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Introduction
A seed is a mature ovule containing an embryo (a miniature and

underdeveloped plant) and food reserves, all of which are en-

closed by protective layers (seed coat and fruit tissue). During

early seed development, mitotic activity is very high and is ac-

companied by high mitochondrial respiration (Borisjuk et al.

2003; Rolletschek et al. 2003). When the seed grows, it accumu-

lates storage reserves and becomes a densely packed organ,

sometimes covered with specific sealing layers that further re-

strict oxygen diffusion (Herzog et al. 2023). It is not surprising,

therefore, that oxygen deprivation can occur. Toward the end

of its development, the seed desiccates and may become quies-

cent, thus reducing its oxygen demand. However, when the

seed awakens after imbibition, that is, germinates, the mito-

chondria are reactivated within minutes (Nietzel et al. 2020),

leading to a large increase in the respiratory oxygen demand,

which again creates the “likelihood” of hypoxia. Hypoxia can

also be induced by the environment, for example, flooding

events. Such “environmental hypoxia” can affect germination

in species-specific ways.
These simple descriptions reflect what decades of research in

the field of seed biology have revealed.Why is this research impor-

tant? Seeds are the basis of human and animal life on Earth. The

foodwe eat, the clotheswewear, andmany of the productsweuse

in our daily lives come from seeds. Hypoxia, which is traditionally

considered a stressor, can interfere with the seed’s mission, limit-

ing the synthesis of storage products, germination success, and

ultimately crop yield.
We need to find answers to some crucial questions: Is hypoxia

truly a stressor or rather the norm during seed development and

germination? What specific structures determine the access of

gaseous oxygen into the seed? What are the regulatory genes

and biochemical adaptations to hypoxia in developing and germi-

nating seeds? These and other questions are addressed in the fol-

lowing chapters. Answers to these questions are not only of

academic interest but also allow very specific strategies to be de-

rived: what happens in the event of externally increased hypoxic

stress, how can the plant respond, and how can this be translated

by breeding/biotechnology into stress-tolerant crops with stable

high yields? A close look at seeds is therefore worthwhile in

many respects.

Oxygen deficiency is the normal condition
in developing seeds
Hypoxia refers to oxygen concentrations substantially below
normoxic levels (20.9 vol%). The core findings regarding seed
hypoxia have been acquired using microsensors that provide
high-resolution oxygen maps. Minimum oxygen levels are usually
reached during the early to mid-developmental stages in the seed’s
center of all major crops (cereals such as maize, barley, and wheat;
various legume species and oilseeds) (Borisjuk and Rolletschek
2009). Oxygen concentrations typically decrease to <10 µmol/L
(7.3 hPa or 0.7% vol/vol), which corresponds to approximately 97%
deficiency compared with normoxia. The level of hypoxia varies
substantially with developmental stage and roughly correlates
with overall metabolic activity (Fig. 1A). Mitochondrial respiratory
demand is regarded as the major oxygen sink in seeds. However,
respiration alone does not always explain the extent and the spatial
pattern of hypoxia. For example, the intensely respiring maize em-
bryo can avoid oxygen deficiency, while the endosperm (which is
less active in respiration at the respective stage) becomes severely
hypoxic (Borisjuk and Rolletschek 2009). Thus, additional factors
(such as diffusion barriers) contribute to the local onset of hypoxia.
The recent meta-analysis by Herzog et al. (2023) identified “sub-

mergence,” “light,” and “tissue type” as significant influences onplant
tissue oxygen status. This is also partially true for developing seeds,
especially for light and tissue type/development stage (whereas sub-
mergence is usually not relevant). Comparing seed hypoxiawith that
reported for other plant tissues (Herzog et al. 2023), it is clear that
seed tissue oxygen levels are at the lower end of the scale. Thus, se-
vere oxygen deficiency is the normal condition in developing seeds.
Despite suchgeneralizations, theoccurrenceof steepoxygenconcen-
tration gradients should not be overlooked. Tissue oxygen status in-
side the seed can range fromundetectable levels (<0.1 µmol/L or true
anoxia) to more than 2.5 times atmospheric equilibrium, as demon-
strated for barley grains (Rolletschek et al. 2004).

What specific structures determine and limit
the access of gaseous oxygen to the
developing seed?
Much progress recently has been made in analyzing the oxygen dif-
fusion capacity of seeds by the combined use of X-ray micro-
computed tomography (µ-CT),magnetic resonance imaging, oxygen
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profiling, and reaction-diffusionmodeling. Seeds appear to have spe-
cific structural elements that either restrict or accelerate gasdiffusion
and thus control the oxygen supply to the interior (video 1). For exam-
ple, a recent study on developing maize kernels demonstrated that

the chalazal pericarp harbors a highly porous layer, which is impor-
tant for oxygen balance in kernels (Langer et al. 2023). Similar void
networks with interconnected pores have been found in oilseeds
(Cloetens et al. 2006; Verboven et al. 2013) and several seed-bearing

Figure 1. Developmental transitions of seeds in relation to endogenous hypoxia and physiological activities. A) Early development is characterized by high
mitotic and metabolic activity, which induces endogenous hypoxia. During the subsequent seed filling phase, storage products (SP) are synthesized and
respiratory activity ismaintained at a high level, which alsomaintains the hypoxic state of the seed tissues. This changes as seeds begin to desiccate during
late maturation, with a rapid decline in both water content and metabolic activity, while oxygen levels equilibrate with the environment (atmospheric
normoxia). The seeds ofmost speciesundergoaperiodof quiescence (1), duringwhichmetabolic activity approaches zero. Asa result, the oxygen level of the
seed is fully equilibratedwith atmospheric (normoxic) levels. Upon imbibition (2),water content and respiratory activity increase sharply, accompanied by a
high oxygen demand and the re-establishment of endogenous hypoxia. The emergence of the radicle through the seed coat marks the end of germination
(3). As the sealing layers of the seed are broken, oxygen can freely diffuse into embryonic tissues, accompanied by amarked increase in tissue oxygenation.
Hypoxic niches may remain and are important for plant growth and differentiation. B) Gene coexpression networks found in developing maize kernels.
Networks and their relationships were defined from the 1,222 genes that responded to oxygen perturbation using 15 bait genes selected from this group
based on their known roles in other systems. Dotswith the same color represent genes coexpressedwith a given bait. Five coexpressionmodules emerged: 1
large cluster included respiration, stress responses, andbiogenesis of cellular components. Three of the othermoduleswere distinct frombut related to this
large cluster. Onewasdefinedby the ribosomal L27a-3 bait and included other nucleosome- and ribosome-relatedmRNAs. The secondmodule included the
2 bait genes, viviparous14 and NCED5, as well as NCED9, which together indicated a level of coordinated expression between the large respiratory cluster
and genes encoding ABA biosynthesis/sensing. The third module defined a separate source of respiratory input, delineated by a gene for the glycolytic
enzyme cytosolic fructose-1,6-biphosphatase(F-1,6 BPase) and transcripts formitochondrialmembrane proteins. For further details, see (Langer et al. 2023).
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fruits (Hoetal. 2011;Xiaoetal. 2018, 2024).The functional significance
of voids is based on the fact that oxygen diffusion in air is approxi-
mately 10,000 times faster than that in water.
Void networks not only enable high rates of gas exchange but

also determine the preferred diffusion path inside the seed: in the
case of maize, most of the oxygen enters the kernel via its placental
chalazal region) (Langer et al. 2023). This study also revealed that
oxygendiffusion isnothamperedby theouter cuticle/pericarp (as ex-
pected), but the endosperm itself constitutes a major limitation to
diffusion. Its cells are densely packed with starch, it has no intercel-
lular voids, and the progressive crushing of nucellar cells (and inner
integument) likely produces lipidous barrier material at the endo-
sperm surface, which additionally hampers gas exchange. In seeds
of Brassica napus, the void network is restricted to the embryo radicle,
enabling preferential diffusion along this axis (Verboven et al. 2013),
while the cotyledons are rather dense (low diffusion rate).
Does the void space represent a significant storage space for

oxygen? Modeling results argue against this hypothesis. In the
case of B. napus, the amount of oxygen stored in the voids is suffi-
cient for merely 1 minute of normal seed respiration. The inter-
pretation of voids in Arabidopsis (Cloetens et al. 2006) has
remained difficult because only mature (dry) seeds have been
studied, leaving open the question of whether these networks
are filled with gas or water during seed development.
Structural and gas diffusion modeling of fruits (Xiao et al. 2018,

2024) has revealed that the tissue regions inside the fruit where seeds
are located have the lowest oxygen concentrations within the entire
fruit. The implications are that (1) seeds are relevant oxygen sinks in-
side the fruit; and (2) the oxygen concentration gradient (needed to
drive diffusion) is quite flat, which severely restricts the oxygen avail-
ability to the seeds. This scenario thus resembles awaterlogging/sub-
mergence scenario. The seed-fruit relationship is an exciting and
largely unexplored area of hypoxia research with the potential to im-
prove crop quality (Simkin et al. 2020; Lawson and Milliken 2023).

What do we know about low-oxygen
sensing/signaling in developing seeds?
Early-stage seeds comprise very active meristematic tissues, with
some similarity to the mitotically active cell niches in shoot and

rootmeristems, which all tend to be hosted at low oxygen tension.
A variety of oxygen-, redox-, and energy-dependent changes (Lee
and Bailey-Serres 2019; Wagner et al. 2019; Meng et al. 2020;
Sasidharan et al. 2021) contributes to the low-oxygen response
of these tissues. Specific transcription factors, such as group VII
ethylene response factors (Loreti et al. 2016), VERNALISATION 2
(VRN2), and LITTLE ZIPPER 2 (ZPR2), are involved in plant develop-
ment (reviewed by Weits et al. 2021), as is ANAC13 (Eysholdt-
Derzsó et al. 2023). None of these transcription factors have
been functionally characterized in the context of seed develop-
ment. However, it seems reasonable to assume that the basic
principles of low-oxygen sensing and signaling also apply to seeds.
Key genes such as those encoding plant cysteine oxidases and
Class VII-Ethylene Response Factors (ERFs) are expressed during
seed development, and some of these genes respond to experi-
mental modulation of the oxygen supply (Langer et al. 2023).
The same applies to some of their target genes with appropriate
promoter motifs (Gasch et al. 2016). The remarkable convergence
of functional features for low-oxygen sensing/signaling among
higher plants and animals (Hammarlund et al. 2020) is further
supportive of the above assumption.
Much research has been carried out on nitric oxide (NO) in

seeds, its interplaywith low-oxygen sensing, and itsmanipulation
via modulated phytoglobin (PGB) expression in seeds (Thiel et al.
2011; Hebelstrup et al. 2014; Manrique-Gil et al. 2021). The meta-
bolic effects of PGB overexpression in seeds seem to partially differ
from those in roots (Mira et al. 2023)

Primary effects of hypoxia during seed
development
Functions affected by low internal oxygen cover assimilate up-
take, central metabolism, and storage activity (Geigenberger
2003; Borisjuk and Rolletschek 2009). Seed photosynthesis is

Video 1. Animated scheme showing relevant structures of the maize
kernel and their impact on oxygen diffusion. The 3D seedmodel is based
on magnetic resonance imaging. The pericarp encloses both the
endosperm and the embryo. The basal pericarp consists of an
interconnected void space that allows high gas diffusion inwards.
Except for the basal region, the endosperm is covered with lipid layers
(cutin, suberin) which inhibit gas diffusion. As a result, oxygen diffusion
into the endosperm is quite restricted, and deep hypoxia becomes the
default state in the endosperm. The embryo, although it breathes more
intensely than the endosperm, is less affected by diffusion barriers
because it receives a superior oxygen supply via the basal void space.

