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climatic change (The Intergovernmental panel on climatic 
change http://www.ipcc.ch/). In this context, plants are 
threatened by a reduction of the availability of oxygen, dur-
ing more or less prolonged periods, due to the slower diffu-
sion of oxygen through water and continuing competition 
for oxygen with respiring microorganisms (Jackson 1985; 
Drew 1997). Under hypoxic conditions, oxygen concentra-
tion in the cells becomes too low to support aerobic res-
piration, resulting in energy deficit and ultimately cell and 
tissue death, particularly in plants that are not adapted to 
flooding and waterlogging (Jackson and Armstrong 1999; 
Gout et al. 2001; Bailey-Serres and Voesenek 2008; Bailey-
Serres et al. 2012; Licausi 2013). Major disorders caused 
by low oxygen stress are related to energy crisis caused 
by the inhibition of mitochondrial oxidative phosphoryla-
tion and subsequent reduction in ATP production. Thus, 
available energy becomes insufficient to meet the needs 
of energy-demanding biological processes (Greenway and 
Gibbs 2003). One of the major consequences of the short-
age in ATP is an impaired functioning of the plasma mem-
brane H+ pumping ATPase that contributes to hypoxia-
induced acidification of the cytoplasm (Felle 2006).

Adaptation of the metabolism of plants to low oxygen 
stress is generally considered in terms of anaerobic car-
bon metabolism in relation to glycolysis, fermentation and 
energy homeostasis as illustrated by the numerous articles 
further cited in the introduction of this review. However, 
although only alanine aminotransferase (AlaAT) was found 
among the core hypoxia-response genes in Arabidopsis 
(Mustroph et al. 2009), nitrogen metabolism was shown 
to contribute cellular acclimation to low oxygen stress 
in plants (Bailey-Serres et al. 2012; Bailey-Serres and 
Voesenek 2008). The present review considers the effect of 
low oxygen stress on several processes related to N metab-
olism, i.e., nitrate absorption, nitrate and nitrite reduction, 
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Introduction

Flooding and waterlogging due to heavy rainfall are 
expected to become more frequent as a consequence of 
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nitric oxide (NO) production, ammonium assimilation and 
amino acids metabolism and their contribution to low oxy-
gen stress tolerance.

Cross-kingdom comparison of transcriptomic adaptation 
to low oxygen stress showed that changes associated with 
glycolysis, fermentation and alternative respiration prob-
ably aimed at limiting damaging effects of energy crisis 
are among the conserved responses shared by 21 organisms 
from four kingdoms, Plantae, Animalia, Fungi and Bacte-
ria (Mustroph et al. 2010). Survey of 19 translatomes and 
three transcriptomes specific to various cells populations 
and organs of Arabidopsis exposed to a brief period of 
hypoxia identified a group of 49 genes that are prioritized 
for translation across cell types of both shoots and roots 
(Mustroph et al. 2009). Several genes among these 49-core 
hypoxia-responsive genes encode proteins associated with 
reconfiguration of metabolism to increase substrate level 
ATP production and fermentation for NAD+ regeneration, 
i.e., sucrose synthase (SUS4), putative pyrophosphate-fruc-
tose-6-phosphate 1-phosphotransferase (PFP), pyruvate 
decarboxylase (PDC1 and PDC2), alcohol dehydrogenase 
(ADH1) and putative lactate transporter (Mustroph et al. 
2009). Concerted activation of both glycolysis and alco-
holic fermentation allows for ATP production and NAD+ 
regeneration to maintain glycolysis (Albrecht et al. 2004; 
Ismond et al. 2003; Kursteiner et al. 2003; Drew 1997). As 
an energy-saving strategy SUS is used instead of invertase 
to funnel hexose to glycolysis and PPi-dependent enzymes 
are preferred to ATP-dependent enzymes, PFP is used 
instead of phosphofructokinase (PFK) for fructose-1-6-bis-
P synthesis and pyruvate phosphate dikinase (PPDK) is 
used instead of pyruvate kinase (PK) for pyruvate synthesis 
(Liu et al. 2005b; Narsai et al. 2009).

