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Abstract Here we report that glucose delays germination
of Arabidopsis thaliana (L.) Heynh. seeds at concentra-
tions below those known to inhibit early seedling
development. This inhibition acts on embryo growth
and is independent of hexokinase (HXK) function.
Hormones and hormone inhibitors were applied to the
germination media and several hormone biosynthesis
and signalling mutants were tested on glucose media to
investigate a possible role of abscisic acid (ABA), gib-
berellin and ethylene in the glucose-induced germination
delay. Results indicate that the germination inhibition
by glucose cannot be antagonized by ethylene or gib-
berellin and is independent of the HXK1/ABA/ABI4
signalling cascade. These findings suggest that there is a
separate regulatory pathway independent of ABI2/
ABI4/ABI5. Thus, in a relatively short time frame sugars
utilize different signalling cascades to inhibit germina-
tion and post-germination growth, underlining the
complexity of sugar responses.

Keywords Abscisic acid Æ Arabidopsis Æ Ethylene Æ
Germination Æ Gibberellic acid Æ Glucose signalling

Abbreviations ABA Abscisic acid Æ ABI ABA
insensitive Æ ACC 1-Aminocyclopropane-1-carboxylic
acid Æ BR Brassinosteroid Æ CAB Chlorophyll a/b-
binding protein Æ FUS3 Fusca3 Æ GA Gibberellin Æ GA3

Gibberellic acid Æ HXK Hexokinase Æ LEC1 Leafy
cotyledon1 Æ RBCS Ribulose-1,5-bisphosphate
carboxylase small subunit Æ WT Wild type

Introduction

Photosynthesis provides plants with sugars that have a
pivotal role in the plant life cycle. Carbohydrates serve
as energy source and as basic building materials for the
synthesis of essentially all other organic molecules.
Furthermore, sugars can be converted into polymers
giving rise to storage components like starch and fruc-
tans or structural components like cellulose. Sugars also
regulate the expression of numerous genes (Koch 1996)
and affect many important plant processes (Gibson
2000). Moreover, sugars have a signalling function in
which the hexokinase (HXK) protein is suggested to
play a pivotal role (Sheen et al. 1999; Smeekens 2000;
Moore et al. 2003).

At least three different glucose-signalling pathways
have been proposed in plants (Sheen et al. 1999). An
HXK-independent pathway regulates genes like those
for chalcone synthase (CHS) and cell wall invertase 1
(CIN1). These genes are induced by sugar analogs such
as 6-deoxyglucose (6-DG) and 3-O-methyl glucose
(3-OMG) that are taken up by plant cells but not further
metabolized. Such hexose sensing might be mediated by
transporter-like receptors as described in yeast (Özcan
et al. 1996), although these have not been demonstrated
in plants so far. The two other pathways are HXK-
dependent, of which one is glycolysis-dependent and is
induced by overexpression of both native Arabidopsis
AtHXK1 and heterologous yeast HXK1 in Arabidopsis.
The other pathway requires Arabidopsis AtHXK1 spe-
cifically and affects, among others, photosynthetic genes
like those for chlorophyll a/b-binding protein (CAB),
the small subunit of ribulose-1,5-bisphosphate carbox-
ylase (RBCS) and plastocyanin (PC; Sheen et al. 1999;
Moore et al. 2003).

To study plant-specific sugar signal transduction,
several laboratories employed mutant screens in Ara-
bidopsis and such screens identified so-called sugar
insensitive mutants. Most of these screens revealed a
central role for the plant hormones abscisic acid (ABA;
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Arenas-Huertero et al. 2000; Huijser et al. 2000; Laby
et al. 2000; Rook et al. 2001) and ethylene (Zhou et al.
1998; Gibson et al. 2001) in sugar-induced signalling
during early seedling development (for review, see
Gazzarrini and McCourt 2001; Rolland et al. 2002).
Many other processes are affected by sugars as well,
including germination (Garciarrubio et al. 1997; Pego
et al. 1999; Finkelstein and Lynch 2000).

