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THE ROLE OF 

 

α

 

-AMYLASES DURING RICE 
GRAIN GERMINATION

Starch represents the main reserve compound in
cereal grains. This polysaccharide is stored in the
endosperm where it is hydrolyzed during germination
to provide soluble sugars to the germinating seedling.
Starch degradation is a complex biochemical process,
which is modulated by both hormonal and metabolic
regulation ([1] and references therein). A set of
enzymes are needed to carry on starch breakdown: 

 

α

 

-
amylase, 

 

β

 

-amylase, debranching enzyme, and 

 

α

 

–glu-
cosidase [2, 3]. Both 

 

α

 

-glucosidase and 

 

α

 

-amylase are
able to degrade native starch granules, but the latter
enzyme plays a major role in this process, and it is
therefore the key enzyme for starch degradation [2, 3].
Furthermore, Akazawa 

 

et al.

 

 [4] demonstrated that
starch phophorylases play a minor role in starch degra-
dation in germinating rice seedlings while 

 

α

 

-amylase
predominates during this physiological process.

Rice 

 

α

 

-amylases are encoded by at least ten genes,
located on five different chromosomes [5]. The 

 

α

 

-amy-
lase genes have been classified into three subfamilies:

 

Amy1

 

 (A-B-C), 

 

Amy2

 

 (A), and 

 

Amy3

 

 (A-B-C-D-E-F).

 

Amy1A

 

 induction by gibberellins (GA) and repression
by abscisic acid are well documented under aerobic
conditions [6, 7], but information about the mecha-
nisms regulating other 

 

α

 

-amylase genes in rice is scant.

Sugar modulation of 

 

α

 

-amylase genes have been
described [8, 9]. Indeed, 

 

Amy3D

 

 and 

 

Amy3E

 

 are sugar-
repressed in rice embryos [8], and sugar repression of

 

Amy3D

 

 transcription in anoxic rice aleurones has also
been observed [10].

 

α

 

-Amylase genes are expressed in two different
grain tissues, namely the scutellar epithelium and the
aleurone layer [11, 12]. The expression pattern of 

 

α

 

-
amylase genes in these two tissues have been described
for 

 

Amy1A

 

 and 

 

Amy3D

 

, showing that both genes are
initially expressed in the epithelium and, at a latter
stage, in the aleurone [11]. The expression of the GA-
induced 

 

Amy1A

 

 gene largely predominates over that of
the 

 

Amy3D

 

 gene, and overall expression of 

 

Amy1A

 

 in
the aleurone is likely responsible for producing the
majority of total 

 

α

 

-amylase mRNA [11, 13].
The GA-deficient mutant (

 

Tan-ginbozu

 

), in which
one of the steps in the GA-biosynthetic pathway is
genetically blocked, allows the evaluation of the impor-
tance of GA-induced 

 

α

 

-amylases on rice grain germi-
nation. The level of the major GA produced during rice
grain germination (GA

 

1

 

) is strongly reduced in the
shoots of 10-day-old mutant seedlings [14]. Although
no data is available about the GA content in 

 

Tan-gin-
bozu

 

 grains during the first days of germination, Mitsu-
naga and Yamaguchi [15] have shown that 

 

α

 

-amylase
production is drastically reduced in 

 

Tan-ginbozu

 

 grains
germinating in the absence of exogenous GA, while
wild-type rice grains do not require exogenous GA for

 

α

 

-amylase production [16], thus indirectly indicating
the absence of enough GA to trigger 

 

α

 

-amylase induc-
tion in this mutant. The 

 

Tan-ginbozu

 

 and other GA-

 

a
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Abstract

 

—Rice grains can germinate under anoxia, while most other cereals fail to behave similarly. The abil-
ity of rice grains to degrade starch, thanks to the successful production of 

 

α

 

-amylase even in the absence of
oxygen is likely one of the factors allowing rice to germinate anaerobically. In this paper we review the most
recent results concerning the physiology and molecular biology related to the expression of 

 

α

 

-amylase genes
under anoxia. The current view is that expression of sugar-starvation induces isoforms of 

 

α

 

-amylase playing a
major role during germination under anoxia, while gibberellin induces 

 

α

 

-amylase predominating under aerobic
conditions.
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deficient rice mutants germinate promptly (our unpub-
lished observation), suggesting that other 

 

α

 

-amylase
genes not GA-modulated are sufficient for triggering
the production of enough 

 

α

 

-amylase to efficiently
degrade enough starch to allow germination.