Unlike animals and microorganisms, direct oxygen 
sensing has not been found in plants. Instead it is thought 
that oxygen availability in plants is sensed via changes in 
redox status (NADH/NAD ratio), reactive oxygen species 
(ROS), NO, and energy status of the cell (ATP content). 
It is only recently that the N-end rule pathway (NERP) 
for protein destabilization described first in animals (Hu 
et al. 2005) was proposed as an indirect mechanism for 
oxygen sensing in plants (Gibbs et al. 2011; Licausi et al. 
2011). Transcription factors RAP2.2, RAP2.12, HRE1 and 
HRE2 of the group-VII Ethylene Response Factors (ERF) 
revealed as key players in the regulation of low oxygen 
stress-responsive genes by experiments aiming at compre-
hensive insight into Arabidopsis transcriptome/translatome 
responses to hypoxia and anoxia proved to be subjected to 
oxygen-dependent posttranslational modification through 
the NERP for protein degradation (Licausi et al. 2010, 
2011; Gibbs et al. 2011). Taking into account the fact that 
RAP2.2 and RAP2.12 are constitutively expressed while 
HRE1 and HRE2 are induced by hypoxia, it was proposed 

that as cellular oxygen concentration decrease, constitu-
tively expressed RAP2.2 and RAP2.12 escape posttrans-
lational modification and N-end rule-mediated proteolysis. 
They are transported to the nucleus where they switch on 
hypoxia response by stimulating the expression of sec-
ondary ERFs such as HRE1 and HRE2 that stimulate the 
expression of sets of downstream hypoxia-response genes 
(Sasidharan and Mustroph 2011; Licausi et al. 2013). Upon 
re-oxygenation, both constitutively expressed and hypoxia-
induced group VII ERFs are destabilized.

RAP2.12 is constitutively expressed throughout the 
entire plant and further up-regulated by hypoxia but not by 
the ethylene precursor 1-aminocyclopropane 1-carboxylic 
acid (ACC) (Licausi et al. 2011). RAP2.2 is also constitu-
tively expressed with high expression in the roots and weak 
expression in the shoots where it is induced by darkness 
(Hinz et al. 2010). ACC and ethephon treatments as well 
as studies on ethylene signal transduction mutants showed 
that RAP2.2 is induced by ethylene and functions in an 
ethylene-controlled signal transduction pathway (Hinz 
et al. 2010). HRE1 and HRE2 were shown to be hypoxia 
inducible genes (Licausi et al. 2010), however, while HRE2 
was insensitive to ethylene, HRE1 was induced by ethylene 
(Hess et al. 2011) or by ACC (Yang et al. 2011) under aero-
bic condition and showed hyper-induction when ACC treat-
ment was combined to hypoxia (Yang et al. 2011).

Genes of anaerobic carbon metabolism and energy 
homeostasis that proved to be important for survival of low 
oxygen stress were shown to be under the control of group-
VII ERFs. Arabidopsis mutants ate1/ate2 and prt6 affected 
in NERP exhibited constitutive expression of more than 
half of the 49 core hypoxia-induced genes among which 
several are representatives of anaerobic carbon metabolism 
ADH1, PDC1, SUS1, SUS4. It is important to note that the 
expression of these genes under aerobic condition was as 
high as that in wild type under anaerobic condition (Gibbs 
et al. 2011). In Arabidopsis seedlings, overexpressing 
RAP2.2 (Hinz et al. 2010) or its closest homolog RAP2.12 
(Licausi et al. 2011) anaerobic carbon metabolism genes 
were strongly induced during low oxygen stress; changes 
in gene expression were accompanied by improved survival 
of the seedlings to flooding-induced low oxygen stress. 
Microarray analysis followed by quantitative RT-PCR for 
the comparison of genes induction by hypoxia treatment 
in wild type and Arabidopsis silenced in both RAP2.2 and 
RAP2.12 showed a reduced induction of anaerobic car-
bon metabolism genes in miRNA lines and confirmed that 
these transcription factors are required for the regulation 
of hypoxia-induced genes (Licausi et al. 2011; Hinz et al. 
2010). Interestingly, the overexpression of RAP2.2 and 
RAP2.12 did not affect the expression of hypoxia-induced 
genes when seedlings were grown under aerobic condition 
indicating that additional mechanisms interfere with the 
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signaling pathway controlled by these transcription factors. 
In fact, it was shown that RAP2.12 and RAP2.2 are submit-
ted to posttranslational modification that leads to their deg-
radation through NERP under aerobic condition (Licausi 
et al. 2011).

