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Abstract

Oxygen is a major factor of seed germination since it allows resumption of respiration and
subsequent metabolism reactivation during seed imbibition, thus leading to the production
of reducing power and ATP. Most studies carried out in the 60s to 85s indicate that oxygen
requirement depends on the species and is modulated by environmental factors. They have
also demonstrated that the covering structures mainly inhibit germination by limiting oxygen
supply to the embryo during imbibition through enzymatic oxidation of phenolic compounds
by polyphenol oxidases (catechol oxidase and laccase) and peroxidases. Recent use of oxygen-
sensitive microsensors has allowed to better characterize the oxygen diffusion in the seed and
determine the oxygen content at the level of embryo below the covering structures. Here, I will
also highlight the major data obtained over the last 30 years indicating the key role of oxygen
in the molecular networks regulating seed germination and dormancy through (1) the hormo-
nal balance (ethylene, ABA and GA), the hormone-signalling pathway and, in particular, the
ABA sensitivity, (2) the emerging role of mitochondria in ROS production in hypoxia and (3)
the involvement of the N-degron pathway in the turnover of proteins involved in seed toler-
ance to hypoxia.

Introduction

I started my career in 1979 at the CNRS (Centre National de la Recherche Scientifique –
National Center for the Scientific Research) in Meudon close to Paris, in the Seed Biology
Laboratory supervised by Prof Daniel Côme. Then from 1990 to 1994, I became a Senior lec-
turer at the University Pierre et Marie Curie (UPMC in Paris) in the team of D. Côme, and
from 1994 to 2020, I was a Professor of Plant Physiology in the same University. From
1997 to 2008, I was a Director of the Seed Physiology Laboratory (EA 2388, UPMC) and
from 2008 to 2009 I was a Head of the research unit Seed Germination and Dormancy
(UR5, UPMC). With the help of Daniel Côme, collaborations and my students, I can say
that during my career, I succeeded to be a seed biologist and had the honour to be
President-Elect (from 2011 to 2014) and President from 2014 to 2017 of the International
Society for Seed Science (ISSS). With Prof D. Côme, we organized the fourth ISSS triennial
meeting in Angers in 1992. From 2010 to 2017, I reduced my research activities since I
accepted the position of Vice-President delegate to estate of my University, and came back
in my laboratory in 2017 to supervising my last PhD students. From 1983, the year of obtain-
ing my PhD degree (Corbineau, 1983), my scientific work concerned the following main
topics:

(1) Physiological, biochemical and hormonal regulation of seed germination and dormancy
as related to external factors, in particular temperature and oxygen; (2) Regulation of ethylene
biosynthesis and involvement of this plant hormone in germination and breaking of dor-
mancy; (3) Physiological and biochemical mechanisms involved in the response of seeds
and seedlings to abiotic stresses (dehydration, chilling, high temperatures); (4) Ageing and
storage of orthodox and recalcitrant seeds and (5) Evaluation and improvement of seed
quality.

As oxygen was always a key factor of the scientific work that I have done in relation to seed
photosensitivity (Corbineau, 1983; Corbineau and Côme, 1985), metabolism, energy charge
(EC) and the pentose-phosphate pathway, expression and breaking of seed dormancy
(Corbineau and Côme, 1995), I have chosen to talk about oxygen as a key signalling factor
in the control of seed germination and dormancy for this specific J. Derek Bewley, Career
Lecture.

Seed germination is subjected to a very precise regulation, the complexity of which origi-
nates both in the environmental factors and the seeds themselves. Water, oxygen and tempera-
ture are the three essential factors regulating seed germination and dormancy expression
(Bewley and Black, 1994; Corbineau and Côme, 1995; Baskin and Baskin, 1998;
Finch-Savage and Leubner-Metzger, 2006; Finch-Savage and Footitt, 2017). Water uptake is
required in order to allow resumption of seed metabolism among which respiration, protein
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and RNA synthesis, plant hormone (in particular abscisic acid,
gibberellins and ethylene) biosynthesis and signalling pathways
(Leopold and Vertucci, 1989; Bewley and Black, 1994; Bradford,
1995; Hadas, 2004; Benech-Arnold et al., 2006; Bradford et al.,
2008; Holdsworth et al., 2008; Nonogaki, 2010, 2014, 2017,
2019; Nonogaki et al., 2010).

Oxygen is essential for respiration but its requirement for seed
germination depends on the species, depth of dormancy and tem-
perature (Al-Ani et al., 1985; Côme et al., 1988; Corbineau and
Côme, 1995; Bradford et al., 2007, 2008). In anoxia/hypoxia,
the production of ATP by fermentation allows the maintenance
of EC in the seeds (Raymond et al., 1985; Côme and
Corbineau, 1989). However, partial or total oxygen deprivation
may be beneficial to germination of various aquatic species or
some dormant seeds and complete deprivation of oxygen can
break dormancy of some seeds (Tissaoui and Côme, 1973;
Côme et al., 1991; Corbineau and Côme, 1995; Baskin and
Baskin, 1998).

In the present paper, major data obtained from 60 to 85s that
mainly take the form of descriptive physiology (1) investigating
the sensitivity of seeds to oxygen supply and the role played by
surrounding structures in the diffusion of oxygen from the
medium to the embryo (Côme, 1967, 1970; Côme and Tissaoui,
1973; Côme and Corbineau, 1992, 1998; Corbineau and Côme,
1995) and (2) measuring the respiration activity and energy
metabolism during germination of non-dormant and dormant
seeds incubated in low oxygen supply (Côme et al., 1988; Côme
and Corbineau, 1989; Corbineau and Côme, 2003) are
highlighted.

I also highlight recent developments obtained over the last 30
years concerning the hormonal metabolism and signalling in seed
responsiveness to low oxygen (Shu et al., 2013; Nonogaki, 2017,
2019), the role of the N-end rule pathway as the oxygen signalling
pathway (Gibbs et al., 2011, 2014a,b, 2015, Licausi, 2011, 2013;
Licausi et al., 2011, 2013; Bailey-Serres et al., 2012) and the emer-
ging role for ROS and NO and interorganelle communication in
control of seed germination (Benamar et al., 2008; Wang and
Auwerx, 2017; Meng et al., 2020; Bailly and Merendino, 2021;
Jurdak et al., 2021).

Diffusion of oxygen from the atmosphere, in the soil and in
the seed

The soil atmosphere composition

Partial pressure of oxygen depends on soil structure and compac-
tion (Hadas, 2004). In agricultural soils, oxygen content has been
found to vary from 19 to 21%, thus indicating that it is not limit-
ing if the soil is well drained (Richard and Boiffin, 1990).
However, the oxygen level can decrease to 10% when a crust is
present at the soil surface leading to reduced exchange between
the atmosphere and the soil (Richard and Guerif, 1988a,b;
Dekker, 2000; Hadas, 2004). In flooded soil when the pore system
is filled with water (Gambrell et al., 1991), the oxygen level can be
less than 1% since there is a 104 reduction in oxygen diffusion in
water relative to air, and oxygen solubility in water decreases with
increasing temperature being 14.56 mg l−1 at 0°C, 11.25 mg l−1 at
10°C, 9.09 mg l−1 at 20°C and 7.49 mg l−1 at 30°C.

The level of CO2 does not usually exceed 0.5–1% in drained
soil, but can increase up to 5–8% in flooded soils and silt loams
when decomposition of organic matter occurs (Buyanovsky and
Wagner, 1983; Nakayama and Kimball, 1988).

Seed coat structures: barriers to oxygen diffusion to the
embryo

Embryo covering structures include nucellus and testa and endo-
sperm in some species. The pericarp is fused to the seed testa in
the case of caryopses, and it is not fused to the testa in the case of
achenes. They are associated with various other structures among
which hulls consisting of glumellae or glumes depending on the
Poaceae species, and dead perianth tissues, for example in beet.
They inhibit seed germination by controlling seed water uptake
and oxygen supply to the embryo (Bewley and Black, 1994;
MacGregor et al., 2015). Surrounding structures impact oxygen
diffusion and are responsible for a reduction of oxygen diffusion
to the embryo that depends on their thickness and their biochem-
ical properties. Oxygen goes through the seed coat by dissolving
in the water they contain during seed imbibition, but since oxygen
solubility is low, little oxygen reaches the embryo. Imbibed coats
become then a barrier to oxygen diffusion since they constitute a
continuous wet layer surrounding the embryo (Côme, 1970, 1982;
Côme and Tissaoui, 1973; Côme and Corbineau, 1992, 1998).