Germination is a highly regulated process that is
influenced by environmental factors, including light
and temperature (Bentsink and Koornneef 2002). In
addition, endogenous plant hormones play an impor-
tant role in preventing (ABA) or stimulating [gibber-
ellin (GA), brassinosteroid (BR) and ethylene]
germination. Of these hormones, ABA and GA have
the most pronounced effect. This is shown by the re-
duced seed dormancy of aba and several abi mutants
(Koornneef et al. 1982, 1984), while the GA-deficient
mutants (ga1, ga2 and ga3) are incapable of germi-
nation (Debeaujon and Koornneef 2000; Bentsink and
Koornneef 2002). Previous studies showed that man-
nose and 2-deoxyglucose, both of which are substrates
for HXK, are potent inhibitors of Arabidopsis seed
germination (Pego et al. 1999). Sugar uptake is prob-
ably not involved since the non-metabolizable sugars
6-DG and 3-OMG do not affect germination in this
assay. The inhibiting effect of mannose could be sup-
pressed by application of mannoheptulose, an inhibitor
of HXK function, thereby suggesting HXK involve-
ment. Interestingly, germination in mannose-arrested
seeds could also be restored by addition of glucose to
the medium. A similar effect of glucose was found for
ABA-mediated inhibition of Arabidopsis seed germi-
nation. Application of metabolizable sugars relieved
the inhibitory effect of ABA on germination but not
on seedling growth (Garciarrubio et al. 1997; Finkel-
stein and Lynch 2000). The glucose relief of ABA
action was already effective at a concentration of
35 mM and the effect was enhanced by light (Finkel-
stein and Lynch 2000). Thus far, however, the mech-
anism by which metabolizable sugars are able to
suppress the mannose and ABA inhibition of germi-
nation is still unresolved, although it does not seem to
be solely nutritional (Finkelstein and Lynch 2000;
Pritchard et al. 2003).

The studies described above suggest a stimulatory
role for glucose in germination but, in contrast, when
analyzing seed germination of several Arabidopsis eco-
types, we observed that even low concentrations of
exogenously supplied sugars delayed seed germination.
Here we report an analysis of this phenomenon at a
physiological and genetic level. We conclude that this
glucose response acts on the growth potential of the
embryo, is not influenced by exogenous nitrogen avail-
ability, and is independent of HXK activity. To unravel
a possible mechanism for the inhibition of germination
by glucose we investigated the role of several plant
hormones such as GAs, ethylene and ABA. These hor-
mones play an important role in the control of seed

germination and are involved in sugar responses as well.
This analysis shows that ethylene and GA signalling are
not able to antagonize the glucose-induced delay of seed
germination. Furthermore, ABA levels affect the re-
sponse to glucose during germination but the abi
mutants respond like the wild type (WT) to the glucose-
induced delay.

Materials and methods

Plant material

Most of the germination assays were performed with the Arabid-
opsis thaliana (L.) Heynh. accessions Landsberg erecta (Ler; Lehle
Seeds, Round Rock, TX, USA) and Col-0. Various Arabidopsis
mutants with altered ABA, GA and ethylene biosynthesis or sig-
nalling were tested for the germination response on glucose. Plants
were grown in a climate chamber at 22�C with 70% humidity and a
16 h/8 h light/dark cycle (Sylvania GRO-LUX fluorescent lamps;
Technische Unie, Utrecht). Seed batches that were compared in
germination assays were grown simultaneously and harvested and
stored under similar conditions. Seeds were dry-stored in paper
bags for at least a month before use in germination experiments.

Germination assays

All germination assays were performed on 0.5MS: half-strength
Murashige and Skoog medium (pH 5.8), including vitamins,
solidified with 0.8% plant agar (Duchefa, Haarlem, The Nether-
lands). All sugars were obtained from Sigma–Aldrich except su-
crose, which was obtained from Merck. Before plating, seeds were
surface-sterilized in 20% (v/v) commercial bleach (Glorix) for 8–
10 min followed by 3–5 min in 70% (v/v) ethanol, and rinsed four
to five times with sterile water. After a 3- to 4-day stratification
period at 4�C in the dark, plates (with chemicals included as indi-
cated) were incubated in a 16 h/8 h light/dark cycle at 22�C. Ger-
mination, scored by radicle emergence from the seed coat, was
scored daily for 3–5 days. �Single� experiments were performed in
duplicate, each plate containing 50–100 seeds, and every duplicate
experiment was repeated one to three times. For statistical analysis
we calculated the confidence interval of the sample mean with the
confidence tool of the Microsoft Excel package. It should be noted
that during the time course of these experiments we observed that,
in general, the germination rate was somewhat retarded compared
to the initial observations. This was seen in different seed batches
and accessions, which suggested that some external factor was
responsible. This is surprising since the sterilization and plating
procedures were standardized to limit seed germination variation.
We tried to overcome this retardation by shifting plates to different
places in the climate chamber and shortening the sterilization time
of seeds. Furthermore, we started using completely fresh steriliza-
tion solutions and a new batch of MS salts, and stratified the seeds
for an extra day, but this did not affect the general germination
delay. Despite this retardation, similar trends in germination were
observed in different batches.

Preparation of Arabidopsis embryos

Ler or Col-0 seeds were sterilized and imbibed for a few hours in
sterile water. Embryos were isolated from the seeds using sterile
forceps and scalpel. The isolated embryos were immediately plated
on agar plates containing 0.5MS, 2.5% sorbitol or 2.5% glucose.
The plates were stratified for 3–4 days before transfer to the growth
chamber. Also, seeds were sown on the plates and seed germination
was scored as a control for the glucose treatment. Embryo and
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seedling sizes were determined by taking photographs from which
the sizes were scored. For each measurement 5–11 embryos were
used.