Transcriptome analysis of Arabidopsis lines overex-
pressing HRE1 and HRE2 in comparison with the wild 
type under aerobic and hypoxic conditions showed that 
overexpression of HRE1, but not HRE2, increased the 
induction of most anaerobic genes under hypoxia (Licausi 
et al. 2010). By quantitative PCR analysis, the authors 
showed that overexpression of HRE1 enhanced the effect 
of hypoxia on the expression of a significant subset of 
anaerobic carbon metabolism genes, e.g., ADH1, SUS1 
and SUS4. Only the expression of ADH1 was higher in 
the HRE1 overexpressing line than that in wild type, under 
aerobic conditions. The role of HRE1 in low oxygen stress 
was confirmed in Arabidopsis RNAi knockdown mutants 
(hre1), which showed reduced hypoxic induction of glyco-
lytic and fermentative genes (Yang et al. 2011). However, 
in the study of Licausi et al. (2010) null mutants affected 
in either HRE1 (hre1) or HRE2 (hre2) were not impaired 
in the expression of hypoxia marker genes while the dou-
ble mutant (hre1/hre2) showed a drastic decrease in the 
expression of maker genes after the onset of hypoxia. It 
was therefore proposed that HRE1 and HRE2 play a par-
tially redundant role in low oxygen signaling in Arabidop-
sis, improving the tolerance of the plant to the stress by 
enhancing anaerobic genes expression and ethanol fermen-
tation (Hess et al. 2011; Licausi et al. 2010).

Transcription factors belonging to the sub-group VII 
of ERF family were shown to control strategies to survive 
flooding in rice. Two contrasted strategies: the ‘quiescence’ 
and the ‘escape’ strategy were very well dissected in low-
land and deepwater rice lines. The first strategy observed 
also in species like Rumex palustris naturally adapted to 
face rapid and complete submergence for few weeks, is 
triggered by an ERF of the sub-group VII, SUB1A (sub-
mergence tolerance) (Xu et al. 2006). Only few cultivars 
highly tolerant and able to survive up to 2 weeks of com-
plete submergence express SUB1A. SUB1A promotes the 
accumulation of two negative regulators of GA responses 
SLENDER RICE 1 (SLR1) and SLENDER RICE LIKE 1 
(SLRL1), heightens sensitivity to ABA and inhibits growth 
by inhibiting cell elongation thus decreasing metabolism 
and energy consumption. Another escape strategy observed 
in species like Rumex acetosa naturally adapted to pro-
gressive and long-term partial submergence consists in a 
SUB1A-independent enhanced stem internode or petiole 
elongation to allow at least part of the shoot to be above the 
surface of water. Shoot elongation under submergence con-
dition is triggered by ethylene signaling pathway and two 
ERFs of the sub-group VII, SNORKEL1 and SNORKEL2 

(SK1 and SK2) (Hattori et al. 2009). The increase in the 
active form of gibberellin (GA1) in the internodes follow-
ing submergence suggested GA biosynthesis as a target of 
SK signaling in the process of internode elongation. Sugar 
degradation, glycolysis and fermentation were increased 
in consequence to enable germination and growth under 
low oxygen condition (Hattori et al. 2009). In coleop-
tiles of rice growing under low oxygen the abundance of 
SUS4, enzymes involved in several steps of glycolysis, 
e.g., pyrophosphate (PPi)-Fru-6-P 1-phosphotransferase, 
Fructose-bisP aldolase, triosephosphate isomerase, glyc-
eraldehyde-3-phosphate dehydrogenase and enzymes of 
ethanolic fermentation, ADH1 and PDC1 increased sig-
nificantly compared to aerobic condition (Shingaki-Wells 
et al. 2011). Up-regulation of hypoxia-induced genes of 
sugar metabolism was mediated by the protein kinase 
CIPK15 (Calcineurin B-like protein kinase interfering pro-
tein kinase) that activated the stress sensor SnRK1A (sugar 
non-fermenting related protein kinase) thus connecting 
sensing of O2-deficiency signal to the flooding response of 
rice seedling (Lee et al. 2009).

Nitrate uptake and reduction

Several studies have shown that nitrate fertilization 
improves tolerance to hypoxia and more generally limits 
the effect of a stress caused by a lack of oxygen in the roots 
(Allègre et al. 2004; Morard et al. 2004; Horchani et al. 
2010). There is a paucity of data on nitrate uptake under 
oxygen-limiting conditions and published works on this 
topic are often contradictory. It was shown that in wheat 
N uptake from nutrient solutions containing either nitrate 
alone or nitrate plus ammonium decreases when there is a 
lack of oxygen in the rhizosphere (Buwalda and Greeway 
1989). Nitrate uptake by soybean was found to be lower 
under hypoxic conditions than under aerobic medium 
(Oliveira and Sodek 2013; Oliveira et al. 2013). In contrast, 
several studies showed that nitrate uptake by tomato plants 
increased under prolonged periods of root hypoxia (Morard 
et al. 2004; Horchani et al. 2010).