Furthermore, seed coats of numerous seeds often contain
phenolic compounds such as phenolic acids ( p-hydroxybenzoic-,
vanillic-, gallic-, p-coumaric-, caffeic-, ferulic-, sinapic-, chloro-
genic acids), coumarins, flavonoids and tannins that are end pro-
ducts of flavonoid biosynthetic pathway (Glennie, 1981; Lenoir
et al., 1986; Winkel-Shirley, 1998, 2001; Croteau et al., 2000;
Tian et al., 2004; Lepiniec et al., 2006; Rodriguez et al., 2015). In
the presence of oxygen, the oxidation of the phenolic compounds
is mediated by various enzymes: monophenol oxidase which con-
verts monophenols into o-diphenols, catechol oxidase which oxi-
dizes the o-diphenols into o-quinones and laccases (Macheix
et al., 1990, 2005; Debeaujon et al., 2007). In both cases, quinones
are then polymerized into brown pigment by a non-enzymatic
mechanism. For example, flavan-4-ols, precursors of phloba-
phenes, confer a red colour to wheat, maize and rice grains
(Grotewold et al., 1994; Himi et al., 2002, 2012), but condensation
of flavan-3-ols leads to proanthocyanidin synthesis the oxidation
of which confers a brown colour (Winkel-Shirley, 1998).

Many studies have demonstrated that phenolic compounds, in
particular flavonoids, secondary metabolites derived from the phe-
nylpropanoid pathway (Lepiniec et al., 2006; Debeaujon et al., 2007)
reinforce coat-imposed dormancy. For example, Arabidopsis seeds
accumulate flavonols, and proanthocyanidins during development,
the brown colour being conferred by proanthocyanidin after oxi-
dation. This pathway has been characterized using transparent
testa tt(g) mutants that are affected in seed coat pigmentation
(Debeaujon et al., 2007; North et al., 2010); mutants lacking
PAs germinate faster than the corresponding wild-type brown
seeds. Flavonoids, particularly condensed tannins, are known to
regulate water uptake (Debeaujon et al., 2000; MacGregor et al.,
2015), however, their impact on oxygen diffusion is unknown.
In wheat and rice, red grains show a more intense dormancy
than the white grain lines and thus have a higher resistance to pre-
harvest sprouting (PHS) (Cohn and Hughes, 1981; Flintham,
2000), this trait has provided breeders with an easy character to
select cultivars with higher dormancy even if ‘red gene’ contribu-
tion to dormancy is small (Warner et al., 2000; Himi et al., 2012).

In cereals, the covering structures result in the inability of the
grains to germinate at temperature higher than 10–15°C. In bar-
ley, the glumellae have the main role in dormancy (Lenoir et al.,
1983, 1986; Corbineau and Côme, 1996), while in oat both glu-
mellae with pericarp, and probably testa participate to dormancy
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(Corbineau et al., 1986). In naked grains such as sorghum and
wheat, dormancy results from the pericarp, testa and endosperm
(Steinbach et al., 1995). The surrounding structures inhibit ger-
mination by reducing oxygen supply to the embryo due to
enzymatic and/or non-enzymatic oxidation of the phenolic com-
pounds (Côme, 1967, 1980/81; Lenoir et al., 1986; Fig. 1). The
inhibitory effect of the covering structures increases with increas-
ing temperature since the fixation of oxygen in the surrounding
structures increases with temperatures (Lenoir et al., 1986; Lecat
et al., 1992). In barley, for example, more than 50% of the total
oxygen uptake by the grain results from oxidation of phenolic
compounds in the glumellae, whereas it is less than 20% at 10–
15°C (Côme et al., 1988; Fig. 1). More recently using fibre-optic
O2 micro-sensor, Hoang et al. (2013) demonstrated that the oxy-
gen content in the embryo below the glumellae is around 15.8% at
15°C, temperature that allows germination, but only 0.3% at 30°C,
temperature at which grains remain dormant.

However, afterripening that breaks dormancy has no effect on
the phenolic compound composition nor on the polyphenol oxi-
dase activity, but delays in time the oxygen uptake by the glumel-
lae allowing a good oxygen supply to the embryo during the first
hours of imbibition (Lenoir et al., 1983, 1986; Corbineau et al.,
1986).

Oxygen requirement for germination of non-dormant seeds

Oxygen requirements for germination have been reviewed by dif-
ferent authors (Côme, 1982; Mayer and Poljakoff-Mayber, 1989;
Côme and Corbineau, 1992; Bewley and Black, 1994; Corbineau
and Côme, 1995; Bradford et al., 2007, 2008). However, it is not
always indicated whether seeds under investigation are dormant
or not, although seed sensitivity to oxygen depends on the
depth of dormancy (Corbineau and Côme, 1995; Bradford
et al., 2007, 2008) and other environmental factors as tempera-
ture, light or water potential of the medium.

For most species, seeds fail to germinate when deprived of oxy-
gen, and restricted oxygen availability prevents seedling growth.
However, several aquatic species like Alisma plantago (water plan-
tain), Cynodon dactylon (bermuda grass), Echinochloa turnerana
(barnyard grass), Leersia oryzoides (rice cut-grass), Thypha latifo-
lia (cattail), Trapa natans (water caltrop) and Zizania aquatica
(wild rice) germinate better under reduced oxygen concentrations
than in air (review by Corbineau and Côme (1995)). Al-Ani et al.
(1982, 1985) classified seeds in two groups according to their
response to low oxygen concentration. Group I corresponds to
fatty seeds (cabbage, flax, lettuce, radish, soybean, sunflower, tur-
nip) the germination of which is completely inhibited when oxy-
gen concentration is close to 2% (Fig. 2). Seeds of group II are
mainly starchy seeds among which cereals (barley, maize, oat,
rice, sorghum, wheat) and pea, and they did not germinate in
atmosphere containing less than 1% oxygen (Fig. 2). Figure 2
indicates also that 50% of the seed population germinate in 1–3
and 7–8% oxygen for groups II and I, respectively.

Oxygen requirement for germination depends on environmen-
tal factors including temperature, osmotic pressure of the medium
and light (review by Corbineau and Côme (1995)). For many spe-
cies, the sensitivity to oxygen deprivation decreases with decreas-
ing temperature, probably because oxygen solubility in water
increases with decreasing temperature. In addition, sunflower
(Smok et al., 1993) and tomato seeds (Corbineau and Côme,
1995) require more oxygen for their germination when placed
on a medium with low water potential. For example, in the case

of tomato, 50% of the population germinate within 7 d on
water at 25°C in around 5% oxygen, but germination requires at
least 10% oxygen when seeds were incubated on a PEG-6000 solu-
tion at 0.5 MPa. Continuous white light also reinforces the seed
responsiveness to hypoxia in case of negative photosensitive
seeds of Amaranthus caudatus (Gutterman et al., 1992) and
Bromus rubens (Corbineau et al., 1992).

Table 1 indicates that 2–3% oxygen in the atmosphere is suf-
ficient for the germination of isolated embryos. Isolated embryos
from non-dormant seeds require less oxygen for germinating than
the corresponding intact seeds indicating that even in non-
dormant seeds, the seed coats inhibit the germination by reducing
the oxygen supply to the embryos (Table 1; Corbineau and Côme,
1995; Côme and Corbineau, 1998).

Consequence of dormancy on oxygen requirement for
germination

Relationships between seed dormancy and responsiveness to
oxygen

For some species, dormant seeds do not germinate in air (21%
oxygen), but their germination capacities are improved in hyp-
oxia. Table 2 shows the sensitivity to oxygen of Oldenlandia cor-
ymbosa L. seeds as a function of oxygen in dormant seeds (at
harvest) and non-dormant ones (after breaking of dormancy by
a chilling treatment) (Corbineau and Côme, 1980a). In dormant
seeds, 91–95% of the population easily germinate in a narrow
range of oxygen (5–7%) when the non-dormant seeds germinate

Fig. 1. Effects of the surrounding structures on oxygen supply to the embryo. (A)
Effects of temperature on the oxygen flux through the coats (pericarp + glumellae)
in dormant barley grains incubated at 15°C (left) and 30°C (right). Increase in tem-
perature results in a decrease in oxygen solubility in water during seed imbibition
and in an increase in oxygen uptake through oxidation of phenolic compounds. As
a result, the embryo receives less oxygen at 30°C than at 10–15°C. Adapted from
Côme and Tissaoui (1973), Lenoir et al. (1983, 1986), Côme et al. (1988), Côme and
Corbineau (1992) and Corbineau and Côme (1995). (B) Oxidation of phenolic com-
pounds in the seed coats. The phenolic compounds are first oxidized to quinones
by polyphenol oxidases (PPO) and then the quinones undergo non-enzymatic oxida-
tive polymerization. From Côme and Corbineau (1992) and Corbineau and Côme
(1995).
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in air and in a wide range of oxygen concentration from 5 to 21%.
Similar behaviour was observed in dormant apple embryos
(Côme et al., 1985); at harvest, dormant apple embryos do not
germinate in air at 15°C, but their germination is improved at
lower oxygen concentration. Release of dormancy enables them
to germinate in a large range of oxygenation (Côme et al., 1985).