ADVANCES BOX

• The availability of genetic resources coupled with geo-
graphic information on plant accessions has led to the
identification of new molecular mechanisms involved
in the response of plants to hypoxia. Substantial
information is available, such as for Arabidopsis (https://
www.1001genomes.org/) and rice (http://gigadb.org/
dataset/200001).

• The use of large collections of plant accessions contain-
ing landraces andwild relatives favors the study of traits
related to hypoxia tolerance from an evolutionary
perspective.

• CRISPR/Cas9 techniques support the development of
precise transgenic crop lines to study the function of
key genes involved in the hypoxia response.

• Metagenomic analysis and functional profiling tools
support the study of microbiome composition and dy-
namics under seed developmental and environmental
hypoxia.

• Developments in the field of X-ray CT andmagnetic res-
onance imaging have led to the non-invasive imaging
and modelling of seeds.
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important for sustaining aerobic metabolism under severe hypo-
xia (Borisjuk et al. 2020; Shackira et al. 2022; Brodersen and Kühl
2023), with implications for seed fitness even in tiny Arabidopsis
model seeds (Allorent et al. 2015). Hypoxia also seems to affect
the rate of seed development as recently revealed for maize ker-
nels (see Box 1).

Mitochondrial pathways
Mitochondrial adjustments to endogenous hypoxia are of prime
importance in developing seeds (Fig. 1B) and are evident at both
the biochemical and gene expression levels. Oxygen responsive-
ness involves voltage-dependent anion channel proteins, which
control metabolite trafficking between mitochondria and the cy-
tosol, as well as heat shock proteins, which control both the elec-
tron transport chain and respiratory activity (Langer et al. 2023).
The balancing of mitochondrial activity has multiple implica-

tions: (1) stabilizing the seed’s steady-state oxygen levels and
thus preventing anoxia (Rolletschek et al. 2011); (2) contributing

to metabolic acclimation; and (3) the acclimation of mitochon-
drial functions as sensors of stress and signaling hubs. Chronic
hypoxia in seeds induces GABA-shunt activity but with an open
loop leading to the accumulation of 4-hydroxybutyrate (Shelp
et al. 2017; Langer et al. 2023). This is likely connected to the tran-
scriptional activation of genes encoding 4-hydroxybutyrate dehy-
drogenase (Breitkreuz et al. 2003).
Mitochondrial pathways and energy fluxes impose constraints

onmajor cellular functions (Yang et al. 2021). Thus, adjusting mi-
tochondrial activity to oxygen availability is of highest relevance.
The low-oxygen response is generally tightly linked to mitochon-
drial energy signaling (Schmidt et al. 2018;Wagner et al. 2019) and
its mediators SnRK1 (Wurzinger et al. 2018) and TOR (Kunkowska
et al. 2023). The involvement and exact role of these mediators in
the context of seed hypoxia still needs to be clarified. The plant tri-
carboxylic acid (TCA) cycle was previously shown to operate in
noncyclic flux modes upon seed hypoxia (Rolletschek et al.
2011). In addition to their function in respiration, TCA cycle en-
zymes exhibit many extra-pathway interactions (Zhang and Li
2017; Zhang and Fernie 2023). Their analysis is expected to provide
important insights into how hypoxic seeds partition their resour-
ces among different cellular processes.

Glycolysis and fermentation
Energy metabolism also occurs outside mitochondria, namely via
glycolysis and fermentation. These pathways are thus elements of
hypoxic acclimation. Genes encoding glycolytic (and TCA cycle)
enzymes have been found to be upregulated in the less hypoxic
seed periphery, while genes involved in fermentative metabolism
were upregulated in the hypoxic seed center (Gayral et al. 2017).
Such spatial patterns in seedmetabolism are important elements
of hypoxic acclimation. Metabolic regulation allows for increased
ATP production in the endosperm periphery (and embryo), where
energy-intensive protein (and lipid) synthesis preferentially oc-
curs. Although thismay be coincidental, there is a clear functional
and evolutionary advantage for the sites of processes (lipid and
protein storage) that aremost restricted by hypoxia (energy deple-
tion) to be located in the peripheral tissues of cereal grains.
In contrast to vegetative tissues, seeds of many species have

completed glycolytic pathways in both the cytosol and plastid com-
partments. It has been proposed that this process enables high
metabolic flexibility and high glycolytic flux, especially essential
for fatty acid synthesis in oilseeds. Many plant species use the
often-overlooked Entner-Doudoroff pathway for glycolysis instead
of the commonly considered Embden–Meyerhof–Parnas pathway
(Chen et al. 2016). Although the Entner-Doudoroff pathway has a
lower ATP yield, it also has lower protein costs and avoids futile
cycles compared with the Embden–Meyerhof–Parnas pathway.
Determining which of these alternative pathways for sugar degra-
dation are actually used could be relevant in terms of seed hypoxia
tolerance and avoidance.
The transcriptional upregulation of genes encoding the fer-

mentation enzymes alcohol dehydrogenase and lactate dehydro-
genase in developing seeds is evident under hypoxia treatment (as
in other plant organs). However, this does not seem to necessarily
translate into substantially elevated pathway fluxes. This indi-
cates the operation of an avoidance mechanism, but the underly-
ing mechanisms (e.g. redox control; Dumont et al. 2018) have not
been investigated in seeds. Notably, seeds utilize other means of
fermentation metabolism mediated by sorbitol dehydrogenase
(Sdh) and alanine aminotransferase (AlaAT). In maize, the single
copy gene Sdh1 is essentially endosperm specific, where its

BOX 1. How and why is the seed development rate
slowed by endogenous hypoxia?

Recent work onmaize kernels indicates that a long-term ele-
vated oxygen supply enhances the rate of development
(Langer et al. 2023). This finding was surprising, and let us
speculate that, vice versa, hypoxia (associated with a de-
crease in respiration) slows down regular seed development.
Intriguing analogies have been highlighted in studies on an-
imal embryogenesis, where researchers found that the rate
of development correlated with mitochondrial activity
(Diaz-Cuadros et al. 2023). The cytosolic NAD+/NADH redox
balance (but not the cellular energy charge) scales with the
developmental rate. NAD+ is used as an electron acceptor
in many metabolic reactions. Its impaired regeneration
under hypoxia could be congruent with the proposal that a
lower NAD+ to NADH ratio slows development. Similar find-
ings were shown in another study using animal cells (Iwata
et al. 2023). Delayed cellular maturation was observed with
treatments that decreased mitochondrial metabolism (and
vice versa). This scenario is synonymouswith hypoxia. Ama-
jormetabolic category downstreamofmitochondrial activity
is the protein translation rate (Diaz-Cuadros et al. 2023),
which is likewise among the most affected processes in
hypoxia-treated plant seeds. From this perspective, chronic
hypoxia during seed development in plants may serve to de-
celerate the growth process. Why should the plant do this?
We can only speculate that this is because, for example,
slowing the developmental rate includes lowermitotic rates,
providing more time for DNA synthesis/repair, which may
eventually lower the risk of introducing mutations. Many
more processes may benefit from oxygen levels below nor-
moxia, and plants may employ unexpected mechanisms to
adapt to varying oxygen partial pressures (Abbas et al.
2022). More research is needed to clarify the potentially fa-
vorable adjustments in seed growth and fitness due to hypo-
xia. Inspiration may come from the medical field, which has
shown that controlled phases of hypoxia, such as those used
in altitude training, can bring about positive adaptations and
health benefits (Sghaier-Hammami et al. 2020).
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capacity to form sorbitol could aid in redox balance and mainte-
nance of energy metabolism, especially under hypoxic conditions
in the endosperm. The activity of AlaAT in cereal seeds has been
well characterized, improving the carbon and energy economy in
grain (Rolletschek et al. 2011; Borisjuk et al. 2020), regulating
starch storage (Yang et al. 2015), and controlling dormancy (Sato
et al. 2016). Much less is known about the metabolic contribution
of acetate fermentation in seeds (Jardine and McDowell 2023).
Acetate fermentation could have several advantages for hypoxic
oilseeds: (1) acetate biosynthesis helps in the regeneration of
NAD+ required to maintain a high glycolytic flux; (2) it contributes
to ametabolic shift away from the direct entry of pyruvate into the
TCA cycle (which is partially blocked under hypoxia); and (3) ace-
tate could be used as an immediate metabolic precursor for fatty
acid synthesis. Recent work on cancer cells has demonstrated
that acetate functions as an epigenetic metabolite capable of pro-
moting both lipid synthesis and cell survival under hypoxia (Gao
et al. 2016).

Do quiescent seeds require oxygen or is it
better for them to avoid oxygen?
Most seed plants have what are known as orthodox seeds. These
seeds undergo a severe desiccation phase (as opposed to recalci-
trant seeds) (Leprince et al. 2017). Desiccation brings the embryo
to a quiescent (dormant) state, where it is not assumed to be ac-
tively respiring or demanding oxygen.Without endogenous oxygen
consumption, an equilibrium with the external atmosphere is in-
evitably established over time; that is, dormant seeds are likely to
be normoxic when in contact with the atmosphere but rather
hypoxic when buried in natural seed banks (soil). Storage of dry,
mature seeds in ex situ gene banks sometimes occurs under an ar-
tificial, low-oxygen atmosphere, highlighting the beneficial effects
of hypoxia during this phase (Groot et al. 2015). Hypoxia improves
seed longevity, whereas normoxia causes oxidative damage to stor-
age lipids, membranes, and proteins (Wiebach et al. 2020). It is
worth noting that our knowledge of potential (residual) activities
of dormant seeds during storage is very limited due to technical
limitations. During seed storage, some enzyme-catalyzed path-
ways are likely to operate, although at a greatly reduced rate. The
physical state of the cytoplasm appears to be important (Gerna
et al. 2022). This in turn may have significant implications for the
use of commonly used accelerated aging protocols to understand
the mechanisms of viability loss in seed stored in seed banks. The
mechanisms underlying metabolic quiescence and desiccation

tolerance in seeds have some similarities to those observed in res-
urrection plants (Costa et al. 2017). Further investigations are ur-
gently needed as they may hold the key to drought tolerance and
crop improvement.