Results

Exogenous glucose delays germination of
Arabidopsis seeds

To investigate the effect of glucose on germination,
seeds were plated on 0.5MS and a range (0.5%, 1%,
2.5% and 5%) of glucose and sorbitol concentrations.
Sorbitol is a sugar alcohol that is not taken up by plant
cells and serves as an osmotic control (Gibson 2000).
We observed that sugars delayed germination, as was
previously reported for high glucose concentrations
(6% glucose) by To et al. (2002) and Ullah et al.
(2002). The finding that even low concentrations (1%)
of glucose are able to delay seed germination (Fig. 1a)
was unexpected, since low concentrations of metabo-
lizable sugars are effective in relieving the inhibitory
action of ABA and mannose during germination
(Garciarrubio et al. 1997; Pego et al. 1999; Finkelstein
and Lynch 2000). As expected, elevated levels of glu-
cose (up to 5%) restricted germination more severely.
After 1 day the germination frequency in the sugar-free
control plates approached 80–100%. Since the media
containing up to 2.5% sorbitol showed control-level
germination frequencies, the germination delay is un-
likely to have been caused by osmotic activity. The
response to 2.5% sorbitol and glucose was studied in
more detail. Germination was scored every 1.5–2.5 h
from 16 h to 24 h. The data presented in Fig. 1b show
that the germination frequency increases rapidly during
the first day. Because of this fact we screened germi-
nation frequencies in as limited a time period as pos-
sible to prevent this time factor influencing the data
scored. Germination on sorbitol is also slightly re-
tarded but rapidly follows control-plate germination
and the difference disappears after 24 h.

Germination is both determined by growth potential
of the embryo and the restrictive properties of the seed
coat (Bentsink and Koornneef 2002; Debeaujon and
Koornneef 2000). Isolated embryos from seeds were
plated on 0.5MS, and on 0.5MS containing 2.5% sor-
bitol or 2.5% glucose. However, removal of the seed
coat did not neutralize the glucose effect, as shown by
the fact that the glucose-treated seedlings were signifi-
cantly smaller than the 0.5MS-treated embryos
(Fig. 1c–f). This implies that sugar acts on the growth
potential of the embryo directly. Moreover, the cotyle-
dons of 0.5MS-treated embryos started greening after
1 day while the glucose-treated ones were white.

Thus far, we tested 10 different Arabidopsis accessions
(Col-0, Ler, WS-2, C24, Oy1, Ksk1, Tsu, B-0, CVI and
Nd) for glucose (1.5%) repression of germination. The
accessions were grown simultaneously, except for Ler
the seeds of which were 1 month older. All accessions

tested showed a delay in germination caused by glucose
(data not shown). Although the range of germination
inhibition differed among the different ecotypes, this

Fig. 1a–f Glucose delays germination of Arabidopsis thaliana
seeds. a Germination inhibition of Ler seeds by increasing
concentrations (w/v) of sorbitol and glucose scored 24 h post-
stratification. bDetailed time course of the germination response of
Ler seeds on 0.5MS, and on 0.5MS containing 2.5% sorbitol or
2.5% glucose. a and b show means ± SE of duplicate experiments,
with confidence of 99%. Similar results were obtained in three
independent experiments. c–f Germination of Col-0 seeds (c,d) and
dissected embryos (e,f) on 0.5MS (c,e) and on 2.5% glucose (d,f) at
38 h post-stratification. Germination percentage is indicted for the
seeds. Also average relative sizes (rs) of the dissected embryos are
indicated. Representative embryos from seeds germinated on 2.5%
glucose (as in d) were dissected and measured and the average was
set to 100%. Similar results were obtained in two other experiments
using Col-0 seeds and Ler seeds, respectively
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indicates that the glucose-induced delay is a general
phenomenon in Arabidopsis.

Characterization of the sugar response

Next we tested whether other sugars were able to trigger
inhibition of seed germination. Germination was as-
sayed on 0.5MS medium or on 0.5MS medium supple-
mented with chemicals that serve as osmotic controls
(sorbitol, mannitol or NaCl), or supplemented with
different hexoses (glucose, galactose and 3-OMG) or
disaccharides (sucrose, maltose or trehalose). All sugars
tested were able to delay germination more efficiently
than the osmotic controls although the effect of galac-
tose, maltose and trehalose was relatively small and
rapidly disappeared. Sucrose, glucose and, in particular,
the non-metabolically active glucose analog 3-OMG
postponed germination more strongly (Fig. 2). Since
sucrose is hydrolyzed to glucose and fructose these
hydrolysis products might be responsible for the inhi-
bition observed on sucrose. The observation that the
non-metabolizable sugar analog 3-OMG is an effective
inhibitor of germination suggests that HXK activity or
further metabolism is not necessary to trigger the ger-
mination delay.