However, in the majority of species, seeds are more sensitive to
oxygen deprivation when they are dormant than the non-
dormant ones. This influence of dormancy on oxygen sensitivity
has been demonstrated with cereals like barley (Corbineau and
Côme, 1980b; Benech-Arnold et al., 2006), wheat (Corbineau
et al., 1981) and oat (Lecat et al., 1992), sunflower (Gay et al.,

1991; Corbineau and Côme, 1992, 1995) and Douglas fir
(Pseudotsuga menziesii) (Corbineau et al., 2002). Figure 3
shows, in barley, the changes in oxygen sensitivity of the intact
grains (Fig. 3A) and isolated embryos (Fig. 3B) incubated on
water at 20°C at harvest (i.e. dormant grains) and during afterri-
pening (grains dry-stored for 5 and 9.5 months at 25°C). At har-
vest in 2000, less than 50% of the grain population can germinate
at 20°C in air (21% oxygen) and no germination occurred in
atmosphere containing less than 3% oxygen (Fig. 3A). Dry storage
of dormant grains for 5 and 9.5 months at 25°C results in break-
ing of dormancy allowing germination of all the grain population
in air and reducing the oxygen concentration at which 50% of the

Fig. 2. Oxygen concentration of the atmosphere below which no seed germinated (O2 0% in red) or which allowed 50% germination (O2 50% in black). From
Corbineau (1995) and Corbineau and Côme (1995).

Table 1. Effects of oxygen tensions on the germination of non-dormant seeds of melon, oat and sunflower placed for 7 d at 20°C and of the corresponding isolated
embryos

Oxygen levels (%)

Germination (%) at 20°C of isolated embryos of
non-dormant seeds Germination (%) at 20°C of non-dormant seeds

Melon Oat Sunflower Melon Oat Sunflower

0.5 0 0 68.2 0 0 0

1 0 33.3 76.2 0 25.7 0

2 69.1 84.1 83.3 23.1 55.8 0

3 91.3 96.8 100 55.3 75.7 0

5 95.2 100 100 80.7 95 12.8

10 100 100 100 95.7 100 90.2

21 100 100 100 100 100 100

Means of 4 replicates.
Modified from Corbineau and Côme (1995) and Côme and Corbineau (1998).

Table 2. Effects of oxygen tensions on the germination of dormant and non-dormant seeds of Oldenlandia corymbosa incubated for 7 d at 40°C in continuous light

Seed batch

Germination (%) in atmosphere containing various oxygen tensions

0% 1% 3% 5% 7% 10% 21%

Dormant 0 0 48.5 95.7 91.4 25.7 7.1

Non-dormant 0 0 0 100 100 100 100

Means of 3 replicates.
Modified from Corbineau and Côme (1980a, 1980/81).
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population germinate to 4.8% and 0.4% (Fig. 3A). By contrast,
isolated embryos from dormant grains at harvest germinate in
atmosphere containing at least 5% oxygen (Fig. 3B, curve 1) dem-
onstrating that the covering structures are involved in oxygen dif-
fusion (c.f. Oxygen requirement for germination of non-dormant
seeds). Afterripening also resulted in an improvement of embryo
germination in hypoxia: 100% of the population germinate in 4
and 0.5% oxygen, respectively, after 5 and 9.5 months of dry stor-
age at 25°C (Fig. 3B, curves 2 and 3).

Using a population-based threshold model, Bradford et al.
(2008) have calculated a median base (or threshold) O2 [(Ox(b)
(50)]. The model predicted that 36.3% oxygen would be required
for 50% germination of intact dormant grains at harvest in 2000,
while the germination of isolated embryos was predicted to
require only 0.123% oxygen to achieve 50% germination. For
the intact grains, the Ox(b)(50) value was 2.87% and 0.30%
after 5 and 9.5 months of afterripening, respectively (Bradford
et al., 2008). Environmental conditions during seed production
influence their sensitivity to oxygen. Hence, the Ox(b)(50) is
dependent of the year of harvest and was decreased to 15.7%
for grains obtained in 2002 compared to 36.3% for those obtained
in 2000 (Fig. 3A and Table 3).

Specific effect of hypoxia and anoxia on breaking of dormancy
and induction of secondary dormancy

Oxygen is required for germination, however partial or total oxy-
gen deprivation is not always harmful at least if it is not too pro-
longed. Temporary anaerobiosis applied to imbibed seeds may
promote germination in dormant seeds of some species
(Lonchamp and Gora, 1979; Côme et al., 1985) and may substi-
tute for cold stratification (Côme et al., 1991; Corbineau and
Côme, 1995). For example, incubation in anoxia (pure nitrogen)
for 2 or 3 weeks breaks dormancy in apple embryos (Tissaoui and
Côme, 1973), Oldenlandia corymbosa seeds (Corbineau and
Côme, 1988), sunflower achenes (Corbineau and Côme, 1995)
and Xanthium pennsylvanicum (Esashi et al., 1976). In the case
of apple embryos, this beneficial effect of anoxia increases with
temperature (Tissaoui and Côme, 1973).

In contrast, incubation of seeds in anoxia or hypoxia, condi-
tions which inhibit seed germination, induces secondary dor-
mancy in barley (Hoang et al., 2013), Xanthium
pennsylvanicum (Esashi et al., 1978), Viola spp., Veronica heder-
ofolia and Veronica persica (Lonchamp and Gora, 1979), lettuce
(Vidaver and Hsiao, 1975) and Brassica napus (Pekrun et al.,
1997). In Oldenlandia corymbosa seeds, responsiveness to light
depends also on the temperature and on the oxygen tension of
the atmosphere. Seeds remain responsive to white light at 10
and 20°C, but lose their responsiveness during incubation in
darkness at temperature of at least 30°C; this phenomenon has
been observed in many photoblastic seeds (Karssen, 1967;
Rollin, 1970) and is accelerated at low oxygen concentration in
Oldenlandia corymbosa (Corbineau and Côme, 1985).

Fig. 3. Effects of oxygen concentration in the atmosphere on the germination percentages obtained after 5 d at 20°C with barley caryopses (A) and embryos (B) at
harvest (1) and after 5 months (2) and 9.5 months (3) of afterripening at 25°C. Seeds harvested in 2000 and stored in the open air for 5 and 9.5 months at 25°C.
Modified from Bradford et al. (2008).

Table 3. Effects of ABA or GA3 concentration on oxygen tensions on the median
O2 threshold Oxb(50) calculated using a population-based threshold model in
dormant seeds and isolated embryos in barley

Seeds or embryos at 20°C, in the
presence of ABA or GA3

ABA (μM) or
GA3 (μM)

Oxb(50) (%
O2)

Seeds incubated with ABA 0 15.7

1 16.4

10 18.7

Embryos incubated with ABA 0 4.8

1 6.2

10 7.1

100 12.0

1,000 14.5

Seeds incubated with GA3 0 18.4

10 15.1

100 9.8

1,000 8.2

Seeds harvested in 2002.
Modified from Bradford et al. (2008).
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Effects of hypoxia on ABA and GA metabolism and sensitivity

The hormonal regulation of dormancy and germination is well
established (Bewley, 1997; Finch-Savage and Leubner-Metzger,
2006; Finkelstein et al., 2008; Holdsworth et al., 2008; Graeber
et al., 2012; Shu et al., 2016; Nonogaki, 2017). Oxygen uptake
by the glumellae during the first 12–14 h of imbibition appears
to be related to ABA metabolism in the embryo, as a transient
increase in ABA content occurs in dormant grains and not in
non-dormant ones (Benech-Arnold et al., 2006). The presence
of glumellae alters the expression of genes involved in ABA syn-
thesis (HvNCED1, NCED2), ABA catabolism (HvABA8’OH1)
and signalling (HvABI5, HvVP1 and HvPKABA) (Mendiondo
et al., 2010). During imbibition, the decrease in embryonic ABA
level is slower in hypoxia than in air, but this effect is independent
of the regulation of HvABA8’OH1 expression (Mendiondo et al.,
2010; Hoang et al., 2013). Incubation of embryos of primary dor-
mant grains in the presence of exogenous ABA at various concen-
trations shows that hypoxia increased embryo sensitivity to ABA
by twofold (Fig. 4), and this effect was more pronounced at 30°C
than at 20°C (Benech-Arnold et al., 2006), suggesting that hyp-
oxia imposed by glumellae increases embryo sensitivity to ABA.

ABA delayed and reduced seed and embryo germination; using
a population-based threshold model, Bradford et al. (2008) show
that ABA concentration up to 10 μM had relatively little effect on
O2 sensitivity of seeds. However, at higher concentration, the
value of Oxb50 increased from 4.8% in the absence of ABA to
12 and 14.5% in the presence of 100 and 1000 μM ABA, respect-
ively (Table 3). Incubation of embryos in the presence of GA3

results in a decrease in Oxb50 (Table 3) from 18.4% on water
down to 8.2% in the presence of 1000 μM GA.

