005) Plant hormone

interaction during seed dormancy release and germination. Seed

Sci Res 15:281–307

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S,

Asami T, Hirai N, Koshiba T, Kamiya Y, Nambara E (2004)

The Arabidopsis cytochrome P450 CYP707A encodes ABA

80-hydroxylases: key enzymes in ABA catabolism. EMBO J

23:1647–1656

Lefebvre V, North H, Frey A, Sotta B, Seo M, Okamoto M, Nambara

E, Marion-Poll A (2006) Functional analysis of Arabidopsis

NCED6 and NCED9 genes indicates that ABA synthesized in the

endosperm is involved in the induction of seed dormancy. Plant J

45:309–319

Le Page-Degivry MT, Garello G (1992) In situ abscisic acid

synthesis: a requirement for induction of embryo dormancy in

Helianthus annuus. Plant Physiol 98:1386–1390

Leubner-Metzger G (2002) Seed after-ripening and over-expression

of Class I b-1, 3 glucanase confer maternal effects on tobacco

testa rupture and dormancy release. Planta 215:959–968
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