Sugar responses are influenced by nitrogen avail-
ability or carbon/nitrogen ratio (Martin et al. 2002). To
investigate whether different nitrogen concentrations in
the media affected the sugar-induced germination delay,
Ler seeds were sown on 0.5MS or on 0.5MS + 2.5%
glucose with different N concentrations. Germination
was scored daily for 4 days, and Fig. 3a shows that the
germination curves on 0.5MS are similar for the differ-
ent N concentrations. This germination profile contrasts
with the germination profile of glucose-treated seeds

where a germination delay is observed. However, the
response to the exogenous glucose is not altered by the
different amounts of N in the germination media and is
thus independent of nitrogen effects (Fig. 3b).

Fig. 1b shows that 2.5% sorbitol has a mild osmotic
effect, although a similar concentration of glucose se-
verely inhibits germination. This inhibitory effect of
2.5% glucose could not be mimicked by a small amount
of sugar (0.5%) supplemented with sorbitol (2%), indi-
cating that that the inhibitory effect fully depends
on glucose concentration and cannot be mimicked by
osmotic stress (data not shown).

Hormones as possible signalling intermediates
in glucose-mediated germination inhibition

From the above it is clear that glucose delays germina-
tion. To address the possible mechanism for the sugar-
mediated delay in germination the role of three plant
hormones, namely ABA, GA and ethylene, was inves-

Fig. 2 Inhibition of Arabidopsis seed germination by different
sugars. Ler seeds were germinated on 0.5MS, and on 0.5MS
containing 84 mM (=1.5% glucose) sugar or 42 mM NaCl.
Germination was scored in time (indicated on the right). sorb
Sorbitol, man mannitol, suc sucrose, gal galactose, 3-OMG 3-O-
methylglucose, malt maltose, treh trehalose. Germination in the
presence of the different sugars was tested at least four times except
for trehalose and NaCl, which were tested twice

Fig. 3a,b Effect of nitrogen availability on glucose inhibition of
Arabidopsis seed germination. Time course of germination of Ler
seeds on 0.5MS (a), and on 0.5MS + 2.5% glucose (b) in the
presence of different nitrogen concentrations. For this experiment,
0.5MS media (without vitamins) were custom-made in the
laboratory so we were able to manipulate the nitrogen concentra-
tion (as indicated in the figure). The concentration of 30 mM N
corresponds to the amount of N in the 0.5MS medium. In the
media with lower N concentration the ratio between nitrate and
ammonium was maintained constant and KCl was added to obtain
equal potassium ion concentrations. Data are means ± SE (with
confidence of 95%) of a single experiment (performed in duplicate)
and the same result was obtained in a second experiment
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tigated; GA and ethylene stimulate germination,
whereas ABA is inhibitory (Koornneef and Karssen
1994; Bentsink and Koornneef 2002). We hypothesized
that sugar might interact with hormone biosynthesis or
signalling, which would explain the observed germina-
tion delay. A negative interference of sugar with a GA-
dependent signalling pathway has been described in
barley embryos (Perata et al. 1997) and, interestingly,
both ABA and ethylene were shown to be involved in
sugar responses (e.g. Zhou et al. 1998; Huijser et al.
2000; Laby et al. 2000). Post-germination seedling
growth is inhibited by high glucose concentrations
mediated by ABA and ABI4, and both factors control
germination as well, and are therefore obvious candi-
dates. To test this hypothesis, hormones and hormone
inhibitors were applied to the germination media to
uncover whether the germination behaviour of glucose-
treated seeds was influenced. In addition, various
mutants in ABA, ethylene and GA biosynthesis and
signalling were screened in germination assays for their
respective responses on sugar media.

The sugar effect is independent of GA or ethylene

GA is an important hormone for germination as shown
by the observation that GA-deficient mutants do not
germinate (Bentsink and Koornneef 2002). Germination
can be induced in GA-deficient mutants by exogenous
gibberellic acid (GA3) application. Also, addition of
ethylene [or its precursor 1-aminocyclopropane-1-car-
boxylic acid (ACC)] or BRs is able to overcome the
germination arrest due to GA deficiency (Koornneef and
Karssen 1994; Steber and McCourt 2001). Ler seeds
were sown on 0.5MS, or on 0.5MS containing 2.5%
sorbitol or glucose. Glucose media contained GA3, ACC
or BR in concentrations that are sufficient to overcome
GA deficiency (Steber and McCourt 2001). These con-
centrations were tested in our conditions. GA3 (10 lM),
ACC (10 lM) and BR (2.5 lM) were added to Ler and
Col-0 seeds treated with 100 lM paclobutrazol (PAC), a
potent inhibitor of GA biosynthesis. All three hormones
relieved the PAC-mediated germination inhibition (data
not shown). Seeds sown on glucose media or glucose
media supplemented with the different hormones show a
similar germination curve (Fig. 4). Thus these germina-
tion-promoting hormones do not relieve the glucose
inhibition, suggesting that biosynthesis of these hor-
mones is not affected by glucose. To further investigate
the role of GA and ethylene signalling pathways in
glucose signalling during germination, GA (spy) and
ethylene (etr1, ctr1, ein2, ein3) response mutants were
tested on media containing 2.5% glucose and sorbitol.
SPY encodes a putative O-linked N-acetyl-glucosamine
transferase and is believed to act as a repressor of GA
signalling (Olszewski et al. 2002). SPY is expressed
during germination and spy mutants were identified in
screens for mutants that were PAC insensitive during
germination (Jacobsen and Olszewski 1993; Swain et al.