Hypoxia at 15°C which induced secondary dormancy in barley
was related to an increased expression of ABA synthesis genes
(HvNCED2) only after 3 d and a strong regulation of gibberellin
(GA) metabolism genes with promotion in HvGA2ox3 (64-fold
compared with grains in air) and inhibition of HvGA3ox2 and
HvGA20ox1 after 1 d (Hoang et al., 2013). In addition, embryo
sensitivity to ABA increases in hypoxia and seeds became insensi-
tive to GA at low oxygen (Benech-Arnold et al., 2006). However,
hypoxia did not alter the embryo sensitivity to ABA and GA
which was similar in both primary and hypoxia-induced second-
ary dormant grains (Hoang et al., 2013).

Effect of oxygen on energy metabolism and protein
turnover

Effect on fermentation

Although EC has been cited as being essential in the regulation of
germination (Raymond and Pradet, 1980; Raymond et al., 1985),
dormancy in oat does not result from an inability to synthesize
ATP from ADP and AMP (Côme and Corbineau, 1989). During
seed incubation at 30°C, a temperature at which dormant grains
cannot germinate, embryos from dormant and non-dormant grains
exhibited a similar increase in the ATP/ADP ratio and in the EC
[(ATP + 0.5 ADP)/(ATP +ADP +AMP)] as long as seeds had not
germinated (Côme et al., 1988). In anoxia (nitrogen) or hypoxia
(1% oxygen), the immediate response at the level of mitochondria
corresponded to a decrease in ATP synthesis and in the EC within
10 min (Lecat, 1987; Table 4), the secondary responses resulted in
an increase of EC that was stabilized after 1 to 3 h due to fermen-
tation and accumulation of ethanol in starchy seeds (Tables 4 and 5)
(Pradet and Raymond, 1983; Raymond et al., 1985; Lecat, 1987).

Ethanol is the major product of fermentation in higher plants
whether they are tolerant to anoxia or not (Raymond et al., 1983,
1985; Ricard et al., 1994). Late responses leading to tolerance to oxy-
gen deprivation were associated with a decrease in ADH activity and
a change in synthesis of malate, succinate, lactate and shikimate
resulting from amino-acid metabolism instead of ethanol
(Raymond et al., 1985; Bui et al., 2019). In higher plants, L-lactate
is often produced prior to ethanol in the first min after the transfer
to anoxia, and alanine is the third major fermentation product in
plants. The adenylate EC under anoxia depends on the seed
reserves; in group I (lipid seeds including lettuce, sunflower, radish,
turnip, cabbage, flax and soybean), germination does not occur in
oxygen pressure below 1 kPa and the EC is below 0.4 while it
remains at a higher value (0.70–0.82) in seeds from group II (i.e.
starch seeds as rice, wheat, maize, sorghum and pea) for which ger-
mination still occurs at 0.1 kPa (Table 5; Al-Ani et al., 1985).

In contrast, change in non-adenylic triphosphate nucleotides
(NTP) content within the embryo during seed incubation at 30°
C depended on the dormancy state (Corbineau et al., 2007).
Thermo-dormant grains lost their ability to synthesize NTP
from adenine after transfer from 30 to 20°C; the capacity of syn-
thesis of NTPs seems then to be a good marker of dormancy in
oat seeds, as in buds of Helianthus tuberosus L. tubers (Le
Floc’h and Lafleuriel, 1981), of Fraxinus excelsior L. (Lavarenne
et al., 1982), Quercus spp. (Barnola et al., 1986) and Prunus per-
sica L. (Balandier et al., 1993).

In addition, modulation of EC using NaN3 and polyethylene-
glycol (PEG) has demonstrated that the induction of thermodor-
mancy in oat seeds is an active phenomenon requiring an EC
higher than 0.5 (Corbineau et al., 2007). Exogenous GA strongly
stimulated germination of oat seeds at high temperature and in
hypoxia (Lecat et al., 1992) but has no effect on EC.

Involvement of the N-end rule pathway

The ubiquitin-proteasome system (UPS) degrades the proteins by
targeting specific signals known as degrons. Among the

Fig. 4. Effects of ABA concentration on the germination percentages obtained after
7 d with embryos isolated from dormant barley grains placed at 30°C in 21% (filled
circles), 15% (open circles), 10% (filled triangles) and 5% (open triangles) oxygen.
Seeds harvested in 2000. Means of 2 measurements ± arithmetical spread. From
Benech-Arnold et al. (2006).
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degradation signals, N-terminus is the one targeted at the
N-terminal residues rather than the sequence elements of the pro-
tein (Bachmair et al., 1986). The N-end rule pathway has three
branches: the Arg/N-end rule pathway, the Ac/N-end rule path-
way and the Pro/N-end rule pathway (Lee et al., 2016; Nguyen
et al., 2018, 2019; Dong et al., 2018, Zhang et al., 2018a,b). The
Arg/N-end rule pathway identifies specific N-degrons such as
aromatic residues (Phe, Trp, Tyr) by PROTEOLYSIS 1 (PRT1)
and basic residues (Arg, His, Lys) by PRT6 in plant. Tertiary
destabilizing residues (Asn, Gln and Cys) are first modified, either
enzymatically (by deamidation of Asn or Gln) or chemically (by
oxidation of Cys), to generate a secondary destabilizing residue
(Asp, Glu and oxidized Cys). Studies reviewed by Licausi (2011,
2013), Voesenek and Bailey-Serres (2015) and Loreti and Perata
(2020) indicate that the sensory system to hypoxia relies on an
oxygen-mediated branch of the N-end rule pathway for protein
degradation acting on a specific clade of ethylene-responsive tran-
scription factor (ERF-VII). Both the N-end rule pathway and
ERF-VII are components of the oxygen signalling pathway, in
particular involved in responses to low oxygen stress (Gibbs

et al., 2011, 2015; Licausi, 2011, 2013; Licausi et al., 2011, 2013;
Hartman et al., 2021). Group VII ERF transcription factors are
either constitutively expressed and/or differentially transcription-
ally regulated in response to different signals including low oxy-
gen (Bailey-Serres et al., 2012; Gibbs et al., 2014a,b, 2015;
Voesenek and Bailey-Serres, 2015; Loreti and Perata, 2020;
Hartman et al., 2021). Four of the five ERFs, HYPOXIA
RESPONSIVE1 (HRE1 and HRE2) and RELATED TO
APETALA 2.2 (RAP 2.2 and RAP 2.12) are implicated in the
regulation of hypoxia-responsive genes. Under normoxia, ERFs
are degraded via the N-end rule pathway of proteolysis. When
oxygen becomes limiting, the degradation of the ERFs by the
N-end rule pathway is inhibited because of the reduction of
oxygen-mediated Cys oxidation (Bailey-Serres et al., 2012; Gibbs
et al., 2015; Loreti and Perata, 2020; Hartman et al., 2021).

Concluding comments

From 1960 to 1990, seed research took the form of descriptive
physiology that highlights the sensitivity of seeds to the environ-
ment. The main research topics were developed at that time in
France by the team of Dr A. Pradet and Dr P. Raymond at
INRA (Bordeaux) and the team of Prof D. Côme at CNRS
(Meudon) and the University Pierre et Marie Curie (Paris) were
on (1) the oxygen requirement for the seed germination as a func-
tion of dormancy (Figs 2 and 3; Tables 1 and 2), (2) the involve-
ment of the seed coat in dormancy due to the interference with
oxygen diffusion to the embryo through phenolic compounds
oxidation (Fig. 1) and (3) the seed/seedling metabolism in
response to oxygen deprivation (Tables 4 and 5). In some ways,
physiological and biochemical mechanisms have become clearer,
but these data do not allow to explain the signalling mechanisms
involved between oxygen, ROS and hormones in the regulation of
seed germination and dormancy. It was then necessary to consoli-
date the interfaces among physiology, biochemistry, eco-
physiology, cell and molecular biology, and genetics in order to
better understand the seed behaviour and its plasticity in various
environmental constraints. Access to ‘omic’ tools, genetics and
micro-measurements with microsensors have allowed an enor-
mous advancement over the last 35–60 years. Figure 5 sum-
marizes the emerging mechanisms involved in tolerance to
hypoxia (reviewed by Voesenek and Bailey-Serres (2015),
Pucciariello and Perata (2017), Bui et al. (2019), Loreti and

Table 4. Change in energy charge (EC) and metabolic responses in oat embryos placed in anoxia (0% oxygen) or hypoxia (1% oxygen) after 8 h incubation of oat
grains on water at 30°C and in air

Duration of
incubation
at 30°C (min)

EC

Chronological responses after transfer to anoxia and hypoxia
in anoxia
(0% O2)

in hypoxia
(1% O2)

0 0.86 ± 0.04 0.86 ± 0.04 Immediate responses (0–10 min):
Reduction of respiration at the level of mitochondria leading to a decrease in ATP synthesis and in
ATP/ADP ratio5 0.30 ± 0.05 0.36 ± 0.06

10 0.27 ± 0.04 0.37 ± 0.05

15 0.50 ± 0.06 0.40 ± 0.05 Secondary responses (after 10 min):
Fermentation leading to an increase in EC stabilized after 1–3 h, accumulation of ethanol in starchy
seeds and increase in ADH activity30 0.57 ± 0.07 0.61 ± 0.05

47 0.55 ± 0.06 0.64 ± 0.06

Grains harvested in 1984. Mean of 3 measurements ± SD.
ADH, alcohol dehydrogenase.
Modified from Lecat (1987).