Waterlogging and flooding lead to seed
hypoxia
Seed germination, which encompasses events from imbibition to
radicle protrusion, can be severely affected by flooding events.
Important exceptions are plants that are genetically adapted to
a developmental program that seems to be specific for hypoxic
conditions (Table 1). The oxygen level is not a limiting factor
when the soil is well drained; however, its reduction can be drastic
when the soil pore system is filled with water (Sharma and Kumar
2023). Germination depends on the mobilization of reserves to
feed the sink organs; thus, the availability of energy sources is vi-
tal in a developmental stage where the photosyntheticmachinery
is still inactive (Carrera-Castaño et al. 2020). Under hypoxia, most
cereal seeds are unable to mobilize reserves from the endosperm
because crucial molecular processes cannot occur without O2
(Loreti and Perata 2020). In fact, α-amylases finalized to hydrolase
starch and responding to oxygen shortage are expressed only in
rice (Guglielminetti et al. 1995).
The ability of plants to germinate under low O2 conditions was

studied long ago (reviewed by Corbineau 2022). A seed group sen-
sitive to an O2 concentration below 2% was identified, which
included cabbage, carrot, lettuce, radish, rape, sunflower, and
turnip. An intermediate group was composed of species that are
sensitive to an O2 concentration lower than 1%, which includes
chicory, sugar beet, leek, melon, and tomato. The most tolerant
group corresponded to speciesmainly composed of starchy seeds,
such as barley, wheat, maize, oats, and sorghum, with rice being
the most tolerant.
However, a large variation in tolerance is observed when

studying collections of plant accessions composed of different
genotypes. One example is the evaluation of the germination tol-
erance to hypoxia and waterlogging of some soybean genotypes
that show wide variability (Nguyen et al. 2021, 2023). One crucial
aspect when studying plant adaptation is the fact that oxygen
deficiency can be beneficial for the germination of some seeds.
In fact, some wetland species, such as some Nymphaea spp.
(Dalziell et al. 2019) and mudflat species (Phartyal et al. 2020), re-
quire low oxygen to break dormancy and promote successful ger-
mination. In addition, dormant seeds of not wetland species, such

Table 1. Genes regulating cereal germination under hypoxia and anoxia

Gene Gene annotation Species and function First reference

OsAmy3D α-Amylase 3 D Rice, starch use (Hwang et al. 1999)
OsMYBS1 MYB sucrose 1 Rice, starch use (Lu et al. 2002)
OsSnRK1A Sucrose nonfermenting-1-related protein kinase 1 Rice, starch use (Lu et al. 2007)
OsCIPK15 CBL-interacting protein kinase Rice, starch use (Lee et al. 2009)
HvABI5 ABA insensitive 5 Barley, dormancy (Mendiondo et al. 2010)
OsAdh1 Alcohol dehydrogenase 1 Rice, coleoptile length (Takahashi et al. 2011)
OsTPP7 Trehalose-6-phosphate phosphatase Rice, starch use (Kretzschmar et al. 2015)
OsCBL4 CBL 4 Rice, starch use (Ho et al. 2017)
OsTIR1 Transport inhibitor response 1 Rice, coleoptile length (Guo et al. 2016)
OsCBL10 CBL 10 Rice, starch use (Ye et al. 2018)
OsAUX1 Auxin transport 1 Rice, coleoptile length (Nghi et al. 2021)
OsGF14h 14-3-3 protein-coding DW rice, germination (Sun et al. 2022)
OsUGT75A UDP-glucosyltransferase Rice, coleoptile length (He et al. 2023)
HvLAC Laccase Barley, dormancy (Gómez-Álvarez et al. 2023)

CBL, calcineurin B–like.
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as apple (Côme et al. 1985) and some accessions of Oldenlandia cor-
ymbose (Corbineau and Côme 1985), display a better germination
under anaerobic conditions while increased oxygen level damp-
ens germination.

Understanding how rice can germinate
under water
Anaerobic germination tolerance,whichallowshomogeneousger-
minationandestablishmentof the seedlingunder submergence, is
not a very common feature in crops. Most cereals, such as barley,
wheat, oats, and rye, cannot germinate under complete anoxia,
possibly because they lack the necessary enzymes for starch
breakdown without O2, due to the inefficiency of
the fermentative metabolism (reviewed by Gómez-Álvarez and
Pucciariello 2022). However, rice is one exception since it can elon-
gate coleoptiles, which, under submergence, enables the plant to
reach the water surface to allocate oxygen to submerged plant
parts. This then re-establishes aerobic respiration, thus meeting
the energy requirements of growing leaves and roots and full plant
development (reviewed by Pucciariello 2020).
Under submergence, the pathway that converges sugar starva-

tion and hypoxic signals culminates with starch degradation and
the mobilization of soluble sugars from the endosperm to sink
organs. In fact, rice harbors α-amylase 3, which is expressed under
anoxic conditions and is independent of the aerobic GA promo-
tion. In turn, low-O2–sensitive cereals such as wheat and barley
fail to induce α-amylase 3 under anoxic conditions (reviewed by
Adak et al. 2023). De novo GA biosynthesis is probably not
active under O2 shortage because it requires O2 in several steps.
Moreover, rice contains 4 α-amylase 3 encoding genes, while bar-
ley and wheat harbor only 1 each (Zhang and Li 2017), which may
contribute to a reduced efficiency in the absence of oxygen.
Following the model proposed by Lee et al. (2009), the hypoxia-
dependentCa2+ signal operates througha calcineurin B-like protein
(CBL) and (CBL)-interacting protein kinase (CIPK) system to start the
signaling cascade. Thedownstreamevents of theCIPK15-CBL inter-
action include the regulation of sucrose-non-fermenting-1-related
protein kinase 1A (SnRK1A) and the transcription factor MYBS1 (Lu
et al. 2002, 2007). MYBS1 binds to the promoter of α-amylase 3 to
promote starch hydrolysis in the endosperm under O2 shortage.
In this pathway, experiments with rice protoplasts have suggested
that CBL4 is a positive regulator of the signaling cascade (Ho et al.
2017), while CBL10 was described as a negative regulator. In fact,
natural variation in the CBL10 promoter was associated with lower
CBL10 expression under oxygen shortage conditions and higher
α-amylase 3 expression (Ye et al. 2018).
A further regulator of the cascade that culminates in starch

degradation in rice seed endosperm is the trehalose 6 phosphate
phosphatase 7 gene (TPP7) (Kretzschmar et al. 2015). TPP7 encodes
an enzyme that converts trehalose 6 phosphate (T6P) into treha-
lose, thus modifying the local sucrose and T6P balance. This
boosts α-amylase expression and improves the source-to-sink
movement of soluble sugars, enabling coleoptile elongation and
improving seedling establishment. Recently, OsTPP7 was studied
in a large collection of Korean rice accessions, and 3 major haplo-
types were identified, of which the one belonging to the Japonica
accessions exhibited the highest anaerobic germination tolerance
(Aung et al. 2023).
In some japonica rice varieties, the length of the coleoptile de-

pends on auxin transport through AUX1, which promotes elonga-
tion (Nghi et al. 2019, 2021). The escape strategy of elongating the
coleoptile to reach the water surface is thus mediated by both

sugar translocation and possibly cell expansion, which depend
on auxin transport. In fact, auxin receptor transport inhibitor re-
sponse 1 (TIR1) and auxin signaling F-box2 (AFB2) are enhanced
during rice coleoptile elongation due to the degradation of
miR393. This miRNA, which degrades TIR1 and AFB2 in
Arabidopsis (Si-Ammour et al. 2011), is present under aerobic con-
ditions but is degraded under submergence (Guo et al. 2016).
A regulation of anaerobic germination was recently identified

in weedy rice, which has long been considered an interesting ge-
netic source due to its high resistance to environmental cues and
relevant yield quality (Wu et al. 2022). In this rice, the 14-3-3
protein-coding gene OsGF14h increases anaerobic germination tol-
erance, affecting the abscisic acid (ABA)/GA balance (Sun et al.
2022). Subsequently, a further regulator of ABA and JA was identi-
fied that accelerates coleoptile growth, decreasing the
phytohormone-free level through glycosylation (He et al. 2023). In
fact, the glucosyltransferases encoding gene OsUGT75A, which
catalyzes the glycosylation of indole-3-acetic acid, indole-3-butyric
acid, andABA inArabidopsis (Zhang et al. 2016; Chen et al. 2020), op-
erates through the glycosylation of ABA and JA under submer-
gence, the free availability of which is then limited, promoting
coleoptile elongation.
Finally, the involvement of the PGB/NO cycle contributes to en-

ergy availability during deepwater rice germination (Kumari et al.
2022). The supply of nitrite to the submerged water, which sup-
ports the activation of the PGB/NO cycle, enhances the capacity
of rice to germinate under these conditions. In fact, this cycle
leads to the production of small amounts of ATP through the re-
duction of nitrite to nitric oxide at mitochondria when oxygen is
low (Gupta et al. 2022).

Hypoxia can induce secondary dormancy in
seeds
Oxygen deficiency during germination can be detrimental to bar-
ley seeds (Arduini et al. 2016). This is probably due to the lack of
α-amylase, which works independently of GA availability but is
specifically expressed when O2 is unavailable, as in rice. The in-
ability to use starch reserves de facto precludes germination until
GA-dependent α-amylases can function.
Under submergence, recent evidence suggests that the reduced

capacity to degrade starch reserves is likely coupled, in some bar-
ley genotypes, with the possible activation of a secondary dor-
mancy state (Fig. 2). Seeds can be subjected to different types of
dormancy (Considine and Considine 2016). Secondary dormancy
is the result of unfavorable environmental conditions that include
hypoxia, such as flooding events. However, hypoxia can also be an
indirect result of physical barriers since seed covering structures
such as the glumellae, pericarp, and seed coat as well as thick
and lignified structures can physically limit O2 availability for
the embryo (Pucciariello and Perata 2024). Polyphenol oxidase
possibly available on the seed surface consumes O2 (Taranto
et al. 2017), further reducing diffusion.
The activation of hypoxia-induced secondary dormancy in bar-

ley grains has been correlated with the modulation of the hormo-
nal balance of ABA/GA. During barley seed imbibition under
hypoxic conditions, the decrease in embryonic ABA is slower
than that in air (Mendiondo et al. 2010; Hoang et al. 2013).
The incubation of primary dormant barley embryo grains with

exogenous ABA showed that hypoxia increased the sensitivity to
ABA by 2-fold (Benech-Arnold et al. 2006). Dehulled barley grains
under hypoxia behave similarly to dormant hulled grains since
they exhibit dormancy and higher ABA content, suggesting that
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hypoxia is involved in dormancy in hulled grains (Mendiondo et al.
2010; Cueff et al. 2022).
A recent study showed that although barley is unable to ger-

minate under complete submergence, there is variability in ger-
mination in the recovery phase after submergence (Fagerstedt
2023; Gómez-Álvarez et al. 2023). Barley accessions able to
promptly germinate post submergence have more permeable
and less lignified seed coat, which enables O2 diffusion from
water to the embryo during submergence. The avoidance of
hypoxia-induced secondary dormancy in the germinating barley
accessions was correlated with reduced ABA content and
signaling.
The PGB/NOcycle is important for regulating the responseof bar-

ley to short periods of submergence stress during germination
(Gupta et al. 2022). Pgb1 is normally induced in the early stages of
barley germination before radicle protrusion, when the seed is hy-
poxic due to the rapid consumption of O2 (Zafari et al. 2020). Pgb1
is expressed under hypoxia and is involved in scavenging NO
(Nie et al. 2022). Under aerobic conditions, NO is necessary for full
germination, and it is known to disrupt dormancy (Zhang and
Fernie et al. 2023). The application of NO donors to dormant barley
seeds induces germination, whereas the application of NO scav-
engers reinforces and induces dormancy (Albertos et al. 2015).
However, barley plants that overexpress Pgb1 can germinate under

hypoxia (Cochrane et al. 2017) and show a higher ATP to ADP ratio,
suggesting a prevalent role of the PGB/NO cycle in the energy state.