THE ROLE OF 

 

α

 

-AMYLASE IN RICE 
TOLERANCE TO ANOXIA

Rice is among the few plant species that can germi-
nate under anoxia [1, 17]. The production of 

 

α

 

-amylase
in rice is likely playing a crucial role for the successful
degradation of starch in the anoxic rice endosperm
since other starch degrading enzymes are unlikely to be
able to initiate the process of starch degradation. Induc-
tion of 

 

α

 

-amylase takes place even under anoxia in rice
grains, while wheat, barley, and oat (anoxia-intolerant
cereals) fail to produce this enzyme [18, 19]. Further-
more, other enzymes needed for starch degradation are
present in the anoxic rice grain, while they are either
absent or inactive in the other cereals [19]. Efficient
starch degradation is thus observed in rice under
anoxia, while the anoxia-intolerant cereals fail to
degrade starch, and therefore cannot utilize their
starchy reserves. As a consequence, anoxia-intolerant
cereals, such as wheat and barley, suffer from sugar
starvation, and eventually die [20]. Exogenous addition
of glucose to anoxic wheat grains strongly enhances
tolerance to anoxia, as demonstrated by the rapid recov-
ery of glucose-treated anoxic grains when transferred
to aerobic conditions [18].

The mechanisms underlying the successful produc-
tion of 

 

α

 

-amylase under anoxia in rice seeds is largely
unknown, but the ability of rice grains to respond to GA
even under anoxia have been documented [21]. Indeed,
anoxic rice embryoless half-grains respond to exoge-
nous gibberellic acid (GA

 

3

 

), while anoxia-intolerant

cereals fail to produce 

 

α

 

-amylase even if exogenously
GA-treated. Response to GA in rice under anoxia is
however extremely slow when compared to the rapid
induction of 

 

α

 

-amylase mRNA accumulation triggered
by GA under aerobic conditions (Fig. 1a). Intriguingly,
the appearance of the 

 

α

 

-amylase protein appears to be
unaffected by anoxia. The immunoblot analysis shows
that 

 

α

 

-amylase accumulates in aerobic and anoxic
grains without significant differences [19] (Fig. 1b).
The discrepancy between the timing of appearance of
GA-induced 

 

α

 

-amylase mRNA and 

 

α

 

-amylase protein
accumulation is possibly explained on the basis of the
evidence of the production of 

 

α

 

-amylase isoforms not
observed in aerobic rice seedlings [1] (Fig. 1c). Com-
parison of the isoelectric point of these anaerobically-
induced 

 

α

 

-amylase isoforms with that of known rice 

 

α

 

-
amylase isoforms [22, 23] indicates that isoforms such
as isoforms G and H are observed only under anoxia,
while isoforms A and B are observed in extracts from
both aerobic and anaerobic seedlings. Isoforms A and B
are encoded by the 

 

Amy1A

 

 gene, while isoforms G and
H are encoded by the 

 

Amy3D

 

 gene, thus suggesting that
differences in 

 

α

 

-amylase gene expression may occur in
aerobic and anaerobic rice seedlings. Indeed, a recent
report by Hwang 

 

et al.

 

 [13] demonstrated that while

 

Amy1A

 

 appears to be repressed by anoxia, 

 

Amy3D

 

 is
anoxia-induced. 

 

Amy1A

 

 and 

 

Amy3D

 

 differ in their
respective mechanisms of regulation, the former being
hormonally modulated and the latter sugar modulated,
suggesting that the pattern of expression of amylases
should be addressed using gene-specific probes to dif-
ferentiate between the role of each single 

 

α

 

-amylase
gene under either aerobic or anaerobic conditions.
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Fig. 1. 

 

Effects of anoxia on 

 

α

 

-amylase mRNA induction by GA

 

3

 

, 

 

α

 

-amylase protein accumulation, and isoforms pattern.
(a) Effects anoxia on the induction of 

 

α

 

-amylase mRNA in embryoless half-grains. Half-grains were incubated in the presence of
gibberellic acid for three (air) and six (anoxia) days, followed by Northern blot analysis with a rice 

 

α

 

-amylase probe. See [1] for
the details. (b) Effects of anoxia on 

 

α

 

-amylase protein accumulation. Rice grains germinating under aerobic or anaerobic conditions
were extracted for proteins, subjected to SDS-PAGE and immunoblot, probed with an antibody against 

 

α

 

-amylase. See [19] for the
details. (c) Pattern of aerobic and anaerobic 

 

α

 

-amylase isoforms. 