2002). The spy mutant does not show insensitivity to
glucose during germination but in several independent
experiments was somewhat more glucose sensitive
compared to WT (Fig. 5a).

The ETR1 gene encodes an ethylene receptor and acts
upstream of CTR1, a member of the Raf family of Ser/
Thr protein kinases that negatively regulate ethylene
signalling. Downstream of these two factors is posi-
tioned EIN2, which is an essential positive regulator of
ethylene signalling during plant development. Further
downstream, EIN3 acts as a transcriptional regulator
(Roman et al. 1995; Wang et al. 2002). Mutations in
these central regulators of ethylene signalling lead to
ethylene insensitivity (etr1, ein2 and ein3) or to a
constitutive ethylene response (ctr1) in plants. These
mutants were tested for their response to glucose. The
ctr1-1 mutant is reproducibly somewhat more sensitive
than WT (Fig. 5b), as observed for spy. Germination of
Col-0 on glucose is not significantly different from that
of the etr1-1 mutant (Fig. 5c). Interestingly, the ein3-1
mutant behaves differently from the other ethylene-
response mutants tested since it shows a partial
insensitivity to glucose (Fig. 5d). This glucose insensi-
tivity of ein3-1 was observed in three independent
experiments. Apparently, EIN3 somehow interferes with
glucose signalling during germination. The ein2-1 mu-
tant was tested as well but its germination behaviour was
complex, and in four experiments no clear reproducible
results were obtained (data not shown).

Glucose does not affect ABA biosynthesis or signalling
via ABI4 during germination

The important role of ABA in sugar responses and
germination inhibition makes ABA and its signalling

Fig. 4 Effect of hormone addition on glucose inhibition of
Arabidopsis seed germination. Ler seeds were germinated on
0.5MS, and on 0.5MS containing 2.5% sorbitol or 2.5% glucose,
without or with addition of ethanol (EtOH, solvent), fluridone (flu,
10 lM), ACC (10 lM), GA3 (GA, 10 lM) or epibrassinolide (BR,
2.5 lM). Data are means ± SE (with confidence of 95%) of a
single experiment (performed in duplicate), and similar results were
obtained in two additional experiments
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components potential candidates for transducing the
inhibitory glucose signal during germination. Seeds were
germinated on media supplemented with fluridone, an
inhibitor of ABA biosynthesis. ABA biosynthesis is
inhibited at low concentrations (10 lM) of fluridone,
which is already effective on imbibed seeds within hours
following application (Grappin et al. 2000; Jullien et al.
2000). De-novo ABA biosynthesis was shown to be
necessary to maintain dormancy in imbibed seeds (Jul-
lien et al. 2000). Addition of fluridone does not suppress
the glucose effect, indicating that an increase in ABA
biosynthesis is not required (Fig. 4). In these experi-
ments it is unlikely that fluridone uptake is blocked by
the seed coat since the fluridone concentration used in
this study (10 lM) produced germinated embryos with a
white/pink appearance as expected (data not shown). To
further clarify the role of ABA biosynthesis the ABA
biosynthesis mutant, aba2, was tested for its germination
response. Germination of aba2-1 can be suppressed by
glucose but it shows a moderate insensitivity to glucose
compared to WT (Fig. 6a). Furthermore, seeds were
sown on control media, ABA (1 lM), glucose and glu-
cose + ABA (1 lM). The application of 1 lM ABA
slightly affected germination but combined with glucose
it enhanced the germination inhibition compared to
glucose alone (Fig. 6b). This suggests that ABA levels
influence the glucose response during germination be-
cause reduced levels (aba2-1, Fig. 6a) lead to insensi-
tivity and increased ABA levels (ABA application,
Fig. 6b) promote the glucose-induced retardation of
germination.