Involvement of the N-degron pathway in
seed germination
The capacity of Arabidopsis and barley seeds to germinate likely
involves N-degron–mediated O2- and NO-sensing mechanisms.
This pathway controls the stability of Met-Cys N-terminal pro-
teins, such as ERF-VII, which are degraded by proteasomes
whenO2 andNOare available but are stabilized under O2 shortage
(Gibbs et al. 2011; Licausi et al. 2011; Weits et al. 2014; White et al.
2017). Some studies have suggested that ERF-VIIs mediate seed
germination in Arabidopsis. In fact, the ABI5 transcription factor,
which is considered a key repressor of germination, has been
found to be a target of Arabidopsis ERF-VII RAP2.3 (Gibbs et al.
2014). Consequently, when O2 and NO are unavailable and ERF-
VIIs are stabilized in seed, dormancy may be promoted through
ABI5 expression (Signorelli and Considine 2018). In barley, PRT6
RNAi lines, where N-degron target ERFs are likely stabilized,
have been shown a germination impairment (Mendiondo et al.
2016). This finding suggested a similar mechanism to that in
Arabidopsis. Following the model proposed by (Signorelli and
Considine 2018) in the presence of O2 and NO during seed

Figure 2. Environmental hypoxia during cereal seed germination. A) During cereal germination, if exogenous hypoxia is set, only rice will be able to
promptly germinate, while barley and possibly other species, may enter secondary dormancy via an increase in ABA content and ABI5 expression.
Under hypoxia, GA-dependent α-amylases are likely not promoted precluding starch degradation. However, some barley accessions with highly
permeable seed coats can germinate post submergence. They also possess an enriched bacterial community that can potentially contribute to boost
germination through sugar use. B)When hypoxia occurs, rice can promptly germinate due to the presence of α-amylase, which is independent of GA
and is instead triggered by sugar starvation and low oxygen. Microbiota can potentially contribute to starch degradation. Some rice accessions display
an escape strategy with the appearance of a long coleoptile where auxins, ABA and JAmodulation are involved and a bacterial community that has the
potential to support elongation. Created in BioRender.com.
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imbibition, N-degron targets are degraded; thus, ABI5 expression
is reduced to promote germination. The availability of NO further
contributes to direct ABI5 degradation via other ways, including
S-nitrosylation (Albertos et al. 2015).

Can microbiota support seed germination
under submergence?
In the last decade, it has become evident that the microbial com-
munity associated with plants has several beneficial effects such
as defense against pathogens, increased tolerance to abiotic
stress, and a greater nutrient availability (Hardoim et al. 2015;
Sessitsch et al. 2019). This benefit includes the seed stage, where
germination is the primary phase for a successful plant commun-
ity through seedling establishment (Bergmann and Leveau 2022).
In fact, endophytic microorganisms transmitted from mother
plants to progeny and across plant generations may represent
the initial source of inoculum for plants (Barret et al. 2015;
Abdelfattah et al. 2022). A recent large-scale meta-analysis of
the microbiota available in the seeds of 50 different plant species
identified the presence of a variable and a stable microbial frac-
tion (Simonin et al. 2022). While the presence of few dominant
taxa in the core group may indicate specificity, the large variable
group will represent the influence of different geographical origin
and plant genotypes. They thus may provide crucial support
under extreme environmental conditions, such as hypoxia and
anoxia, andmay have great potential for agricultural applications
(Eid et al. 2021). Microorganisms colonize the inner and outer seed
coats and embryonic tissues (Rodríguez et al. 2018). During late
seed maturation, desiccation may favor microorganisms that
can tolerate drought stress and produce endospores (Truyens
et al. 2015). The intrinsic characteristics ofmicrobes, such as short
generation and rapid mutation (Grandaubert et al. 2019), support
rapid adaptation to changing environments, such as flooding
events (Martínez-Arias et al. 2022). Recent results on the rhizo-
sphere and root microbiota of adult plants under flooding condi-
tions revealed a dramatic shift in the microbial composition
toward anaerobic and, in some cases, detrimental groups in paral-
lel with a reduction in beneficial bacteria (Ferrando and
Fernández Scavino 2015; Chialva et al. 2020; Francioli et al. 2021,
2022). Investigations on the microbiota composition of rice seeds
(Ahumada et al. 2022) have shown that putative endophytic bac-
teria have the potential to improve germination. In fact, they
can hydrolyze starch and produce indole-related compounds in
vitro, which may contribute to coleoptile elongation (Ahumada
et al. 2022). A recent study analyzed variations in the seed bacte-
rial community in distinct barley accessions after brief flooding
(Gómez-Álvarez et al. 2024). The analysis revealed that success-
fully germinating accessions showed bacterial enrichment in
taxa associated with beneficial functions, such as sugar-related
pathways. Tolerance to flooding observed in some plant species
and/or varieties may thus be in part supported by the microbiota
community that harbors favorable activities despite stress. The
identification of a beneficial community, especially at the seed
germination stage, may help to support flooding tolerance.

Future perspectives
Plant embryos are surrounded by specific layers that protect them
from environmental stressors. This restricts gas exchange and in-
evitably leads to hypoxia when metabolic activity within the cap-
sule is high (Radchuk and Borisjuk 2014). It is questionable
whether the onset of hypoxia during regular seed development

and germination should be considered detrimental or a stressor.
The fact that mitotically active cell niches tend to be hosted at
low-oxygen tension (Ito and Suda 2014; Herzog et al. 2023) sup-
ports the view that maintaining the redox environment under
tight control is crucial (which a range of reactive oxygen species
(ROS) scavenging enzymes alone cannot do). Hypoxia appears to
be awell-managed physiological state in both developing and ger-
minating seeds and could even be beneficial for specific traits.
Advances in non-invasive technologies that facilitate the

study of hypoxia in medicine (Mirabello et al. 2018) are being
adopted to help advance plant science. The hypoxic adaptations
at themolecular and biochemical levels need better clarification,
as this may be the key to understanding the embryo’s ability to
cope with real stressors. The latter are caused by environmental
events, such as waterlogging, which clearly restricts gas ex-
change in all the submerged parts of the plant. The growth and
yield of most species are constrained by waterlogging. We sug-
gest that more research is needed on investigating wetland spe-
cies that are well adapted to growing underwater. Although their
strategies have been the focus of previous research, they still
hold many potential keys to how plants can cope with too little
oxygen.

OUTSTANDING QUESTIONS BOX

• Are there specific Met-Cys proteins that respond to
hypoxia in the context of seed development and
germination?

• Is N-degron involved in the mechanism of starch degra-
dation in cereal seeds under hypoxia?

• Is the energymediator TOR involved inmediating the re-
sponse to hypoxia in the context of seed development
and germination?

• Why domaize plants use natural endogenous hypoxia to
slow seed development?

• Void networks represent (functionally) a type of aeren-
chyma for seeds/fruits. Can we modify these structural
components with benefits for seed/fruit quality?

• Hypoxia is intimately linked to energy metabolism.
Which cellular processes (specific storage functions?)
are most constrained by energy flux under hypoxia?

• Does the seed endophytic microbiome affect the occur-
rence of and/or adjustment to hypoxia during develop-
ment or germination?

• How is the microbiome shaped by hypoxia during seed
development?

Author contributions
C.P. and H.R. conceived the manuscript. All the authors contrib-
uted to the writing of the manuscript. C.P. and H.R. reviewed the
final version of the manuscript.

Funding
H.R. and L.B. acknowledge funding from Deutsche Forschungs
gemeinschaft (project 411666988) and the European Regional
Development Fund (ERDF) and Investment Bank of Saxony-
Anhalt (FKZ: ZS/2019/09/101444). C.P. and E.M.G.-A. acknowledge
support from Scuola Superiore Sant‘Anna, Agritech National
Research Center (PIANO NAZIONALE DI RIPRESA E RESILIENZA
(PNRR) – MISSIONE 4 COMPONENTE 2, INVESTIMENTO 14 – DD

8 | Plant Physiology, 2024, Vol. 00, No. 0



1032 17/06/2022, CN00000022) and PNRR MUR PRIN2022 (grant
20225WER57) funded by NextGenerationEU.

Conflict of interest statement. None declared.

Data availability
No new data were generated or analysed in support of this
research.

References
Abbas M, Sharma G, Dambire C, Marquez J, Alonso-Blanco C, Proaño

K, Holdsworth MJ. An oxygen-sensing mechanism for angio-
sperm adaptation to altitude. Nature. 2022:606(7914):565–569.
https://doi.org/10.1038/s41586-022-04740-y

Abdelfattah A, Tack AJM, Wasserman B, Liu J, Berg G, Norelli J,
Droby S, Wisniewski M. Evidence for host–microbiome co-

evolution in apple. New Phytol. 2022:234(6):2088–2100. https://
doi.org/10.1111/nph.17820

Adak MK, Das A, Kundu A, Chatterjee M, Hasanuzzaman M.
Molecular mechanisms in understanding anoxia tolerance in
rice seeds under submergence and their implication in rice
biotechnology. Seeds. 2023:2(3):246–258. https://doi.org/10.3390/
seeds2030019

Ahumada GD, Gómez-Álvarez EM, Dell’Acqua M, Bertani I, Venturi

V, Perata P, Pucciariello C. Bacterial endophytes contribute to
rice seedling establishment under submergence. Front Plant Sci.
2022:13:908349. https://doi.org/10.3389/fpls.2022.908349

Albertos P, Romero-Puertas MC, Tatematsu K, Mateos I,
Sánchez-Vicente I, Nambara E, Lorenzo O. S-nitrosylation
triggers ABI5 degradation to promote seed germination and seed-
ling growth. Nat Commun. 2015:6:8669. https://doi.org/10.1038/

ncomms9669
Allorent G, Osorio S, Ly Vu J, Falconet D, Jouhet J, KuntzM, Fernie AR,

Lerbs-Mache S, Macherel D, Courtois F, et al. Adjustments of
embryonic photosynthetic activity modulate seed fitness in
Arabidopsis thaliana. New Phyt. 2015:205(2):707–719. https://doi.
org/10.1111/nph.13044

Arduini I, OrlandiO, Ercoli L,MasoniA. Submergence sensitivity of du-
rumwheat, bread wheat and barley at the germination stage. Ital J
Agron. 2016:11(2):100–106. https://doi.org/10.4081/ija.2016.706

Aung KM, Oo WH, Maung TZ, Min MH, Somsri A, Nam J, Kim KW,

Nawade B, Lee CY, Chu SH, et al. Genomic landscape of the
OsTPP7 gene in its haplotype diversity and associationwith anae-
robic germination tolerance in rice. Front Plant Sci. 2023:14:
1225445. https://doi.org/10.3389/fpls.2023.1225445

Barret M, Briand M, Bonneau S, Préveaux A, Valière S, Bouchez O,
Hunault G, Simoneau P, Jacques M-A. Emergence shapes the
structure of the seed microbiota. Appl Environ Microbiol.

2015:81(4):1257–1266. https://doi.org/10.1128/AEM.03722-14
Benech-Arnold RL, Gualano N, Leymarie J, Côme D, Corbineau F.

Hypoxia interferes with ABAmetabolism and increases ABA sen-
sitivity in embryos of dormant barley grains. J Exp Bot. 2006:57:
1423–1430. https://doi.org/10.1093/jxb/erj122

Bergmann GE, Leveau JHJ. A metacommunity ecology approach to
understanding microbial community assembly in developing
plant seeds. Front Microbiol. 2022:13:877519. https://doi.org/10.

3389/fmicb.2022.877519
Borisjuk L, Rolletschek H. The oxygen status of the developing seed.