Table 5. Effects of a 3-h incubation in anoxia at 20°C on the energy charge (EC)
and ethanol accumulated in seeds

Species EC Ethanol (nmol h−1 seed−1)

Rice 0.70 52 ± 3

Wheat 0.73 90 ± 20

Sorghum 0.72 70 ± 5

Maize 0.82 775 ± 90

Pea 0.72 2,750 ± 100

Soybean 0.57 825 ± 100

Sunflower 0.34 40 ± 10

Radish 0.40 21 ± 0.1

Lettuce 0.40 3.5 ± 0.2

Turnip 0.39 5 ± 0.2

Cabbage 0.34 9 ± 2

Modified from Pradet and Raymond (1983) and Raymond et al. (1985).
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Perata (2020) and Hartman et al. (2021)), regulation of dormancy
by hormone synthesis and sensitivity, NO and ROS production
and communication between organelles and cell compartments
(Feurtado and Kermode, 2007; Footitt et al., 2011; Nonogaki,
2017, 2019; Bailly and Merendino, 2021; Jurdak et al., 2021). In
addition, ethylene which breaks dormancy (Corbineau et al.,
2014; Wang et al., 2018, 2021; Wang, 2019) was shown to increase
the response to hypoxia through enhanced stability of specific
transcription factors (ERFs) and is involved in mitochondria
retrograde regulation (MRR) or signalling (MRS) in which alter-
native oxidase (AOX) is likely to have an essential role (Nonogaki,
2014; Bailly and Merendino, 2021; Hartman et al., 2021; Jurdak
et al., 2021). These recent data point out the role of mitochondria
as a sensor organelle that regulates ROS production, and the con-
trol of oxygen sensing by the Cys branch of the N-degron path-
way. Under hypoxia ATP synthesis is reduced but ERF-VII are
stabilized and migrated to the nucleus and then activated the tran-
scription of hypoxia-responsive genes (Gibbs et al., 2011, 2014b;
Licausi et al., 2011, 2013; Pucciariello and Perata, 2017; Loreti
and Perata, 2020; Hartman et al., 2021). Better understanding
of the ROS trafficking and interorganelle communication will
bring novel insights in the regulation of germination and seedling
emergence by the environmental conditions, and in particular by
oxygen (Nonogaki, 2014, 2017, 2019; Bailly and Merendino,
2021). Despite the progress of the last 30 years, numerous ques-
tions remain under debate. For example, it would be essential
to characterize the ROS targets and the oxidative modifications
using proteomic and/or transcriptomic approaches. The better
understanding of the role of ROS in seed germination and dor-
mancy also requires to determine the dynamics of ROS generation
at the subcellular level, where ROS are produced and sensed, and
how ROS level is regulated through detoxication systems in which
the covering structure could be involved. It would be of particular

interest to investigate how nuclear ROS may regulate seed dor-
mancy by inducing specific transcriptomic effect.

References

Al-Ani A, Leblanc JM, Raymond P and Pradet A (1982) Effet de la pression
partielle d’oxygène sur la vitesse de germination des semences à réserves
lipidiques et amylacées: rôle du métabolisme fermentaire. Comptes
Rendus de l’Académie des Sciences 295, 271–274.

Al-Ani A, Bruzau P, Raymond P, Saint-Ges V, Leblanc JM and Pradet A
(1985) Germination, respiration, and adenylate energy charge of seeds at
various oxygen partial pressures. Plant Physiology 79, 885–890.

Bachmair A, Finley D and Varshavsky A (1986) In vivo half-life of a protein
is a function of its amino-terminal residue. Science 234, 179–186.

Bailey-Serres J, Fukao T, Gibbs DJ, Holdsworth MJ, Lee SC, Licausi F,
Perata P, Voesenek LACJ and Van Dongen JT (2012) Making sense of
low oxygen sensing. Trends in Plant Science 17, 129–138.

Bailly C and Merendino L (2021) Oxidative signalling in seed germination
and early seedling growth: an emerging role for trafficking and inter-
organelle communication. Biochemistry Journal 478, 1977–1984.

Balandier P, Gendraud M, Rageau R, Bonhomme M, Richard JP and
Parisot E (1993) Bud break delay on single node cutting and bud capacity
for nucleotide accumulation as parameters for endo- and paradormancy in
peach trees in tropical climate. Scientia Horticulturae 55, 249–261.

Barnola P, Crochet A, Payan E, Gendraud M and Lavarenne S (1986)
Modification du métabolisme énergétique et de la perméabilité dans le
bourgeon apical et l’axe sous-jacent au cours de l’arrêt de croissance
momentanée de jeunes plantes de chêne. Physiologie Végétale 24, 307–314.

Baskin CC and Baskin JM (1998) Seeds: ecology, biogeography, and, evolution
of dormancy and germination. San Diego, CA, USA, Academic Press.

Benamar A, Rolletschek H, Borisjuk L, Avelange-Macherel MH, Curien G,
Mostefai HA, Andriantsitohaina R and Macherel D (2008) Nitrite-nitric
oxide control of mitochondrial respiration at the frontier of anoxia.
Biochimica et Biophysica Acta 1777, 1268–1275.

Fig. 5. Main data obtained after the 85–90s concerning the network between hormones and ROS production involved in the dormancy regulation, and the involve-
ment of hypoxia in stabilization of ERF group VII and tolerance to oxygen deprivation. The left part of the panel highlights the involvement of hypoxia in ROS and
NO production in mitochondria and the stabilization of ERFs because of the absence of oxygen. ERFs migrate then to the nucleus and activate the transcription of
hypoxia-response genes important for the tolerance to hypoxia. The right part of the panel indicates the effects of hypoxia on ABA and GA balance (ABA degrad-
ation and GA synthesis) and sensitivity, and the regulation of dormancy. The relative level of ABA to GAs is a major determinant of the depth of dormancy, in
addition C2H4 which improves germination of dormant seeds contributes to a decrease in ABA level, in modification in ABA and GA sensitivity, and on ROS pro-
duction at the level of mitochondrion, and the stabilization of ERFs. NO induces a decrease in ABA level correlated with the regulation of ABA 8′-hydroxylase expres-
sion. ABA, abscisic acid; GA, gibberellins; ERF, ethylene response factor; RAP2.12, related to Apetala 2 12; ROS, reactive oxygen species; PDC, pyruvate
decarboxylase; HRE, hypoxia responsive; HRA, hypoxia-response attenuator1; HB1, haemoglobin 1 ; PCO, plant cysteine oxidases. Modified from Borisjuk et al.
(2007), Feurtado and Kermode (2007), Benamar et al. (2008), Footitt et al. (2011), Gibbs et al. (2011, 2014a,b), Licausi et al. (2011, 2013), Voesenek and
Bailey-Serres (2015), Pucciariello and Perata (2017), Nonogaki (2017, 2019), Bui et al. (2019), Wang et al. (2018, 2021), Wang (2019), Bailly and Merendino
(2021), Hartman et al. (2021) and Jurdak et al. (2021).

Seed Science Research 133

https://doi.org/10.1017/S096025852200006X Published online by Cambridge University Press

https://doi.org/10.1017/S096025852200006X


Benech-Arnold RL, Gualano N, Leymarie J, Côme D and Corbineau F
(2006) Hypoxia interferes with ABA metabolism and increases ABA sensi-
tivity in embryos of dormant barley grains. Journal of Experimental Botany
57, 1423–1430.

Bewley JD (1997) Seed germination and dormancy. Plant Cell 9, 1055–1066.
Bewley JD and Black M (1994) Seeds: physiology of development and germin-

ation. New York, Plenum Press.
Borisjuk L, Macherel D, Benamar A, Wobus U and Rolletschek H (2007)

Low oxygen sensing and balancing in plant seeds – a role for nitric
oxide. New Phytologist 176, 813–823.

Bradford KJ (1995) Water relations in seed germination, pp. 351–396 in Kigel
J and Galili G (Eds) Seed development and germination. New York, Marcel
Dekker.

Bradford KJ, Côme D and Corbineau F (2007) Quantifying the oxygen sen-
sitivity of seed germination using a population-based threshold model. Seed
Science Research 17, 33–43.

Bradford KJ, Benech-Arnold R, Côme D and Corbineau F (2008)
Quantifying the sensitivity of barley seed germination to oxygen, abscisic
acid and gibberellin using a population-based threshold model. Journal of
Experimental Botany 59, 335–347.

Bui LT, Novi G, Lombardi L, Lannuzzi C, Rossi J, Santaniello A, Mensuali
A, Corbineau F, Giuntoli B, Perata P, Zaffagnini M and Licausi F (2019)
Conservation of ethanol fermentation and its regulation in land plants.
Journal of Experimental Botany 70, 1815–1827.