 

α

 

-Amylase isoforms are indicated as A, B, G, and H. Isoforms A
and B are encoded by the rice 

 

Amy1A

 

 gene while isoforms H and G are encoded by 

 

Amy3D

 

. Rice grains germinating under aerobic
or anaerobic conditions for 8 days were extracted for proteins, subjected to IEF and immunoblot then probed with an antibody
against 

 

α

 

-amylase. See [1] for the details. 
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RESPONSE TO GIBBERELLINS IN CEREAL 
GRAINS UNDER ANOXIA

Evidence has been published showing that barley
grains kept under anaerobic conditions do not produce

 

α

 

-amylase, as a consequence of the inability of barley
aleurone to respond to GA. On the contrary, rice half-
grains treated with gibberellic acid produce 

 

α

 

-amylase
[21]. In barley and other anoxia-intolerant cereal grains
no 

 

α

 

-amylase genes are transcribed and translated into
protein under anaerobic conditions, as demonstrated by
the absence of 

 

α

 

-amylase activity or 

 

α

 

-amylase immu-
noreactive proteins in extracts from grains of anoxia-
intolerant cereals [21]. Among the hypotheses pro-
posed to explain the different response of rice when
compared to barley in terms of ability to respond to
GAs, we can recall the following [7]:

(1) the lack of oxygen in barley may negatively
affect energy-dependent processes, of which 

 

α

 

-amy-
lase production depends on;

(2) the fermentative metabolism could lead to the
production of an ethanol amount repressing the ability
to produce 

 

α

 

-amylase in barley but not in rice;
(3) anoxia may affect GA perception in barley but

not in rice;
(4) anoxia treatment may result in an increased ABA

content in barley but not in rice.
A lack of energy in barley, when compared to rice

under anoxia, is not unlikely some days after imbibi-
tion, when rice grains show 

 

α

 

-amylase activity and
degrade starch, thus producing enough glucose to fuel
the fermentative metabolism, while barley would suffer
from sugar starvation. However, feeding barley grains
with exogenous sugars does not result in 

 

α

 

-amylase
induction and ethanol production in barley half-grains
indicates that ATP production through fermentation
proceeds at a higher rate in barley than in rice [7], thus
suggesting that the ATP level in barley is compatible
with 

 

α

 

-amylase production.
ATP production through fermentation results in the

production of ethanol [24] and its presence negatively
affects the induction of α-amylase by GA in barley
aleurones when used at concentrations higher than
37 mM [20, 25]. Indeed, barley half-grains produce ten
times more ethanol than rice half-grains, but treatment
of barley and rice half-grains with ethanol (up to
20 mM, a concentration higher than that found in the
incubation media of anaerobic barley) does not repress
the induction of α-amylase, indicating that ethanol does
not play a role in anoxia repression of α-amylase [7].

We have demonstrated that barley half-grains from
a constitutive GA-response mutant (slender) do not
produce α-amylase under anaerobic conditions, sug-
gesting that repression occurs downstream of GA per-
ception [7]. In the slender barley, α-amylase produc-
tion is independent of GA3 presence, but normally
repressed by ABA [26]. A possible role of differential
ABA accumulation in barley and rice under anoxia

could be proposed, but we have shown that no signifi-
cant differences can be observed in the ABA content
when comparing barley and rice under either aerobic or
anaerobic conditions [7]. It is therefore at present
unknown why barley fails to produce α-amylase under
anoxia. Recent experimental evidences suggest that an
explanation may come from the study of the different
genes encoding α-amylase in cereals [13].