New Phytol. 2009:182(1):17–30. https://doi.org/10.1111/j.1469-8137.
2008.02752.x

Borisjuk L, RolletschekH, RadchukV. Advances in the understanding

of barley plant physiology: factors determining grain develop-

ment, composition, and chemistry. In: Fox G and Li C, editors;

Achieving sustainable cultivation of barley. Taylor and Francis

Group, 2020. p. 53–96. https://doi:10.19103/AS.2019.0060.03
Borisjuk L, Rolletschek H, Wobus U, Weber H. Differentiation of le-

gume embryos as related to metabolic gradients and assimilate

transport into seeds. J Exp Bot. 2003:54(382):503–512. https://doi.

org/10.1093/jxb/erg051
Breitkreuz KE, Allan WL, Van Cauwenberghe OR, Jakobs C, Talibi D,

André B, Shelp BJ. A novel gamma-hydroxybutyrate dehydrogen-

ase: identification and expression of an Arabidopsis cDNA and

potential role under oxygen deficiency. J Biol Chem. 2003:278(42):

41552–41556. https://doi.org/10.1074/jbc.M305717200
Brodersen KE, KühlM. Photosynthetic capacity in seagrass seeds and

early-stage seedlings of Zostera marina. New Phytol. 2023:239(4):

1300–1314. https://doi.org/10.1111/nph.18986
Carrera-Castaño G, Calleja-Cabrera J, Pernas M, Gómez L,

Oñate-Sánchez L. An updated overview on the regulation of seed

germination. Plants. 2020:9(6):703. https://doi.org/10.3390/plants

9060703
Chen TT, Liu FF, Xiao DW, Jiang XY, Li P, Zhao SM, Hou B K, Li YJ. The

Arabidopsis UDP-glycosyltransferase75B1, conjugates abscisic acid

and affects plant response to abiotic stresses. Plant Mol Biol.

2020:102(4–5):389–401. https://doi.org/10.1007/s11103-019-00953-4
Chen X, Schreiber K, Appel J, Makowka A, Fähnrich B, Roettger M,

Hajirezaei MR, Sönnichsen FD, Schönheit P, Martin WF, et al.

The Entner–Doudoroff pathway is an overlooked glycolytic route

in cyanobacteria and plants. Proc Natl Acad Sci U S A. 2016:113(19):

5441–5446. https://doi.org/10.1073/pnas.1521916113
Chialva M, Ghignone S, Cozzi P, Lazzari B, Bonfante P, Abbruscato P,

Lumini E. Water management and phenology influence the

root-associated rice field microbiota. FEMS Microbiol Ecol. 2020:

96(9):fiaa146. https://doi.org/10.1093/femsec/fiaa146

Cloetens P, Mache R, Schlenker M, Lerbs-Mache S. Quantitative

phase tomography of Arabidopsis seeds reveals intercellular

void network. Proc Natl Acad Sci U S A. 2006:103(39):14626–14630.

https://doi.org/10.1073/pnas.0603490103
Cochrane DW, Shah JK, Hebelstrup KH, Igamberdiev AU. Expression

of phytoglobin affects nitric oxidemetabolismand energy state of

barley plants exposed to anoxia. Plant Sci. 2017:265(1):124–130.

https://doi.org/10.1016/j.plantsci.2017.10.001
CômeD, PerinoC, Ralambosoa J. Oxygen sensitivity of apple (Pyrusma-

lus L.) embryos in relation to dormancy. Isr J Plant Sci. 1985:34(1):

17–23. https://doi.org/10.1080/0021213X.1985.10677005
Considine MJ, Considine JA. On the language and physiology of dor-

mancy and quiescence in plants. J Exp Bot. 2016:67(11):3189–3203.

https://doi.org/10.1093/jxb/erw138
Corbineau F. Oxygen, a key signalling factor in the control of seed

germination and dormancy. Seed Sci Res. 2022:32(3):126–136.

https://doi.org/10.1017/S096025852200006X
Corbineau F, Côme D. Effect of temperature, oxygen, and gibberellic

acid on the development of photosensitivity in Oldenlandia corym-

bosa L. seeds during their incubation in darkness. Plant Physiol.

1985:79(2):411–414. https://doi.org/10.1104/pp.79.2.411
Costa MD, Cooper K, Hilhorst HWM, Farrant JM. Orthodox seeds and

resurrection plants: two of a kind? Plant Physiol. 2017:175(2):

589–599. https://doi.org/10.1104/pp.17.00760
Cueff G, Rajjou L, Hoang HH, Bailly C, Corbineau F, Leymarie J.

In-depth proteomic analysis of the secondary dormancy induc-

tion by hypoxia or high temperature in barley grains. Plant Cell

Physiol. 2022:63(4):550–564. https://doi.org/10.1093/pcp/pcac021

Advances in seed hypoxia research | 9

https://doi.org/10.1038/s41586-022-04740-y
https://doi.org/10.1111/nph.17820
https://doi.org/10.1111/nph.17820
https://doi.org/10.3390/seeds2030019
https://doi.org/10.3390/seeds2030019
https://doi.org/10.3389/fpls.2022.908349
https://doi.org/10.1038/ncomms9669
https://doi.org/10.1038/ncomms9669
https://doi.org/10.1111/nph.13044
https://doi.org/10.1111/nph.13044
https://doi.org/10.4081/ija.2016.706
https://doi.org/10.3389/fpls.2023.1225445
https://doi.org/10.1128/AEM.03722-14
https://doi.org/10.1093/jxb/erj122
https://doi.org/10.3389/fmicb.2022.877519
https://doi.org/10.3389/fmicb.2022.877519
https://doi.org/10.1111/j.1469-8137.2008.02752.x
https://doi.org/10.1111/j.1469-8137.2008.02752.x
https://doi:10.19103/AS.2019.0060.03
https://doi.org/10.1093/jxb/erg051
https://doi.org/10.1093/jxb/erg051
https://doi.org/10.1074/jbc.M305717200
https://doi.org/10.1111/nph.18986
https://doi.org/10.3390/plants9060703
https://doi.org/10.3390/plants9060703
https://doi.org/10.1007/s11103-019-00953-4
https://doi.org/10.1073/pnas.1521916113
https://doi.org/10.1093/femsec/fiaa146
https://doi.org/10.1073/pnas.0603490103
https://doi.org/10.1016/j.plantsci.2017.10.001
https://doi.org/10.1080/0021213X.1985.10677005
https://doi.org/10.1093/jxb/erw138
https://doi.org/10.1017/S096025852200006X
https://doi.org/10.1104/pp.79.2.411
https://doi.org/10.1104/pp.17.00760
https://doi.org/10.1093/pcp/pcac021


Dalziell EL, Baskin CC, Baskin JM, Young RE, Dixon KW, Merritt DJ.
Morphophysiological dormancy in the basal angiosperm order
Nymphaeales. Ann Bot. 2019:123(1):95–106. https://doi.org/10.
1093/aob/mcy142

Diaz-Cuadros M, Miettinen TP, Skinner OS, Sheedy D, Díaz-García
CM, Gapon S, Hubaud A, Yellen G, Manalis SR, Oldham WM.

Metabolic regulation of species-specific developmental rates.
Nature. 2023:613(7944):550–557. https://doi.org/10.1038/s41586-
022-05574-4

Dumont S, Bykova NV, Khaou A, Besserour Y, Dorval M, Rivoal J.
Arabidopsis thaliana alcohol dehydrogenase is differently af-
fected by several redox modifications. PLoS One. 2018:13(9):
e0204530. https://doi.org/10.1371/journal.pone.0204530

Eid AM, Fouda A, Abdel-RahmanMA, Salem SS, Elsaied A, Oelmüller

R, Hijri M, Bhowmik A, Elkelish A, Hassan SE-D. Harnessing bac-
terial endophytes for promotion of plant growth and biotechno-
logical applications: an overview. Plants. 2021:10(5):935. https://
doi.org/10.3390/plants10050935

Eysholdt-Derzsó E, Renziehausen T, Frings S, Frohn S, von Bongartz K,
Igisch CP, Mann J, Häger L, Macholl J, Leisse D. Endoplasmic

reticulum-bound ANAC013 factor is cleaved by RHOMBOID-LIKE
2 during the initial response to hypoxia in Arabidopsis thaliana.
Proc Natl Acad Sci U S A. 2023:120(11):e2221308120. https://doi.
org/10.1073/pnas.2221308120

Fagerstedt KV. Use of GWAS analysis in deciphering the inability of
barley seeds to germinate after hypoxia. J Exp Bot. 2023:74(14):

3883–3886. https://doi.org/10.1093/jxb/erad198
Ferrando L, Fernández Scavino A. Strong shift in the diazotrophic

endophytic bacterial community inhabiting rice (Oryza sativa)
plants after flooding. FEMS Microbiol Ecol. 2015:91(9):fiv104.
https://doi.org/10.1093/femsec/fiv104

Francioli D, Cid G, Hajirezaei M-R, Kolb S. Response of the wheatmy-
cobiota to flooding revealed substantial shifts towards plant
pathogens. Front Plant Sci. 2022:13(1):1028153. https://doi.org/10.

3389/fpls.2022.1028153
Francioli D, Cid G, Kanukollu S, Ulrich A, Hajirezaei MR, Kolb S.

Flooding causes dramatic compositional shifts and depletion of
putative beneficial bacteria on the spring wheat microbiota.
Front Microbiol. 2021:12(1):773116. https://doi.org/10.3389/fmicb.
2021.773116

Gao X, Lin SH, Ren F, Li JT, Chen JJ, Yao CB, Bin YH, Jiang SX, Yan GQ,

Wang D. Acetate functions as an epigenetic metabolite to pro-
mote lipid synthesis under hypoxia. Nat Commun. 2016:30(7):
11960. https://doi.org/10.1038/ncomms11960

Gasch P, Fundinger M, Müller JT, Lee T, Bailey-Serres J, Mustroph A.
Redundant ERF-VII transcription factors bind to an evolutionarily
conserved cis-motif to regulate hypoxia-responsive gene expres-

sion in Arabidopsis. Plant Cell. 2016:28(1):160–180. https://doi.org/
10.1105/tpc.15.00866

Gayral M, Elmorjani K, Dalgalarrondo M, Balzergue SM, Pateyron S,
Morel MH, Brunet S, Linossier L, Delluc C, Bakan B. Responses
to hypoxia and endoplasmic reticulum stress discriminate the
development of vitreous and floury endosperms of conventional
maize (Zea mays) inbred lines. Front Plant Sci. 2017:13(8):557.

https://doi.org/10.3389/fpls.2017.00557
Geigenberger P. Response of plant metabolism to too little oxygen.

Curr Opin Plant Biol. 2003:6(3):247–256. https://doi.org/10.1016/
s1369-5266(03)00038-4

Gibbs DJ, Lee SC, Md Isa N, Gramuglia S, Fukao T, Bassel GW, Correia
CS, Corbineau F, Theodoulou FL, Bailey-Serres J. Homeostatic re-
sponse to hypoxia is regulated by the N-end rule pathway in

plants. Nature. 2011:479(7373):415–418. https://doi.org/10.1038/
nature10534

Gibbs DJ, MdIsa N, Movahedi M, Lozano-Juste J, Mendiondo GM,

Berckhan S, Marín-delaRosa N, Vicente Conde J, Sousa Correia

C, Pearce SP. Nitric oxide sensing in plants is mediated by proteo-

lytic control of group VII ERF transcription factors. Mol Cell.