Buyanovsky GA and Wagner GH (1983) Annual cycles of carbon dioxide
level in soil air. Soil Science Society of America Journal 47, 1139–1145.

Cohn MA and Hughes J (1981) Seed dormancy in red rice (Oryza sativa).
I. Effect of temperature on dry after-ripening. Weed Science 29, 402–404.

Côme D (1967) L’inhibition de germination des graines de Pommier (Pirus
Malus L.) non dormantes. Rôle possible des phénols tégumentaires.
Annales de Sciences Naturelles, Botanique VIII, 371–478.

Côme D (1970) Les obstacles à la germination. Paris, Masson.
Côme D (1980/81) Problems of embryonal dormancy as exemplified by apple

embryo. Israel Journal of Botany 29, 145–156.
Côme D (1982) Germination, pp. 129–226 in Mazliak P (Ed.) Croissance et

développement. Physiologie végétale II. Paris, Hermann.
Côme D and Tissaoui T (1973) Interrelated effects of imbibition, temperature

and oxygen on seed germination, pp. 157–168 in Heydecker W (Ed.) Seed
ecology. London, Butterworths.

Côme D and Corbineau F (1989) Some aspects of metabolic regulation of
seed germination and dormancy, pp. 165–179 in Taylorson RB (Ed.)
Recent advances in the development and germination of seeds. New York
and London, Plenum Press.

Côme D and Corbineau F (1992) Environmental control of seed dormancy
and germination, pp. 288–298 in Jiarui F and Khan AA (Eds) Advances
in the science and technology of seeds. Beijing, New York, Science Press.

Côme D and Corbineau F (1998) Semences et germination, pp. 185–313 in
Mazliak P (Ed.) Croissance et développement. Physiologie végétale II. Paris,
Hermann.

Côme D, Perino C and Ralambosoa J (1985) Oxygen sensitivity of apple
(Pyrus malus L.) embryos in relation to dormancy. Israel Journal of
Botany 34, 17–23.

Côme D, Corbineau F and Lecat S (1988) Some aspects of metabolic regula-
tion of cereal seed germination and dormancy. Seed Science and Technology
16, 175–186.

Côme D, Corbineau F and Soudain P (1991) Beneficial effects of oxygen
deprivation on germination and plant development, pp. 69–83 in Jackson
MB; Davies DD; and Lambers H (Eds) Plant life under oxygen deprivation.
The Hagues, SPB Academic Publishing bv.

Corbineau F (1983) Recherches sur l’origine de la dormance et le mécanisme
de la germination des graines photosensibles d’une espèce tropicale
herbacée (Oldenlandia corymbosa L., Rubiacées). Thèse de Doctorat d’Etat
ès Sciences Naturelles, Université Pierre et Marie Curie, Paris, p. 190.

Corbineau F (1995) Le contrôle de la germination des semences par l’envir-
onnement gazeux. La Vie des Sciences 12, 223–237.

Corbineau F and Côme D (1980a) Rôle de l’oxygène et de la température dans
la germination des graines d’Oldenlandia corymbosa L. (Rubiacée tropicale).
Physiologie Végétale 18, 275–287.

Corbineau F and Côme D (1980b) Quelques caracteristiques de la dormance
du caryopse d’Orge (Hordeum vulgare L., variété Sonja). Comptes Rendus de
l’Académie des Sciences, Paris, série D 290, 547–550.

Corbineau F and Côme D (1980/81) Some particularities of the germination
of Oldenlandia corymbosa L. seeds (tropical Rubiaceae). Israel Journal of
Botany 29, 157–167.

Corbineau F and Côme D (1985) Effect of temperature, oxygen, and gibber-
ellic acid on the development of photosensitivity in Oldenlandia corymbosa
L. seeds during their incubation in darkness. Plant Physiology 79, 411–414.

Corbineau F and Côme D (1988) Primary and secondary dormancies in
Oldenlandia corymbosa L. seeds. Plant Physiology (Life Sciences Advances
7, 35–39.

Corbineau F and Côme D (1992) Germination of sunflower seeds and its
regulation by ethylene, pp. 277–287 in Jiarui F and Khan AA (Eds)
Advances in the science and technology of seeds. Beijing, New York,
Science Press.

Corbineau F and Côme D (1995) Control of seed germination and dormancy
by gaseous environment, pp. 397–424 in Kigel J and Galili G (Eds) Seed
development and germination. New York, Marcel Dekker.

Corbineau F and Côme D (1996) Barley seed dormancy. Bios Boissons
Conditionnement 261, 113–119.

Corbineau F and Côme D (2003) Involvement of energy metabolism and
ABA in primary and secondary dormancies in oat (Avena sativa L.)
seeds: a physiological approach, pp. 113–120 in Nicolas G; Bradford KJ;
Côme D; and Pritchard H (Eds) The biology of seeds: recent research
advances. Oxford, CAB International.

Corbineau F, Sanchez A, Côme D and Chaussat R (1981) La dormance du
caryopses de blé (Triticum aestivum L. var. Champlein) en relation avec
la température et l’oxygène. Compte Rendus de l’ Académie d’Agriculture
de France 9, 826–834.

Corbineau F, Lecat S and Côme D (1986) Dormancy of three cultivars of oat
seeds (Avena sativa L.). Seed Science and Technology 14, 725–735.

Corbineau F, Belaid D and Côme D (1992) Dormancy of Bromus rubens
L. seeds in relation to temperature, light and oxygen effects. Weed
Research 32, 303–310.

Corbineau F, Bianco J, Garello G and Côme D (2002) Breakage of
Pseudotsuga menziesii seed dormancy by cold treatment as related to
changes in seed ABA sensitivity and ABA levels. Physiologia Plantarum
114, 313–319.

Corbineau F, Vinel D, Leymarie J and Côme D (2007) Nucleotide triphos-
phate synthesis and energy metabolism in primary dormant and thermo-
dormant oat seeds, pp. 254–261 in Adkins SW; Ashmore SE; and Navie
SC (Eds) Seeds: biology, development and ecology. Cambridge, CAB
International.

Corbineau F, Xia Q, Bailly C and El-Maarouf-Bouteau H (2014) Ethylene, a
key factor in the regulation of seed dormancy. Frontiers in Plant Science 5,
539.

Croteau R, Kutchan TM and Lewis NG (2000) Natural products (secondary
metabolites), pp. 1250–1318 in Buchanam B; Gruissem W; and Jones R
(Eds) Biochemistry and molecular biology of plants. Rockville, MD, USA,
American Society of Plant Physiologists.

Debeaujon I, Léon-Kloosterziel KM and Koornneef M (2000) Influence of
the testa on seed dormancy, germination, and longevity in Arabidopsis.
Plant Physiology 122, 403–413.

Debeaujon I, Lepiniec L, Pourcel L and Routaboul JM (2007) Seed coat
development and dormancy, pp. 25–49 in Bradford K and Nonogaki H
(Eds) Seed development, dormancy and germination. Oxford, UK,
Blackwell Publishing.

Dekker J (2000) Emergent weedy foxtail (Setaria spp.) seed germinability
behaviour, pp. 411–423 in Black M; Bradford KJ; and Vazquez-Ramos J
(Eds) Seed biology advances and application. Oxon, UK, New York, USA,
CAB International.

Dong C, Zhang H, Li L, Tempel W, Loppnau P and Min JR (2018)
Molecular basis of gid4-mediated recognition of degrons for the Pro/
N-end rule pathway. Nature Chemical Biology 14, 466–473.

Esashi Y, Kotaki K and Ohhara Y (1976) Induction of cocklebur seed germin-
ation by Anaerobiosis: a question about the inhibitor hypothesis of seed
dormancy. Planta 129, 109–112.

134 F. Corbineau

https://doi.org/10.1017/S096025852200006X Published online by Cambridge University Press

https://doi.org/10.1017/S096025852200006X


Esashi Y, Okazaki M, Yanai N and Hishinuma K (1978) Control of the ger-
mination of secondary dormant cocklebur seeds by various germination sti-
mulants. Plant Cell & Physiology 19, 1497–1506.

Feurtado A and Kermode AR (2007) A merging of paths: abscisic acid and
hormonal cross-talk in the control of seed dormancy maintenance and alle-
viation, pp. 176–223 in Bradford K and Nonogaki H (Eds) Seed develop-
ment, dormancy and germination. Oxford, UK, Blackwell Publishing.

Finch-Savage WE and Leubner-Metzger G (2006) Seed dormancy and the
control of germination. New Phytologist 171, 501–523.

Finch-Savage WE and Footitt S (2017) Seed dormancy cycling and the regu-
lation of dormancy mechanisms to time germination in variable field envir-
onments. Journal of Experimental Botany 68, 843–856.

Finkelstein R, Reeves W, Ariizumi T and Steber C (2008) Molecular aspects
of seed dormancy. Annual Review of Plant Biology 59, 387–415.

Flintham JE (2000) Different genetic components control coat-imposed
and embryo-imposed dormancy in wheat. Seed Science Research 10, 43–50.