α-AMYLASE GENES EXPRESSION UNDER 
AEROBIC AND ANOXIC CONDITIONS

Hwang et al. [13] have recently published an inter-
esting description of the pattern of expression of several
α-amylase genes in rice grains under either aerobic or
anaerobic conditions. In the aleurone isolated from ger-
minating grains kept under aerobic conditions, the
highest expression level was observed when the RNA
blots are probed with an Amy1A gene-specific probe,
and to a much lower extent, with Amy3B/C and Amy3E
probes. Under anoxia this pattern changed, with a drop
in the expression of Amy1A to equal the expression of
Amy3E (whose expression is unaffected by oxygen
availability) and a minor expression of Amy3B/C and
Amy3D. The expression pattern of α-amylase genes in
the scutellar epithelium under aerobic conditions mir-
rorred that of the aleurone: Amy1A showed the highest
expression level, while Amy3B/C, Amy3D, and Amy3E
were expressed, but at a low level. Anoxia changed the
expression pattern by lowering the mRNA level of
Amy1A and increasing that of the Amy3 subfamily [13].
Overall, the effects of anoxia on the expression pattern
of the α-amylase gene family can be summarized as
follows:

(1) anoxia reduces the expression of Amy1A, which
is the gene predominantly expressed under aerobic con-
ditions;

(2) the expression of the Amy3 subfamily is
enhanced by anoxia.

As underlined by Hwang et al. [13], starch break-
down catalyzed by the isoforms encoded by the Amy3
α-amylases may be one of the factors allowing rice
grain germination and survival under anoxia. This con-
clusion challenges the importance of GA-induction of
α-amylase under anoxia, since only the Amy1A gene is
known to be modulated by this hormone.

GIBBERELLINS ARE NOT REQUIRED FOR RICE 
GERMINATION UNDER ANOXIC CONDITIONS

We proposed that GA can induce α-amylase in rice,
while anoxia-intolerant cereals fail to produce α-amy-
lase because they are unable to respond to this hormone
[24]. Experimental evidences (see [24]) have been pre-
sented supporting this model, but additional consider-
ations are needed. GA cannot be synthesized de novo in
the absence of oxygen, since membrane-bound
monooxygenases that convert ent-kaurene to GA12
require NADPH and oxygen [27]. The hypothesis of
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the possible existence of stored GA (or precursors) in
the dry grain of rice is reasonable, since some GA1 have
been detected in dry rice grains [28]. However, this pro-
posal would imply that release from the stored pool is
anoxia-dependent, since aerobic GA-dependent α-
amylase gene expression requires exogenous GA3
when GA biosynthesis was blocked using inhibitors
[15].

The GA-dependent Amy1A gene is expressed under
anoxia [13], thus further confirming the ability of rice
to respond to GAs under anoxia. However, anoxia
exerts a negative effect on the expression of the Amy1A
gene and suggests that response to GA in the aleurone
could not represent a key factor for α-amylase produc-
tion. Results obtained by Hwang et al. [13] indicate that
expression of the Amy1A gene in the aleurone likely
plays a major role in α-amylase production under aero-
bic conditions, while expression of the Amy3 subfamily
in the embryo is predominant under anoxia. Expression
of the Amy3 genes in the embryos takes place as early
as 12 h after imbibition and peaks 2 days later, well
before the induction of Amy1A in the aleurone, reaching
a comparable level of expression only 4–6 days after
imbibition [13].

The germination of rice grain under anoxia could be
a GA-independent process, and this is supported by the
following evidences [29]:

(1) the GA-deficient rice mutant (Tan-ginbozu) ger-
minates successfully under anoxia;

(2) exogenous GA does not affect anaerobic germi-
nation of Tan-ginbozu grains;

(3) the Tan-ginbozu rice mutant shows an extremely
low level of Amy1A transcript;

(4) expression of Amy3D, whose expression does
not require GA, in the Tan-ginbozu rice mutant pre-
dominates over that of Amy3B/C (whose expression
appears to require GA [4]) under anoxia.

The overall conclusion is that GA are not required
for rice germination under anoxia. This conclusion
does not challenge the role of α-amylases under anoxia
because the vigorous expression of Amy3D (and to a
minor extent Amy3B/C) compensates for the lower
expression of the GA-modulated Amy1A-encoded
enzyme [29].

SUGAR SENSING UNDER ANOXIA 
AND α-AMYLASE GENE REGULATION

Assuming that starch degradation is of importance
for rice survival under anoxia, and that α-amylase is a
prerequisite for this process to take place, it is likely
that production of this starch-degrading enzyme during
the first days after imbibition under anoxia is crucial for
survival. Strong expression of Amy3D under anoxia is
intriguing, also as far as the mechanisms of regulation
of this gene are concerned. The Amy3D gene is not GA-
induced, but is instead sugar-modulated [8]. This evi-

dence is of importance, since some genes modulated by
anoxia are also sugar modulated [30].