Other known ABA signalling mutants tested (abi2-1,
abi5–1 and the ABA-, glucose- and salt-insensitive abi4-
1 and abi4-2 (Koornneef et al. 1984; Finkelstein 1994;
Quesada et al. 2000) showed a similar (or sometimes a
somewhat enhanced) sensitivity to glucose in compari-
son with WT (Fig. 6c–f). Apparently, mutations in these

ABI genes do not lead to glucose insensitivity during
germination. These findings support the view that glu-
cose does not act by increasing ABA biosynthesis and
does not depend on ABI2, ABI4 and ABI5 signalling.

Discussion

Seeds have mechanisms to prevent germination under
adverse conditions such as osmotic stress (Carles et al.
2002). Osmotic and salt concentrations that inhibit WT
germination are not inhibitory to abi4, abi5 and aba2
mutants (Quesada et al. 2000; Carles et al. 2002).
However, such mutants, which are able to germinate on
175 mM NaCl, die within 2 weeks, indicating that a
proper response to potential environmental stresses is of
vital importance for seedling survival, and that ABA
and the ABI4 and ABI5 gene products play a key role in
this process (Carles et al. 2002). Results presented in this
paper suggest that glucose delays germination as well,
although its physiological significance is obscure. This
finding came as a surprise since ABA-induced germi-
nation arrest can be effectively reverted by sugar addi-
tion. The inhibitory effect of glucose with respect to
germination is not due to osmotic stress since in these
experiments sorbitol at equimolar concentrations is far
less effective than glucose (Fig. 1a). Treatment with a
low glucose concentration (0.5%) mixed with sorbitol
(2.0%) cannot mimic the glucose (2.5%)-induced delay,
suggesting that the glucose concentration itself is
responsible independent of osmotic signals.

In the germination assay, several sugars were tested
for their ability to inhibit seed germination. Glucose,
sucrose and 3-OMG had pronounced effects. Interest-
ingly, 3-OMG is efficiently transported but is hardly
phosphorylated by HXK (Cortes et al. 2003). Its inhib-
itory effect suggests that HXK activity or further glucose

Fig. 5a–d Germination
response on glucose of different
Arabidopsis GA and ethylene
signalling mutants.
Germination responses of WT
(black lines and symbols) and
mutant (dashed lines and open
symbols) lines on 0.5MS
(circles), and on 0.5MS
containing 2.5% sorbitol
(triangles) or 2.5% glucose
(squares) are shown. Data are
means of a single experiment
(performed in duplicate). Error
bars (SE, confidence of 95%)
are given only for the glucose
data. Similar results were found
in three independent
experiments. Col-0 and etr1
seeds were from a different
batch than the Col-0, ctr1 and
ein3 seeds
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metabolism is not required to elicit the germination re-
sponse. This conclusion is supported by the recent work
of Price and co-workers (2003). Other sugars tested were
less effective in causing a germination delay. The dif-
ferent levels of germination retardation by sugars might
reflect the different ways, or efficiencies, in which these
sugars are sensed, transported or metabolized. Martin
et al. (2002) showed that high nitrogen concentrations
suppress the sugar effect on early seedling growth and
CAB and RBCS gene expression. These processes are
proposed to be affected by HXK signalling (Sheen et al.
1999; Rolland et al. 2002). The observed sugar effect is
not modulated by nitrogen availability, providing an-
other argument that glucose inhibition of germination is
an HXK-independent process. However, it is unclear to
what extent Arabidopsis seeds are responsive to exoge-
nous nitrogen availability. Nitrate application was
found to stimulate Arabidopsis seed germination al-
though it is not required (Bentsink and Koornneef
2002).

An earlier study showed that the glucose analog
mannose is a very potent inhibitor of Arabidopsis seed
germination and that even very low concentrations
(5–10 mM) are effective (Pego et al. 1999), yet the
repressive mode of action of mannose is thus far un-
known. It seems that the inhibition of germination

described in this paper has a different mechanistic ba-
sis. In the mannose-insensitivity assay, 10 mM 3-OMG,
glucose and fructose were not inhibitory (Pego et al.
1999). In the germination assay described here, 3-OMG
and glucose are only effective in higher concentrations.
The effect of mannose could be counteracted by the
addition of 60 mM glucose, a concentration that is
inhibitory in our assay. Furthermore, the mannose
inhibition was proposed to depend on HXK activity. In
our germination assay, 3-OMG inhibited germination
as well, suggesting that HXK activity or glucose
metabolism are not involved in inducing germination
retardation. The sugar- and ABA-insensitive sun6/abi4
was identified as being mannose insensitive (Pego et al.
1999; Huijser et al. 2000). In the germination assay
presented here the abi4 mutation did not result in an
insensitive phenotype (Fig. 6d,e). These observations
provide strong arguments for the notion that the ger-
mination-delaying effect described here differs from the
mannose inhibition and involves a different signalling
pathway. Furthermore, several sugar-insensitive
mutants were isolated that were resistant to elevated
sugar levels with respect to early seedling growth. This
developmental block depends on several processes such
as HXK activity, ABA biosynthesis and ABI4 signal-
ling (Rolland et al. 2002). However, for the glucose