2014:53(3):369–379. https://doi.org/10.1016/j.molcel.2013.12.020
Gómez-Álvarez E, Salardi-Jost M, Ahumada G, Perata P, Dell’Acqua

M, Pucciariello C. Seed bacterial microbiota in post-submergence

tolerant and sensitive barley genotypes. Funct Plant Biol. 2024:51:

FP23166. https://doi.org/10.1071/FP23166
Gómez-Álvarez EM, Pucciariello C. Cereal germination under low

oxygen: molecular processes. Plants. 2022:11(3):460. https://doi.

org/10.3390/plants11030460
Gómez-Álvarez EM, Tondelli A, Nghi KN, Voloboeva V, Giordano G,

Valè G, Perata P, Pucciariello C. The inability of barley to germi-

nate after submergence depends on hypoxia-induced secondary

dormancy. J Exp Bot. 2023:74(14):4277–4289. https://doi.org/10.

1093/jxb/erad151
Grandaubert J, Dutheil JY, Stukenbrock EH. The genomic determi-

nants of adaptive evolution in a fungal pathogen. Evol Lett.

2019:3(3):299–312. https://doi.org/10.1002/evl3.117
Grna D, Ballesteros D, Arc E, Stöggl W, Seal CE, Marami-Zonouz N, Na

CS, Kranner I, Roach T. Does oxygen affect ageing mechanisms of

Pinus densiflora seeds? Amatter of cytoplasmic physical state. J Exp

Bot. 2022:73(8):2631–2649. https://doi.org/10.1093/jxb/erac024
Groot SPC, deGroot L, Kodde J, vanTreurenR. Prolonging the longevity

of ex situ conserved seeds by storage under anoxia. Plant Gen Res.

2015:13(1):18–26. https://doi.org/10.1017/S1479262114000586
Guglielminetti L, Yamaguchi J, Perata P, Alpi A. Amylolytic activities in

cereal seeds under aerobic and anaerobic conditions. Plant Physiol.

1995:109(3):1069–1076. https://doi.org/10.1104/pp.109.3.1069
Guo F, Han N, Xie Y, Fang K, Yang Y, Zhu M, Wang J, Bian H. The

miR393a/targetmoduleregulatesseedgerminationandseedlinges-

tablishment under submergence in rice (Oryza sativa L.). Plant Cell

Environ. 2016:39(10):2288–2302. https://doi.org/10.1111/pce.12781
Gupta KJ, Kaladhar VC, Fitzpatrick TB, Fernie AR,Møller IM, LoakeGJ.

Nitric oxide regulation of plant metabolism.Mol Plant. 2022:15(2):

228–242. https://doi.org/10.1016/j.molp.2021.12.012
Hammarlund EU, Flashman E, Mohlin S, Licausi F. Oxygen-sensing

mechanisms across eukaryotic kingdoms and their roles in com-

plex multicellularity. Science. 2020:370(6515):eaba3512. https://

doi.org/10.1126/science.aba3512
Hardoim PR, van Overbeek LS, Berg G, Pirttilä AM, Compant S,

Campisano A, Döring M, Sessitsch A. The hidden world within

plants: ecological and evolutionary considerations for defining

functioning of microbial endophytes. Microbiol Mol Biol Rev.

2015:79(3):293–320. https://doi.org/10.1128/MMBR.00050-14
He Y, Sun S, Zhao J, Huang Z, Peng L, Huang C, Tang Z, Huang Q,

Wang Z. UDP-glucosyltransferase OsUGT75A promotes submer-

gence tolerance during rice seed germination. Nat Commun.

2023:14(1):2296. https://doi.org/10.1038/s41467-023-38085-5
HebelstrupKH,Shah JK, SimpsonC,Schjoerring JK,Mandon J,Cristescu

SM,HarrenFJM,ChristiansenMW,MurLAJ, IgamberdievAU.Anas-

sessment of the biotechnological use of hemoglobinmodulation in

cereals. Physiol Plant. 2014:150(4):593–603. https://doi.org/10.1111/

ppl.12115
HerzogM, Pellegrini E, Pedersen O. Ameta-analysis of plant tissue O2

dynamics. Funct Plant Biol. 2023:50(7):519–531. https://doi.org/10.

1071/FP22294
HoQT, Verboven P, Verlinden BE, Herremans E,WeversM, Carmeliet

J, Nicolaï BM. A three-dimensional multiscale model for gas ex-

change in fruit. Plant Physiol. 2011:155(3):1158–1168. https://doi.

org/10.1104/pp.110.169391

10 | Plant Physiology, 2024, Vol. 00, No. 0

https://doi.org/10.1093/aob/mcy142
https://doi.org/10.1093/aob/mcy142
https://doi.org/10.1038/s41586-022-05574-4
https://doi.org/10.1038/s41586-022-05574-4
https://doi.org/10.1371/journal.pone.0204530
https://doi.org/10.3390/plants10050935
https://doi.org/10.3390/plants10050935
https://doi.org/10.1073/pnas.2221308120
https://doi.org/10.1073/pnas.2221308120
https://doi.org/10.1093/jxb/erad198
https://doi.org/10.1093/femsec/fiv104
https://doi.org/10.3389/fpls.2022.1028153
https://doi.org/10.3389/fpls.2022.1028153
https://doi.org/10.3389/fmicb.2021.773116
https://doi.org/10.3389/fmicb.2021.773116
https://doi.org/10.1038/ncomms11960
https://doi.org/10.1105/tpc.15.00866
https://doi.org/10.1105/tpc.15.00866
https://doi.org/10.3389/fpls.2017.00557
https://doi.org/10.1016/s1369-5266(03)00038-4
https://doi.org/10.1016/s1369-5266(03)00038-4
https://doi.org/10.1038/nature10534
https://doi.org/10.1038/nature10534
https://doi.org/10.1016/j.molcel.2013.12.020
https://doi.org/10.1071/FP23166
https://doi.org/10.3390/plants11030460
https://doi.org/10.3390/plants11030460
https://doi.org/10.1093/jxb/erad151
https://doi.org/10.1093/jxb/erad151
https://doi.org/10.1002/evl3.117
https://doi.org/10.1093/jxb/erac024
https://doi.org/10.1017/S1479262114000586
https://doi.org/10.1104/pp.109.3.1069
https://doi.org/10.1111/pce.12781
https://doi.org/10.1016/j.molp.2021.12.012
https://doi.org/10.1126/science.aba3512
https://doi.org/10.1126/science.aba3512
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1038/s41467-023-38085-5
https://doi.org/10.1111/ppl.12115
https://doi.org/10.1111/ppl.12115
https://doi.org/10.1071/FP22294
https://doi.org/10.1071/FP22294
https://doi.org/10.1104/pp.110.169391
https://doi.org/10.1104/pp.110.169391


Ho VT, Tran AN, Cardarelli F, Perata P, Pucciariello C. A calcineurin
B-like protein participates in low oxygen signalling in rice. Func
Plant Biol. 2017:44(9):917–928. https://doi.org/10.1071/FP16376

Hoang HH, Bailly C, Corbineau F, Leymarie J. Induction of secondary
dormancy by hypoxia in barley grains and its hormonal regula-
tion. J Exp Bot. 2013:64(7):2017–2025. https://doi.org/10.1093/jxb/

ert062
Hwang Y-S, Thomas BR, Rodriguez RL. Differential expression of rice

α-amylase genes during seedling development under anoxia. Plant
Mol Biol. 1999:40(6):911–920. https://doi.org/10.1023/a:100624181
1136

Ito K, Suda T. Metabolic requirements for the maintenance of self-
renewing stem cells. Nat Rev Mol Cell Biol. 2014:15(4):243–256.

https://doi.org/10.1038/nrm3772
Iwata R, Casimir P, Erkol E, Boubakar L, Planque M, López IMG,

Ditkowska M, Gaspariunaite V, Beckers S, Remans D, et al.
Mitochondriametabolism sets the species-specific tempo of neu-
ronal development. Science. 2023:379(6632):eabn4705. https://doi.
org/10.1126/science.abn4705

Jardine KJ, McDowell N. Fermentation-mediated growth, signaling,

and defense in plants. New Phytol. 2023:239(3):839–851. https://
doi.org/10.1111/nph.19015

Kretzschmar T, Pelayo MA, Trijatmiko KR, Gabunada LF, Alam R,
Jimenez R, Mendioro MS, Slamet-Loedin IH, Sreenivasulu N,
Bailey-Serres J, et al. A trehalose-6-phosphate phosphatase en-
hances anaerobic germination tolerance in rice. Nat Plants.

2015:1:15124. https://doi.org/10.1038/nplants.2015.124
Kumari A, Singh P, Kaladhar VC,Manbir, Paul D, Pathak PK, Gupta KJ.

Phytoglobin-NO cycle and AOX pathway play a role in anaerobic
germination and growth of deepwater rice. Plant Cell Environ.
2022:45(1):178–190. https://doi.org/10.1111/pce.14198

Kunkowska AB, Fontana F, Betti F, Soeur R, Beckers GJM, Meyer C, De
Jaeger G,Weits DA, Loreti E, Perata P. Target of rapamycin signal-

ing couples energy to oxygen sensing to modulate hypoxic gene
expression in Arabidopsis. Proc Natl Acad Sci U S A. 2023:120(3):
e2212474120. https://doi.org/10.1073/pnas.2212474120

Langer M, Hilo A, Guan JC, Koch KE, Xiao H, Verboven P, Gündel A,
Wagner S, Ortleb S, Radchuk V, et al. Causes and consequences
of endogenous hypoxia on growth andmetabolism of developing

maize kernels. Plant Physiol. 2023:192(2):1268–1288. https://doi.
org/10.1093/plphys/kiad038

Lawson T, Milliken AL. Photosynthesis—beyond the leaf. New Phytol.
2023:238(1):55–61. https://doi.org/10.1111/nph.18671

Lee SC, Lan W, Buchanan BB, Luan S. A protein kinase-phosphatase
pair interacts with an ion channel to regulate ABA signaling in
plant guard cells. Proc Natl Acad Sci U SA. 2009:106(50):21419–21424.

https://doi.org/10.1073/pnas.0910601106
Lee TA, Bailey-Serres J. Integrative analysis from the epigenome to

translatome uncovers patterns of dominant nuclear regulation
during transient stress. Plant Cell. 2019:31(11):2573–2595. https://
doi.org/10.1105/tpc.19.00463

Leprince O, Pellizzaro A, Berriri S, Buitink J. Late seed maturation:
drying without dying. J Exp Bot. 2017:68(4):827–841. https://doi.

org/10.1093/jxb/erw363
Licausi F, Kosmacz M, Weits DA, Giuntoli B, Giorgi FM, Voesenek

LACJ, Perata P, Van Dongen JT. Oxygen sensing in plants is medi-
ated by anN-end rule pathway for protein destabilization.Nature.
2011:479(7373):419–422. https://doi.org/10.1038/nature10536

Loreti E, Perata P. The many facets of hypoxia in plants. Plants.
2020:9(6):745. https://doi.org/10.3390/plants9060745

Loreti E, van Veen H, Perata P. Plant responses to flooding stress.