We recently demonstrated that sugar repression of
Amy3D under anoxia occurs at the level of transcrip-
tion, as demonstrated previously for aerobic rice
embryos [10, 31]. Transient expression experiments
performed using a Amy3D-GUS constructs demon-
strated that 100 mM glucose was able to repress 70%
transcription of Amy3D [10], a repression only slightly
less effective than under aerobic conditions (see [31]).
This evidence demonstrates that sugars are able to elicit
gene regulation also under anoxia.

The Amy3D-encoded isoenzyme is likely responsi-
ble for starch degradation in anaerobic rice embryos
during the first 2–3 days of germination [10, 13]. We
indeed detected α-amylase isoforms under anoxia,
which are absent from the samples of aerobic rice seed-
lings (Fig. 1; [9]). As recently discussed [29], α-amy-
lase have distinct functional roles in starch breakdown
during grain germination [32]. The Amy1A enzyme has
a much higher activity to starch granules, while Amy3D
degrades preferentially oligosaccharides [32]. The rela-
tively low expression of Amy1A in anaerobic rice grains
may therefore lead to a slow rate of starch degradation,
thus not allowing glucose to accumulate to levels
repressing Amy3D expression. Expression of Amy3D
under anoxia results in the production of an isoform
that catalyzes relatively slower starch degradation, thus
not allowing glucose to accumulate at levels able to
repress expression of Amy3D itself. The rise of Amy3D
expression in Tan-ginbozu [29] is however not observed
with wild type M202 grains, since some starch degra-
dation by the Amy1A enzyme can be expected in this
cultivar, even under anoxia ([13]; our unpublished
observation). Overall, the evidences obtained using the
Tan-ginbozu mutant evidentiate that expression of GA-
dependent amylase genes is not necessary for anoxic
starch degradation. It should be, however, underlined
that wild-type rice varieties take advantage of the
expression of the Amy1A gene, thus suggesting that
Amy3 genes and Amy1A cooperate in the process of
anoxic starch degradation, with Amy3 genes allowing
the grains to degrade starch during the initial stages of
germination when induction of Amy1A is slowed down
by GA-unavailability and/or insensitivity.

CONCLUDING REMARKS

Rice grains possess a complex multigene family
encoding α-amylases. At least four out of ten α-amy-
lase genes are expressed during rice grains germina-
tion, namely Amy1A, Amy3B/C, Amy3D, and Amy3E.
Recent experiments have demonstrated that a GA-defi-
cient mutant can germinate under anoxia, and that feed-
ing exogenous GA does not enhance anaerobic germi-
nation [29]. In this rice mutant kept under anoxia
Amy1A and Amy3E are not expressed during the first
days of anoxic germination, while vigorous expression
of Amy3D is observed [29]. Amy3D may therefore be
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sufficient to allow α-amylase to be produced in rice
grains kept under anoxia. The recent evidences of the
ability of rice embryos to sense sugars also under
anoxia is intriguing, and suggests that sugar modulation
of genes could be of importance for survival under
anoxia (see Fig. 2). The lack of oxygen results in the
switch from mitochondrial respiration to fermentative
metabolism. An increased glycolytic flux is needed to
allow the production of enough ATP to keep rice cells
alive. Strong sugar utilization through fermentation
may easily lead to sugar starvation of the cells, but
induction of a starch-mobilizing enzyme, such as α-
amylase, can avoid a decline in cell metabolism due to
sugar shortage. Amy3D is repressed by sugars and
induced by starvation, and it is very likely that induc-
tion of Amy3D by anoxia is mediated by the sensing of
a low carbohydrate concentration in the anoxic cells.
Expression of Amy1A under aerobic conditions may
instead prevent Amy3D expression. Under anoxia,
response to GA, which are likely present in minute
amounts, is delayed, resulting in negative effects on the
expression of Amy1A. Vigorous sugar utilization
through fermentation, together with the absence of
Amy1A leads to sugar starvation, which activates
Amy3D expression during the earlier stages of germina-

tion. Continuous fuelling of glucose units coming from
starch thanks to the expression of Amy3D may, there-
fore, allow ATP production through the fermentative
metabolism.
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