Fig. 6a–f Effects of ABA, ABA
biosynthesis and signalling
mutants on the Arabidopsis
germination response. a, c–f
Germination responses of WT
(black lines and symbols) and
mutant (dashed lines and open
symbols) lines on 0.5MS
(circles), and on 0.5MS
containing 2.5% sorbitol
(triangles) or 2.5% glucose
(squares) are shown. Data are
means of a single experiment
(performed in duplicate). Error
bars (SE, confidence of 95%)
are given only for the glucose
data. Similar results were found
in at least three independent
experiments. b Col-0 seeds were
germinated on 0.5MS (control),
and on 0.5MS containing ABA
(1 lM), glucose (2.5%), or
ABA (1 lM) + glucose (2.5%)
(A + G). Data are means ± SE
(with confidence of 95%) of a
single experiment (performed in
duplicate). Similar results were
obtained in a second
independent experiment
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inhibition of germination described here, HXK and
ABI4 do not seem necessary. Thus a glucose-sensitive
signalling pathway is active during germination that is
different from the HXK1/ABA/ABI4 signalling cascade
active in early seedling growth.

The mechanism by which glucose represses the ger-
mination response is unknown. In yeast, sugar-sensing
systems are known that operate at the cell membrane,
e.g. SNF3 and RGT2 (Özcan et al. 1996). It is an
intriguing possibility that this kind of signalling might
delay seed germination. However, such mechanisms are
thus far not described in plants. In Arabidopsis, 26
putative hexose transporters (HXT) have been proposed
(Lalonde et al. 1999). Two out of these 26 HXTs contain
extended central loops that might possibly be involved in
signalling, although no evidence for such a proposed
function is as yet available (Lalonde et al. 1999).

A non-enzymatic mechanism cannot be ruled out. As
an aldehyde, glucose is chemically reactive. Biochemical
interactions between reducing sugars and proteins,
known as the Maillard reaction, lead to the formation of
glycoproteins and advanced glycation end products
(AGEs: heterogeneous group of structures formed as
both cross-linking and non-cross-linking adducts on
proteins; Nagaraj et al. 1996). The formation of these
products is proposed to play an important role in pro-
tein aging. In the medical field, Maillard reaction
products are known to be associated with complications
in aging and diabetes (e.g. Nagaraj et al. 1996). In plants
the Maillard reactions products are thought to influence
seed colour during aging and are associated with seed
viability loss depending on storage conditions (Taylor
et al. 2000; Murthy et al. 2003). The germination delay
observed could be due to such events but this is unlikely
since the random process of glycoprotein formation
would affect cellular processes in general. This does not
easily explain why certain mutants are insensitive to
glucose (like aba2, fus3, lec1 and ein3) and why low
amounts of ABA in combination with glucose are able
to promote the glucose retardation.

Complex interactions between sugar and hormones
during germination

Germination is regulated by the growth potential of the
embryo in the seed and the restrictive properties of the
seed coat (Bentsink and Koornneef 2002). We demon-
strate that removal of the seed coat leaves the embryos
sensitive to inhibition by glucose, indicating that the
effect of glucose is directed to the embryo and probably
does not involve the seed coat. GA-deficient mutants fail
to germinate but this problem can be overcome by
releasing the embryos from their seed coats or by com-
bining the ga mutation with seed-coat mutants (De-
beaujon and Koornneef 2000). Therefore, it was
proposed that GA acts on the seed coat, possibly by
promoting its weakening. Moreover, combining the ga
mutation with an ABA-deficient background enables

seeds to germinate. In addition, some ABA-insensitive
mutants (abi3 and abi4) are insensitive to inhibitors of
GA biosynthesis (Koornneef and Karssen 1994; Laby
et al. 2000; and our unpublished observations). The
germination inhibition by glucose might involve nega-
tive interference with GA biosynthesis or signalling.
However, such a model seems unlikely in our case since:
(i) the spy mutation does not relieve the glucose delay,
(ii) addition of GA, ACC or BR does not relieve glucose
inhibition, (iii) abi4 and WT are similarly sensitive to
sugar. The data presented fail to support an antagonistic
role for ethylene in germination inhibition by glucose.
Neither the addition of ACC nor a constitutive ethylene
response caused by ctr1-1 relieves the glucose-induced
germination delay. The ethylene mutant etr1 seems
slightly more sensitive to glucose but, remarkably, ein3
shows a decreased sensitivity to glucose (Fig. 5d). EIN3
encodes a DNA-binding protein that is involved in
ethylene signalling (for review, see Wang et al. 2002). It
is nuclear-localized and binds the primary ethylene-re-
sponse element (Solano et al. 1998). Possibly, EIN3 is
regulated by other signalling cascades as well because
ACC application and ctr1 do not affect the glucose-in-
duced delay. The ctr1 mutant is sugar insensitive for the
sugar-induced block of early seedling growth, and etr1
and ein3 are glucose oversensitive (Gibson et al. 2001;
León and Sheen 2003). In contrast, during germination
the ctr1 mutation does not lead to a glucose-insensitive
phenotype, etr1 does not show a significantly enhanced
sensitivity during germination and ein3 is glucose
insensitive instead of glucose oversensitive. Thus, these
results obtained with different ethylene signalling mu-
tants also support the conclusion that the glucose inhi-
bition of germination is distinct from the inhibition of
early seedling growth and involves a separate signalling
pathway.