Footitt S, Douterelo-Soler I, Clay H and Finch-Savage WE (2011) Dormancy
cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-
signaling pathways. Proceedings of the National Academy of Sciences of
the United States of America 108, 20236–20241.

Gambrell RP, Delaune RD and Patrick Jr WH (1991) Redox processes in
soils following oxygen depletion, pp. 101–117 in Jackson MB; Davies DD;
and Lambers H (Eds) Plant life under oxygen deprivation. The Hague,
SPB Academic Publishing BV.

Gay C, Corbineau F and Côme D (1991) Effects of temperature and oxygen
on seed germination and seedling growth in sunflower (Helianthus annuus
L.). Environmental and Experimental Botany 31, 193–200.

Gibbs DJ, Lee SC, Isa NM, Gramuglia S, Fukao T, Bassel GW, Correia CS,
Corbineau F, Theodoulou FL, Bailey-Serres J and Holdsworth MJ (2011)
Homeostatic response to hypoxia is regulated by the N-end rule pathway in
plants. Nature 479, 415–418.

Gibbs DJ, Bacardit J, Bachmair A and Holdsworth MJ (2014a) The eukary-
otic N-end rule pathway: conserved mechanisms and diverse functions.
Trends in Cell Biology 10, 603–611.

Gibbs DJ, Isa NM, Movahedi M, Lozano-Juste J, Mendiondo GM,
Berckhan S, et al. (2014b) Nitric oxide sensing in plants is mediated by
proteolytic control of group VII ERF transcription factors. Molecular Cell
53, 369–379.

Gibbs DJ, Conde JV, Berckhan S, Prasad G, Mendiondo GM and
Holdsworth MJ (2015) Group VII ethylene response factors coordinate
oxygen and nitric oxide signal transduction and stress responses in plants.
Plant Physiology 169, 23–31.

Glennie CW (1981) Preharvest changes in polyphenols, peroxidase, and poly-
phenol oxidase in Sorghum grain. Journal of Agricultural and Food
Chemistry 29, 33–36.

Graeber K, Nakabayashi K, Miatton E, Leubner-Metzger G and Soppe WJ
(2012) Molecular mechanisms of seed dormancy. Plant Cell Environment
35, 1769–1786.

Grotewold E, Drummond BJ, Bowen B and Peterson T (1994) The myb-
homologous P gene controls phlobaphene pigmentation in maize floral
organs by directly activating a flavonoid biosynthetic gene subset. Cell 7,
543–553.

Gutterman Y, Corbineau F and Côme D (1992) Interrelated effects of tem-
perature, light and oxygen on Amaranthus caudatus L. Germination.
Weed Research 32, 111–117.

Hadas A (2004) Seedbed preparation – The soil physical environment of ger-
minating seeds, pp. 3–49 in Benech-Arnold RL and Sanchez RA (Eds)
Handbook of seed physiology. Applications to agriculture. Binghamton,
NY, Food Products Press, The Haworth Press.

Hartman S, Sasidharan R and Voesenek LACJ (2021) The role of ethylene in
metabolic acclimations to low oxygen. New Phytologist 229, 64–70.

Himi E, Mares DJ, Yanagisawa A and Noda K (2002) Effect of grain colour
gene (R) on grain dormancy and sensitivity of the embryo to abscisic acid
(ABA) in wheat. Journal of Experimental Botany 53, 1569–1574.

Himi E, Yamashita Y, Haruyama N, Yanagisawa T, Maekawa M and Taketa
S (2012) Ant28 gene for proanthocyanidin synthesis encoding the R2R3
MYB domain protein (Hvmyb10) highly affects grain dormancy in barley.
Euphytica 18, 141–151.

Hoang HH, Bailly C, Corbineau F and Leymarie J (2013) Induction of sec-
ondary dormancy by hypoxia in barley grains and its hormonal regulation.
Journal of Experimental Botany 64, 2017–2025.

Holdsworth MJ, Bentsink L and Soppe WJ (2008) Molecular networks regu-
lating Arabidopsis seed maturation, after-ripening, dormancy and germin-
ation. New Phytologist 179, 33–54.

Jurdak R, Launay-Avon A, Paysant-le Roux C and Bailly C (2021)
Retrograde signaling from the mitochondria to the nucleus translates the
positive effect of ethylene on dormancy breaking of Arabidopsis thaliana
seeds. New Phytologist 229, 2192–2105.

Karssen CM (1967) The light promoted germination of the seeds of
Chenopodium album L. I. The influence of the incubation time on the
quantity and rate of the response to red light. Acta Botanica Neerlandica
16, 146–160.

Lavarenne S, Champciaux M, Barnola P and Gendraud M (1982)
Métabolisme des nucléotides et dormance des bourgeons chez le frêne.
Physiologie Végétale 20, 371–376.

Lecat S (1987) Quelques aspects métaboliques de la dormance des semences
d’Avoine (Avena sativa L.). Etude plus particulière de l’action des glumelles.
Thèse de l’Université Pierre et Marie Curie, Paris, p. 172.

Lecat S, Corbineau F and Côme D (1992) Effects of gibberellic acid on the ger-
mination of dormant oat (Avena sativa L.) seeds as related to temperature,
oxygen and energy metabolism. Seed Science and Technology 2, 421–433.

Lee KE, Heo JE, Kim JM and Hwang CS (2016) N-terminal acetylation-
targeted N-end rule proteolytic system: the Ac/N-end rule pathway.
Molecules and Cells 39, 169–178.

Le Floc’h F and Lafleuriel J (1981) The purine nucleosidases of Jerusalem
Artichoke shoots. Phytochemistry 20, 2127–2129.

Leopold AC and Vertucci CW (1989) Moisture as a regulator of physiological
reaction in seeds, pp. 51–68 in Stanwood PC and McDonald MB (Eds) Seed
moisture (special publication No. 14). Madison, Wisconsin, Crop Science
Society of America.

Lenoir C, Corbineau F and Côme D (1983) Rôle des glumelles dans la dor-
mance des semences d’orge. Physiologie Végétale 21, 633–643.

Lenoir C, Corbineau F and Côme D (1986) Barley (Hordeum vulgare) seed
dormancy as related to glumella characteristics. Physiologia Plantarum 68,
301–307.

Lepiniec L, Debeaujon I, Routaboul JM, Baudry A, Pourcel L, Nesi N and
Caboche M (2006) Genetics and biochemistry of seed flavonoids. Annual
Review of Plant Biology 57, 405–430.

Licausi F (2011) Regulation of the molecular response to oxygen limitations in
plants. New Phytologist 190, 550–555.

Licausi F (2013) Molecular elements of low-oxygen signaling in plants.
Physiologia Plantarum 148, 1–8.

Licausi F, Kosmacz M, Weits DA, Giuntoli B, Giorgi FM, Voesenek LACJ,
Perata P and Van Dongen JT (2011) Oxygen sensing in plants is mediated
by an N-end rule pathway for protein destabilization. Nature 479, 419–423.

Licausi F, Pucciariello C and Perata P (2013) New role for an old rule: N-end
rule-mediated degradation of ethylene responsive factor proteins governs
low oxygen response in plants. Journal of Integrative Plant Biology 5, 31–39.

Lonchamp JP and Gora M (1979) Influence d’anoxies partielles sur la germin-
ation de semences de mauvaises herbes. Oecologia Plantarum 14, 121–128.

Loreti E and Perata P (2020) The many facets of hypoxia in plants. Plants 9,
745.

Macheix JJ, Fleuriet A and Billot J (1990) Fruits phenolics. Boca Raton, FL,
USA, CRD Press.

Macheix JJ, Fleuriet A and Jay-Allemand C (2005) Les composés phénoliques
des végétaux. Lausanne, CH, Presses Polytechniques et Universitaires
Romandes.

MacGregor DR, Kendall SL, Florance H, Fedi F, Moore K, Paszkiewicz K,
Smirnoff N and Penfield S (2015) Seed production temperature regulation
of primary dormancy occurs through control of seed coat phenylpropanoid
metabolism. New Phytologist 205, 642–652.

Mayer AM and Poljakoff-Mayber A (1989) The germination of seeds (4th
edn). Oxford, Pergamon Press (UK).

Meng X, Li L, Narsai R, De Clercq I, Whelan J and Berkowitz O (2020)
Mitochondrial signaling is critical for acclimation and adaptation to flood-
ing in Arabidopsis thaliana. The Plant Journal 103, 227–247.

Seed Science Research 135

https://doi.org/10.1017/S096025852200006X Published online by Cambridge University Press

https://doi.org/10.1017/S096025852200006X


Mendiondo GM, Leymarie J, Farrant JM, Corbineau F and Benech-Arnold
RL (2010) Differential expression of abscisic acid metabolism and signaling
genes induced by seed covering structures or hypoxia in barley (Hordeum
vulgare L.) grains. Seed Science Research 20, 69–77.

Nakayama FS and Kimball BA (1988) Soil carbon dioxide distribution and
flux within the open-top chamber. Agronomy Journal 80, 394–398.