Curr Opin Plant Biol. 2016:33:64–71. https://doi.org/10.1016/j.pbi.
2016.06.005

Lu CA, Ho THD, Ho SL, Yu SM. Three novel MYB proteins with one
DNA binding repeat mediate sugar and hormone regulation of
α-amylase gene expression. Plant Cell. 2002:14(8):1963–1980.
https://doi.org/10.1105/tpc.001735

Lu CA, Lin CC, Lee KW, Chen JL, Huang LF, Ho SL, Liu HJ, Hsing YI, Yu
SM. The SnRK1A protein kinase plays a key role in sugar signaling

during germination and seedling growth of rice. Plant Cell.
2007:19(8):2484–2499. https://doi.org/10.1105/tpc.105.037887

Manrique-Gil I, Sánchez-Vicente I, Torres-Quezada I, Lorenzo O.
Nitric oxide function during oxygen deprivation in physiological
and stress processes. J Exp Bot. 2021:72(3):904–916. https://doi.
org/10.1093/jxb/eraa442

Martínez-Arias C, Witzell J, Solla A, Martin JA, Rodríguez-Calcerrada

J. Beneficial and pathogenic plant-microbe interactions during
flooding stress. Plant Cell Environ. 2022:45(10):2875–2897. https://
doi.org/10.1111/pce.14403

Mendiondo GM, Gibbs DJ, Szurman-Zubrzycka M, Korn A, Marquez J,
Szarejko I,MaluszynskiM, King J, Axcell B, Smart K, et al. Enhanced
waterlogging tolerance in barley bymanipulation of expression of
the N-end rule pathway E3 ligase PROTEOLYSIS6. Plant Biotechnol J.

2016:14(1):40–50. https://doi.org/10.1111/pbi.12334
Mendiondo GM, Leymarie J, Farrant JM, Corbineau F, Benech-Arnold

RL. Differential expression of abscisic acid metabolism and sig-
nalling genes induced by seed-covering structures or hypoxia in
barley (Hordeum vulgare L.) grains. Seed Sci Res. 2010:20(2):69–77.
https://doi.org/10.1017/S0960258509990262

Meng X, Li L, Narsai R, De Clercq I, Whelan J, Berkowitz O.

Mitochondrial signalling is critical for acclimation and adapta-
tion to flooding in Arabidopsis thaliana. Plant J. 2020:103(1):
227–247. https://doi.org/10.1111/tpj.14724

Mira MM, Hill RD, Hilo A, Langer M, Robertson S, Igamberdiev AU,
Wilkins O, Rolletschek H, Stasolla C. Plant stem cells under low
oxygen: metabolic rewiring by phytoglobin underlies stem cell

functionality. Plant Physiol. 2023:193(2):1416–1432. https://doi.
org/10.1093/plphys/kiad344

Mirabello V, Cortezon-Tamarit F, Pascu SI. Oxygen sensing, hypoxia
tracing and in vivo imaging with functionalmetalloprobes for the
early detection of non-communicable diseases. Front Chem.
2018:6:27. https://doi.org/10.3389/fchem.2018.00027

Nghi KN, Tagliani A, Mariotti L, Weits DA, Perata P, Pucciariello C.

Auxin is required for the long coleoptile trait in japonica rice
under submergence. New Phytol. 2021:229(1):85–93. https://doi.
org/10.1111/nph.16781

NghiKN, Tondelli A, ValèG, Tagliani A,MarèC, Perata P, Pucciariello C.
Dissection of coleoptile elongation in japonica rice under submer-
gence through integrated genome-wide association mapping and

transcriptional analyses. Plant Cell Environ. 2019:42(6):1832–1846.
https://doi.org/10.1111/pce.13540

Nguyen VL, Dang TTH, Chu HD, Nakamura T, Abiko T, Mochizuki T.
Near-isogenic lines of soybean confirm a QTL for seed waterlog-
ging tolerance at different temperatures. Euphytica. 2021:207(1):
16. https://doi.org/10.1007/s10681-020-02736-1

Nguyen VL, Le LT, Dinh TH, Nguyen TT, VuHTT, ChuHD, Nguyen VL.

Germination responses to seed-rhizosphere hypoxia in relation to
waterlogging tolerance of soybean. Vegetos. 2023:37(1):1098–1106.
https://doi.org/10.1007/s42535-023-00653-x

Nie X, Mira M, Igamberdiev AU, Hill RD, Stasolla C. Anaerobiosis
modulation of two phytoglobins in barley (Hordeum vulgare L.),
and their regulation by gibberellin and abscisic acid in aleurone

cells. Plant Physiol Biochem. 2022:182(1):174–181. https://doi.org/
10.1016/j.plaphy.2022.04.014

Nietzel T, Mostertz J, Ruberti C, Née G, Fuchs P, Wagner S, Moseler A,
Müller-Schüssele SJ, Benamar A, Poschet G, et al. Redox-mediated

Advances in seed hypoxia research | 11

https://doi.org/10.1071/FP16376
https://doi.org/10.1093/jxb/ert062
https://doi.org/10.1093/jxb/ert062
https://doi.org/10.1023/a:1006241811136
https://doi.org/10.1023/a:1006241811136
https://doi.org/10.1038/nrm3772
https://doi.org/10.1126/science.abn4705
https://doi.org/10.1126/science.abn4705
https://doi.org/10.1111/nph.19015
https://doi.org/10.1111/nph.19015
https://doi.org/10.1038/nplants.2015.124
https://doi.org/10.1111/pce.14198
https://doi.org/10.1073/pnas.2212474120
https://doi.org/10.1093/plphys/kiad038
https://doi.org/10.1093/plphys/kiad038
https://doi.org/10.1111/nph.18671
https://doi.org/10.1073/pnas.0910601106
https://doi.org/10.1105/tpc.19.00463
https://doi.org/10.1105/tpc.19.00463
https://doi.org/10.1093/jxb/erw363
https://doi.org/10.1093/jxb/erw363
https://doi.org/10.1038/nature10536
https://doi.org/10.3390/plants9060745
https://doi.org/10.1016/j.pbi.2016.06.005
https://doi.org/10.1016/j.pbi.2016.06.005
https://doi.org/10.1105/tpc.001735
https://doi.org/10.1105/tpc.105.037887
https://doi.org/10.1093/jxb/eraa442
https://doi.org/10.1093/jxb/eraa442
https://doi.org/10.1111/pce.14403
https://doi.org/10.1111/pce.14403
https://doi.org/10.1111/pbi.12334
https://doi.org/10.1017/S0960258509990262
https://doi.org/10.1111/tpj.14724
https://doi.org/10.1093/plphys/kiad344
https://doi.org/10.1093/plphys/kiad344
https://doi.org/10.3389/fchem.2018.00027
https://doi.org/10.1111/nph.16781
https://doi.org/10.1111/nph.16781
https://doi.org/10.1111/pce.13540
https://doi.org/10.1007/s10681-020-02736-1
https://doi.org/10.1007/s42535-023-00653-x
https://doi.org/10.1016/j.plaphy.2022.04.014
https://doi.org/10.1016/j.plaphy.2022.04.014


kick-start of mitochondrial energy metabolism drives resource-
efficient seed germination. Proc Natl Acad Sci U S A. 2020:117(1):
741–751. https://doi.org/10.1073/pnas.1910501117

Phartyal SS, Rosbakh S, Poschlod P. Seed germination ofmudflat spe-
cies responds differently to prior exposure to hypoxic (flooded)
environments. Seed Sci Res. 2020:30(4):268–274. https://doi.org/

10.1017/S0960258520000240
Pucciariello C. Molecular mechanisms supporting rice germination

and coleoptile elongation under low oxygen. Plants. 2020:9(8):
1–11. https://doi.org/10.3390/plants9081037

Pucciariello C, Perata P. Plant quiescence strategy and seed dor-
mancy under hypoxia. J Exp Bot. 2024:16:erae163. https://doi.
org/10.1093/jxb/erae163

Radchuk V, Borisjuk L. Physical, metabolic and developmental func-

tions of the seed coat. Front Plant Sci. 2014:5:510. https://doi.org/
10.3389/fpls.2014.00510

Rodríguez CE, Mitter B, Barret M, Sessitsch A, Compant S.
Commentary: seed bacterial inhabitants and their routes of colo-
nization. Plant Soil. 2018:422(1):129–134. https://doi.org/10.1007/
s11104-017-3368-9

Rolletschek H, Melkus G, Grafahrend-Belau E, Fuchs J, Heinzel N,

Schreiber F, Jakob PM, Borisjuk L. Combined noninvasive imaging
andmodeling approaches revealmetabolic compartmentation in
the barley endosperm. Plant Cell. 2011:23(8):3041–3054. https://
doi.org/10.1105/tpc.111.087015

Rolletschek H, Weber H, Borisjuk L. Energy status and its control on
embryogenesis of legumes. Embryo photosynthesis contributes to

oxygen supply and is coupled to biosynthetic fluxes. Plant Physiol.
2003:132(3):1196–1206. https://doi.org/10.1104/pp.102.017376

Rolletschek H, Weschke W, Weber H, Wobus U, Borisjuk L. Energy
state and its control on seed development: starch accumulation
is associated with high ATP and steep oxygen gradients within
barley grains. J Exp Bot. 2004:55(401):1351–1359. https://doi.org/

10.1093/jxb/erh130
Sasidharan R, Schippers JHM, Schmidt RR. Redox and low-oxygen

stress: signal integration and interplay. Plant Physiol. 2021:186(1):
66–78. https://doi.org/10.1093/plphys/kiaa081

Sato K, Yamane M, Yamaji N, Kanamori H, Tagiri A, Schwerdt JG,
Fincher GB, Matsumoto T, Takeda K, Komatsuda T. Alanine ami-
notransferase controls seed dormancy in barley. Nat Commun.

2016:7:11625. https://doi.org/10.1038/ncomms11625
Schmidt RR, Fulda M, Paul M V, Anders M, Plum F, Weits DA,

Kosmacz M, Larson TR, Graham IA, Beemster GTS, et al.
Low-oxygen response is triggered by an ATP-dependent shift in
oleoyl-CoA in Arabidopsis. Proc Natl Acad Sci U S A. 2018:115(51):
E12101–E12110. https://doi.org/10.1073/pnas.1809429115

Sessitsch A, Pfaffenbichler N, Mitter B. Microbiome applications

from lab to field: facing complexity. Trends Plant Sci. 2019:24(3):
194–198. https://doi.org/10.1016/j.tplants.2018.12.004

Sghaier-Hammami B, Hammami S BM, Baazaoui N, Gómez-Díaz C,
Jorrín-Novo JV. Dissecting the seed maturation and germination
processes in the non-orthodox quercus ilex species based on pro-
tein signatures as revealed by 2-DE coupled to MALDI-TOF/TOF

proteomics strategy. Int J Mol Sci. 2020:21(14):4870. https://doi.
org/10.3390/ijms21144870

Shackira A, Sarath N, Aswathi K, Pardha-Saradhi P, Puthur J. Green
seed photosynthesis: what is it? What do we know about it?
Where to go? Plant Physiol Rep. 2022:27:573–579. https://doi.org/
10.1007/s40502-022-00695-4

SharmaPK,Kumar S. eds. Soil physical environment and plant growth: eval-

uation and management. Springer Cham: Soil Physical Environment
and Plant Growth; 2023:130. https://doi.org/10.1007/978-3-031-
28057-3

ShelpBJ, BownAW,ZareiA. 4-Aminobutyrate (GABA): ametaboliteand
signal with practical significance. Botany. 2017:95(1):1015–1032.
https://doi.org/10.1139/cjb-2017-0135

Si-Ammour A,Windels D, Arn-Bouldoires E, Kutter C, Ailhas J, Meins
F, Vazquez F. Mir393 and secondary siRNAs regulate expression
of the TIR1/AFB2 auxin receptor clade and auxin-related develop-

ment of Arabidopsis leaves. Plant Physiol. 2011:157(2):683–691.
https://doi.org/10.1104/pp.111.180083

Simonin M, Briand M, Chesneau G, Rochefort A, Marais C, Sarniguet
A, Barret M. Seed microbiota revealed by a large-scale meta-
analysis including 50 plant species. New Phytol. 2022:234(4):
1448–1463. https://doi.org/10.1111/nph.18037