In contrast to ethylene and GA, ABA seems to be
involved in the regulation of glucose inhibition of ger-
mination because ABA levels may determine the severity
of the glucose response. The ABA biosynthetic mutant
aba2-1 shows a decreased sensitivity with respect to
glucose inhibition of germination (Fig. 6a). This is
supported by results obtained by Ullah and co-workers
(2002) who show that fluridone pre-treatment leads to
glucose insensitivity during germination. It has been
found that ABA levels drop rapidly in seeds after fluri-
done treatment (Grappin et al. 2000; Jullien et al. 2000).
Thus it remains unclear whether the effect of fluridone
pre-treatment on glucose inhibition is due to a reduced
ABA content or to the inability to increase ABA levels.
However, in our experiments no effects of fluridone were
observed when it was applied together with glucose. In
this case, seeds were exposed to both chemicals simul-
taneously and the glucose response might be faster than
the effect of fluridone in lowering ABA levels. Moreover,
the application of 6% glucose did not induce increased
ABA levels (Ullah et al. 2002). Possibly, this inhibitory
pathway is not regulated by increasing ABA biosyn-
thesis, but is affected by the ABA levels present in the
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seed, which might affect the sensitivity to the glucose
inhibitory pathway. This is supported by the fact that
low ABA concentrations in combination with glucose
enhance the glucose response (Fig. 6b) and that de-
creased ABA levels lead to glucose insensitivity (Fig. 6a;
Ullah et al. 2002; Price et al. 2003). However, it cannot
be ruled out that ABA is more directly involved, e.g.
glucose might affect ABA stability or signalling.

The data suggest that ABA is able to affect glucose
inhibition of germination but, interestingly, the abi2,
abi4 and abi5 mutants show WT sensitivity to glucose
with respect to germination inhibition. This is supported
by recent data from Brocard-Gifford et al. (2003) and
Price et al. (2003), which also showed that during ger-
mination the response of both abi4 and abi5 to glucose is
similar to that of WT. The proposed involvement of
ABA in affecting the glucose inhibition does not depend
on ABI2, ABI4 or ABI5 function. Neither is it antago-
nized by ACC or GA application or constitutive ethyl-
ene or GA responses caused by the ctr1 and spy
mutations, respectively. These observations are in con-
trast to findings that ABI gene products are required for
ABA-mediated inhibition of seed germination (Koorn-
neef et al. 1984; Finkelstein 1994), and that both ethyl-
ene and GA are able to antagonize ABA action
(Beaudoin et al. 2000; Ghassemian et al. 2000; Bentsink
and Koornneef 2002). It has been suggested that ABA
might affect germination by more than one pathway (as
discussed by Pritchard et al. 2002). Possibly, these dif-
ferent actions are separated spatially or temporally
during germination and this question will be addressed
in future work. Recently it was shown that fus3 (and to a
minor extent lec1) shows insensitivity to glucose-induced
germination inhibition (Brocard-Gifford et al. 2003).
Interestingly, fus3 mutant seeds have a WT response to
ABA and posses WT ABA levels 15 days after pollina-
tion (Brocard-Gifford et al. 2003; Nambara et al. 2000)
This indicates that normal seed development and, in
particular, FUS3 function are important for proper re-
sponses to glucose during germination. In this light, it
would be of interest to test a severe abi3 mutant for
glucose inhibition of germination because this mutant
has seed developmental defects as well (Ooms et al. 1993;
Nambara et al. 2000).

In conclusion, metabolizable sugars can stimulate
germination in repressive situations (e.g. ABA or man-
nose treatment, Pego et al. 1999; Finkelstein and Lynch
2000) but the data presented here show that sugars are,
even at low concentrations, inhibitors of germination as
well. Sugars negatively affect plant embryo growth. This
inhibition is distinct from the earlier described mannose
inhibition of germination (Pego et al. 1999) and the
HXK/ABA/ABI4 signalling cascade. We suggest that this
delay in germination represents a separate signalling
branch in the regulation of germination and is indepen-
dent of the ABI genes tested. Mutant selection would be
an appropriate approach to identify components of this
unknown sugar-dependent signalling pathway in plants
and/or additional factors that control seed germination.
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