Nguyen KT, Mun SH, Lee CS and Hwang CS (2018) Control of protein deg-
radation by N-terminal acetylation and the N-end rule pathway.
Experimental and Molecular Medicine 50, 91.

Nguyen KT, Lee CS, Mun SH, Truong NT, Park SK and Hwang CS (2019)
N-terminal acetylation and the N-end rule pathway control degradation of
the lipid droplet protein PLIN2. Journal of Biological Chemistry 294, 379–
388.

Nonogaki H (2010) MicroRNA gene regulation cascades during early stages of
plant development. Plant Cell Physiology 51, 1840–1846.

Nonogaki H (2014) Seed dormancy and germination-emerging mechanisms
and new hypotheses. Frontiers in Plant Science 5, 233.

Nonogaki H (2017) Seed biology updates – highlights and new discoveries in
seed dormancy and germination research. Frontiers in Plant Science 8, 524.

Nonogaki H (2019) The long-standing paradox of seed dormancy unfolded.
Trends in Plant Science 24, 989–998.

Nonogaki H, Bassel GW and Bewley JD (2010) Germination—still a mystery.
Plant Science 179, 574–581.

North H, Baud S, Debeaujon I, Dubos C, Dubreucq B, Grappin P, Jullien
M, Lepiniec L, Mario-Poll A, Miquel M, Rajjou L, Routaboul JM and
Caboche M (2010) Arabidopsis seed secrets unravelled after a decade of
genetic and omics-driven research. The Plant Journal 61, 971–981.

Pekrun C, Lutman PJW and Baeumer K (1997) Induction of secondary dor-
mancy in rape seeds (Brassica napus L.) by prolonged imbibition under
conditions of water stress or oxygen deficiency in darkness. European
Journal of Agronomy 6, 245–255.

Pradet A and Raymond P (1983) Adenine nucleotide ratios and adenylate
energy charge in energy metabolism. Annual Review of Plant Physiology
34, 199–224.

Pucciariello C and Perata P (2017) New insights into reactive oxygen species
and nitric oxide signalling under low oxygen in plants. Plant, Cell &
Environment 40, 473–482.

Raymond P and Pradet A (1980) Stabilization of adenine nucleotide ratios at
various values by an oxygen limitation of respiration in germinating lettuce
(Lactuca sativa) seeds. Biochemistry Journal 190, 39–44.

Raymond P, Al-Ani A and Pradet A (1983) Low contribution of non-
respiratory pathways in ATP regeneration during early germination of let-
tuce seeds. Physiologie Végétale 21, 677–687.

Raymond P, Al-Ani A and Pradet A (1985) ATP production by respiration
and fermentation, and energy charge during aerobiosis and anaerobiosis
in twelve fatty and starchy germinating seeds. Plant Physiology 79, 879–884.

Richard G and Guerif J (1988a) Modélisation des transferts gazeux dans le lit
de semence: application au diagnostic des conditions d’hypoxie des
semences de betterave sucrière (Beta vulgaris L.) pendant la
germination. I. Présentation du modèle. Agronomie 8, 539–547.

Richard G and Guerif J (1988b) Modélisation des transferts gazeux dans le lit
de semence: application au diagnostic des conditions d’hypoxie des
semences de betterave sucrière (Beta vulgaris L.) pendant la germination.
II. Résultats des simulations. Agronomie 8, 639–646.

Richard G and Boiffin J (1990) Effets de l’état structural du lit de semences
sur la germination et la levée des cultures, pp. 112–136 in INRA (Ed.) La
structure du sol et son evolution. Paris, INRA.

Ricard B, Couée I, Raymond P, Saglio PH, Saint-Ges V and Pradet A (1994)
Plant metabolism under hypoxia and anoxia. Plant Physiology and
Biochemistry 32, 1–10.

Rodriguez MV, Barrero JM, Corbineau F, Gubler F and Benech-Arnold RL
(2015) Dormancy in cereals (not too much, not so little): about the
mechanisms behind this trait. Seed Science Research 252, 99–119.

Rollin P (1970) Phytochrome, photomorphogenèse et photopériodisme. Paris,
Masson.

Shu K, Zhang H, Wang S, Chen M, Wu Y, et al. (2013) ABI4 regulates pri-
mary seed dormancy by regulating the biogenesis of abscisic acid and gib-
berellins in Arabidopsis. PLoS Genetics 9, e1003577. doi:10.1371/
journal.pgen.1003577

Shu K, Liu XD, Xie Q and He ZH (2016) Two faces of one seed: hormonal
regulation of dormancy and germination. Molecular Plant 9, 34–45.

Smok MA, Chojnowski M, Corbineau F and Côme D (1993) Effects of
osmotic treatment on sunflower seed germination in relation with tempera-
ture and oxygen, pp. 1033–1038 in Côme D and Corbineau F (Eds) Fourth
international workshop on seeds. Basic and applied aspects of seed biology,
vol. 3. Paris, ASFIS.

Steinbach HS, Benech-Arnold RL, Kristof G, Sanchez RA and Marcucci
Poltri S (1995) Physiological basis of pre-harvest sprouting resistance in
Sorghum bicolor (L.) Moench. ABA levels and sensitivity in developing
embryos of sprouting resistant and susceptible varieties. Journal of
Experimental Botany 45, 701–709.

Tian S, Nakamura K and Kayara H (2004) Analysis of phenolic compounds
in white rice, brown rice and germinated brown rice. Journal of Agricultural
and Food Chemistry 52, 426–432.

Tissaoui T and Côme D (1973) Levée de dormance de l’embryon de Pommier
(Pirus Malus L.) en l’abence d’oxygène et de froid. Planta 111, 315–322.

Vidaver W and Hsiao AI (1975) Secondary dormancy in light-sensitive let-
tuce seeds incubated anaerobically or at elevated temperature. Canadian
Journal of Botany 53, 2557–2560.

Voesenek LACJ and Bailey-Serres J (2015) Flood adaptive traits and pro-
cesses: an overview. New Phytologist 206, 57–73.

Wang X (2019) The role of ethylene and the N-end rule pathway in the regu-
lation of Arabidopsis seed dormancy. PhD thesis, Sorbonne-Université,
Paris, p. 174.

Wang X and Auwerx J (2017) Phytohormone responses to mitochondrial pro-
teotoxic stress. Molecular Cell 68, 540–551.

Wang X, Yesbergenova-Cuny Z, Biniek C, Bailly C, El-Maarouf-Bouteau H
and Corbineau F (2018) Revisiting the role of ethylene and N-end rule
pathway on chilling-induced dormancy release in Arabidopsis seeds.
International Journal of Molecular Science 19, 3577.

Wang X, Gomes MM, Bailly C, Nambara E and Corbineau F (2021) Role of
ethylene and proteolytic N-degron pathway in the regulation of Arabidopsis
seed dormancy. Journal of Integrative Plant Biology 63, 2110–2122.

Warner RL, Kudrna DA, Spaeth SC and Jones SS (2000) Dormancy in
white-grained mutants of Chinese spring wheat (Triticum aestivum L.).
Seed Science Research 10, 51–60.

Winkel-Shirley B (1998) Flavonoids in seeds and grains: physiological func-
tion, agronomic importance and the genetics of biosynthesis. Seed Science
Research 8, 243–246.

Winkel-Shirley B (2001) Flavonoid biosynthesis. A colorful model for genet-
ics, biochemistry, cell biology, and biotechnology. Plant Physiology 126,
485–493.

Zhang HT, Gannon L, Hassall KL, Deery MJ, Gibbs DJ, Holdsworth MJ, van
der Hoorn RAL, Lilley KS and Theodoulou FL (2018a) N-terminomics
reveals control of Arabidopsis seed storage proteins and proteases by the
Arg/N-end rule pathway. The New Phytologist 218, 1106–1126.

Zhang HT, Gannon L, Jones PD, Rundle CA, Hassall KL, Gibbs DJ,
Holdsworth MJ and Theodoulou FL (2018b) Genetic interactions between
ABA signalling and the Arg/N-end rule pathway during Arabidopsis seed-
ling establishment. Scientific Reports 8, 15192.

136 F. Corbineau

https://doi.org/10.1017/S096025852200006X Published online by Cambridge University Press

https://doi.org/10.1017/S096025852200006X

	Oxygen, a key signalling factor in the control of seed germination and dormancy
	Introduction
	Diffusion of oxygen from the atmosphere, in the soil and in the seed
	The soil atmosphere composition
	Seed coat structures: barriers to oxygen diffusion to the embryo

	Oxygen requirement for germination of non-dormant seeds
	Consequence of dormancy on oxygen requirement for germination
	Relationships between seed dormancy and responsiveness to oxygen
	Specific effect of hypoxia and anoxia on breaking of dormancy and induction of secondary dormancy
	Effects of hypoxia on ABA and GA metabolism and sensitivity

	Effect of oxygen on energy metabolism and protein turnover
	Effect on fermentation
	Involvement of the N-end rule pathway

	Concluding comments
	References