Signorelli S, Considine MJ. Nitric oxide enables germination by a

four-pronged attack on ABA-induced seed dormancy. Front Plant
Sci. 2018:9(9):296. https://doi.org/10.3389/fpls.2018.00296

Simkin AJ, Faralli M, Ramamoorthy S, Lawson T. Photosynthesis in
non-foliar tissues: implications for yield. Plant J. 2020:101(4):
1001–1015. https://doi.org/10.1111/tpj.14633

Sun J, Zhang G, Cui Z, Kong X, Yu X, Gui R, Han Y, Li Z, Lang H, Hua Y,
et al. Regain flood adaptation in rice through a 14-3-3 protein

OsGF14h. Nat Commun. 2022:13(1):5664. https://doi.org/10.1038/
s41467-022-33320-x

Takahashi H, Saika H, Matsumura H, Nagamura Y, Tsutsumi N,
Nishizawa NK, Nakazono M. Cell division and cell elongation in
the coleoptile of rice alcohol dehydrogenase 1-deficient mutant
are reduced under complete submergence. Ann Bot. 2011:108(2):
253–261. https://doi.org/10.1093/aob/mcr137

Taranto F, Pasqualone A, Mangini G, Tripodi P, Miazzi MM, Pavan S,
Montemurro C. Polyphenol oxidases in crops: biochemical, phys-
iological and genetic aspects. Int J Mol Sci. 2017:18(2):377. https://
doi.org/10.3390/ijms18020377

Thiel J, Rolletschek H, Friedel S, Lunn JE, Nguyen TH, Feil R, Tschiersch
H, Müller M, Borisjuk L. Seed-specific elevation of non-symbiotic
hemoglobin AtHb1: beneficial effects and underlying molecular

networks in Arabidopsis thaliana. BMC Plant Biol. 2011:11(1):48.
https://doi.org/10.1186/1471-2229-11-48

Truyens S, Weyens N, Cuypers A, Vangronsveld J. Bacterial seed en-
dophytes: genera, vertical transmission and interaction with
plants. Environ Microbiol. 2015:7(1):40–50. https://doi.org/10.1111/
1758-2229.12181

Verboven P, Herremans E, Borisjuk L, Helfen L, Ho QT, Tschiersch H,

Fuchs J, Nicolaï BM, Rolletschek H. Void space inside the
developing seed of Brassica napus and the modelling of its func-
tion. New Phytol. 2013:199(4):936–947. https://doi.org/10.1111/nph.
12342

Wagner S, Steinbeck J, Fuchs P, Lichtenauer S, Elsässer M,
Schippers JHM, Nietzel T, Ruberti C, Van Aken O, Meyer AJ,

et al. Multiparametric real-time sensing of cytosolic physiology
links hypoxia responses to mitochondrial electron transport.
New Phytol. 2019:224(4):1668–1684. https://doi.org/10.1111/nph.
16093

Weits DA, Giuntoli B, KosmaczM, Parlanti S, HubbertenHM, Riegler H,
Hoefgen R, Perata P, Van Dongen JT, Licausi F. Plant cysteine

oxidases control the oxygen-dependent branch of the N-end-rule
pathway. Nat Commun. 2014:5(1):3425. https://doi.org/10.1038/
ncomms4425

Weits DA, van Dongen JT, Licausi F. Molecular oxygen as a signaling
component in plant development. New Phytol. 2021:229(1):24–35.
https://doi.org/10.1111/nph.16424

White MD, Klecker M, Hopkinson RJ, Weits DA, Mueller C,

Naumann C, O’Neill R, Wickens J, Yang J, Brooks-Bartlett JC,
et al. Plant cysteine oxidases are dioxygenases that directly en-
able arginyl transferase-catalysed arginylation of N-end rule

12 | Plant Physiology, 2024, Vol. 00, No. 0

https://doi.org/10.1073/pnas.1910501117
https://doi.org/10.1017/S0960258520000240
https://doi.org/10.1017/S0960258520000240
https://doi.org/10.3390/plants9081037
https://doi.org/10.1093/jxb/erae163
https://doi.org/10.1093/jxb/erae163
https://doi.org/10.3389/fpls.2014.00510
https://doi.org/10.3389/fpls.2014.00510
https://doi.org/10.1007/s11104-017-3368-9
https://doi.org/10.1007/s11104-017-3368-9
https://doi.org/10.1105/tpc.111.087015
https://doi.org/10.1105/tpc.111.087015
https://doi.org/10.1104/pp.102.017376
https://doi.org/10.1093/jxb/erh130
https://doi.org/10.1093/jxb/erh130
https://doi.org/10.1093/plphys/kiaa081
https://doi.org/10.1038/ncomms11625
https://doi.org/10.1073/pnas.1809429115
https://doi.org/10.1016/j.tplants.2018.12.004
https://doi.org/10.3390/ijms21144870
https://doi.org/10.3390/ijms21144870
https://doi.org/10.1007/s40502-022-00695-4
https://doi.org/10.1007/s40502-022-00695-4
https://doi.org/10.1007/978-3-031-28057-3
https://doi.org/10.1007/978-3-031-28057-3
https://doi.org/10.1139/cjb-2017-0135
https://doi.org/10.1104/pp.111.180083
https://doi.org/10.1111/nph.18037
https://doi.org/10.3389/fpls.2018.00296
https://doi.org/10.1111/tpj.14633
https://doi.org/10.1038/s41467-022-33320-x
https://doi.org/10.1038/s41467-022-33320-x
https://doi.org/10.1093/aob/mcr137
https://doi.org/10.3390/ijms18020377
https://doi.org/10.3390/ijms18020377
https://doi.org/10.1186/1471-2229-11-48
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1111/nph.12342
https://doi.org/10.1111/nph.12342
https://doi.org/10.1111/nph.16093
https://doi.org/10.1111/nph.16093
https://doi.org/10.1038/ncomms4425
https://doi.org/10.1038/ncomms4425
https://doi.org/10.1111/nph.16424


targets. Nat Commun. 2017:8(1):14690. https://doi.org/10.1038/

ncomms14690
Wiebach J, Nagel M, Börner A, Altmann T, Riewe D. Age-dependent

loss of seed viability is associated with increased lipid oxidation

and hydrolysis. Plant Cell Environ. 2020:43(2):303–314. https://doi.

org/10.1111/pce.13651
Wu D, Qiu J, Sun J, Song BK, Olsen KM, Fan L. Weedy rice, a hidden

gold mine in the paddy field. Mol Plant. 2022:15(4):566–568.

https://doi.org/10.1016/j.molp.2022.01.008

Wurzinger B, Nukarinen E, Nägele T, Weckwerth W, Teige M. The

snrk1 kinase as central mediator of energy signaling between dif-

ferent organelles. Plant Physiol. 2018:176(2):1085–1094. https://doi.

org/10.1104/pp.17.01404
Xiao H, Verboven P, Tong S, Pedersen O, Nicolaï B. Hypoxia in tomato

(Solanum lycopersicum) fruit during ripening: biophysical elucida-

tion by a 3D reaction–diffusion model. Plant Physiol. 2024:28(1):

kiae174. https://doi.org/10.1093/plphys/kiae174
Xiao Z, Rogiers SY, Sadras VO, Tyerman SD. Hypoxia in grape berries:

the role of seed respiration and lenticels on the berry pedicel and

the possible link to cell death. J Exp Bot. 2018:69(8):2071–2083.

https://doi.org/10.1093/jxb/ery039
Yang J, Kim SR, Lee SK, Choi H, Jeon JS, An G. Alanine aminotransfer-

ase 1 (OsAlaAT1) plays an essential role in the regulation of

starch storage in rice endosperm. Plant Sci. 2015:240(1):79–89.

https://doi.org/10.1016/j.plantsci.2015.07.027

Yang X, HeinemannM, Howard J, Huber G, Iyer-Biswas S, Le Treut G,
Lynch M, Montooth KL, Needleman DJ, Pigolotti S, et al. Physical
bioenergetics: energy fluxes, budgets, and constraints in cells.
Proc Natl Acad Sci U S A. 2021:118(26):e2026786118. https://doi.
org/10.1073/pnas.2026786118

Ye NH, Wang FZ, Shi L, Chen MX, Cao YY, Zhu FY, Wu YZ, Xie LJ, Liu
TY, Su ZZ, et al. Natural variation in the promoter of rice calci-
neurin B-like protein10 (OsCBL10) affects flooding tolerance dur-
ing seed germination among rice subspecies. Plant J. 2018:94(4):
612–625. https://doi.org/10.1111/tpj.13881

Zafari S, Hebelstrup KH, Igamberdiev AU. Transcriptional andmeta-
bolic changes associated with phytoglobin expression during ger-
mination of barley seeds. Int J Mol Sci. 2020:21(8):2796. https://doi.
org/10.3390/ijms21082796

Zhang GZ, Jin SH, Jiang XY, Dong RR, Li P, Li YJ, Hou BK. Ectopic
expression of UGT75D1, a glycosyltransferase preferring indole-3-
butyric acid, modulates cotyledon development and stress
tolerance in seed germination of Arabidopsis thaliana. Plant Mol Biol.
2016:90(1–2):77–93. https://doi.org/10.1007/s11103-015-0395-x

Zhang Q, Li C. Comparisons of copy number, genomic structure, and
conservedmotifs for α-amylase genes from barley, rice, and wheat.
Front Plant Sci. 2017:5(8):1727. https://doi.org/10.3389/fpls.2017.
01727

Zhang Y, Fernie AR. The role of TCA cycle enzymes in plants.
Adv Biol. 2023:7(8):2200238. https://doi.org/10.1002/adbi.2022
00238

Advances in seed hypoxia research | 13

https://doi.org/10.1038/ncomms14690
https://doi.org/10.1038/ncomms14690
https://doi.org/10.1111/pce.13651
https://doi.org/10.1111/pce.13651
https://doi.org/10.1016/j.molp.2022.01.008
https://doi.org/10.1104/pp.17.01404
https://doi.org/10.1104/pp.17.01404
https://doi.org/10.1093/plphys/kiae174
https://doi.org/10.1093/jxb/ery039
https://doi.org/10.1016/j.plantsci.2015.07.027
https://doi.org/10.1073/pnas.2026786118
https://doi.org/10.1073/pnas.2026786118
https://doi.org/10.1111/tpj.13881
https://doi.org/10.3390/ijms21082796
https://doi.org/10.3390/ijms21082796
https://doi.org/10.1007/s11103-015-0395-x
https://doi.org/10.3389/fpls.2017.01727
https://doi.org/10.3389/fpls.2017.01727
https://doi.org/10.1002/adbi.202200238
https://doi.org/10.1002/adbi.202200238

	Advances in seed hypoxia research
	Introduction
	Oxygen deficiency is the normal condition in developing seeds
	What specific structures determine and limit the access of gaseous oxygen to the developing seed?
	What do we know about low-oxygen sensing/signaling in developing seeds?
	Primary effects of hypoxia during seed development
	Mitochondrial pathways
	Glycolysis and fermentation

	Do quiescent seeds require oxygen or is it better for them to avoid oxygen?
	Waterlogging and flooding lead to seed hypoxia
	Understanding how rice can germinate under water
	Hypoxia can induce secondary dormancy in seeds
	Involvement of the N-degron pathway in seed germination
	Can microbiota support seed germination under submergence?
	Future perspectives
	Author contributions
	Funding
	References