The beneficial effect of nitrate supply is probably exerted 
through the action of nitrate reductase (NR), a cytosolic 
enzyme that catalyzes NADH-dependent nitrate reduc-
tion into nitrite. Nitrate reduction may contribute to cellu-
lar acclimation to low oxygen deprivation by regenerating 
NAD+ from NADH. Accordingly, species tolerant to oxy-
gen deprivation exhibit higher NR activity than sensitive 
ones (Bailey-Serres and Voesenek 2008). Hypoxia-induced 
acidification of cytosolic pH may increase NR activity by 
virtue of its low pH optimum (Botrel and Kaiser 1997; Sto-
imenova et al. 2007). Both in tobacco and in tomato it has 
been shown that the absence or the decrease in NR activity 
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in genetically modified plants or following the addition of 
tungstate (a potent inhibitor of NR activity) enhances the 
symptoms of hypoxia. These symptoms are characterized 
by an increase in the production of both ethanol and lac-
tate accompanied by an accumulation of soluble sugar, an 
acidification of the cytosol, by plant epinasty chlorosis and 
a reduction in plant growth (Horchani et al. 2010; Stoi-
menova et al. 2003). Conversely, it was observed that maize 
seedlings supplied with nitrate during anoxia maintained a 
slightly higher cytosolic pH (Libourel et al. 2006).

The increase in NR activity in hypoxic roots is triggered 
by both transcriptional and posttranslational regulations. NR 
gene expression was shown to increase in response to root 
hypoxia in several plant species, e.g., Arabidopsis (Loreti 
et al. 2005), rice (Lasanthi-Kudahettige et al. 2007), tobacco 
(Botrel and Kaiser 1997; Stoimenova et al. 2007), and 
tomato (Allègre et al. 2004). In Cucumis sativus, hypoxic 
stress caused several-fold increases in the expression of 
PP2A, a gene encoding the phospho-NR phosphatase 
responsible of the activation of NR by dephosphorylation 
(Shi et al. 2008). Accordingly, NR was highly phosphoryl-
ated in aerated roots of hydroponically grown barley and 
largely inactive, whereas it was partly dephosphorylated and 
active in hypoxic or anoxic roots. Botrel and Kaiser (1997) 
observed that rapid anaerobic activation of the NR enzyme 
following the modification of its phosphorylation state was 
not triggered by changes in the pool of ATP and AMP, but 
rather triggered by altered cytosolic pH.

Nitrite reduction and nitric oxide production

Nitrite content increases in hypoxic tissue and significant 
amounts of nitrite were shown to be released in the exter-
nal medium by hypoxic roots or transported through xylem 
sap to the aerated shoots (Allègre et al. 2004; Morard et al. 
2004; Shi et al. 2008; Horchani et al. 2010). The accumula-
tion of nitrite under root hypoxia is the result of the inverse 
relationship between NR and nitrite reductase (NiR) activi-
ties: while NR is stimulated, in some cases NiR is partly 
inhibited slowing down the rate of nitrite reduction (Shi 
et al. 2008; Oliveira and Sodek 2013). However, nitrite is 
not only a byproduct of hypoxic N metabolism in the root, 
since it is thought that nitrite rather than nitrate per se is 
responsible of the beneficial effects of nitrate. Nitrite con-
centration in micromolar range was as effective as nitrate 
on the adjustment of cytosolic pH in maize roots exposed 
to anoxic conditions (Libourel et al. 2006). In Medicago 
truncatula RNAi transgenic lines impaired for NR1 and 
NR2 gene expression or in wild-type plants treated with 
tungstate, the reduction of hypoxia-induced NO production 
in the nodules was partly reversed by the addition of nitrite. 
This finding strengthens the hypothesis that nitrite rather 

than nitrate had a positive effect in hypoxic tissue (Hor-
chani et al. 2011). Since nitrite was effective at very low 
concentration, its role was suggested not to be restricted to 
the regeneration of NAD(P)+, but rather linked to a regula-
tory mechanism related to NO emission (Talwar et al. 2012; 
Ma et al. 2012; Zhang et al. 2007; Libourel et al. 2006).

If it is well established that nitrite in hypoxic tissue is 
preferentially used for NO synthesis rather than being 
channeled through the ammonium assimilatory pathway 
(Morard et al. 2004; Oliveira and Sodek 2013). The meta-
bolic pathway from which NO is produced from nitrite is 
still matter of debate. NO could be either produced in a 
two-step mechanism involving successively NR and elec-
tron transport chain (ETC) or only during the reaction 
catalyzed by NR. In M. truncatula nodules fed with nitrite, 
both pharmacological and genetic approaches showed that 
NO production was maintained in the absence of NR activ-
ity. This finding indicates that NO production is independ-
ent of NR activity and that the role of the NR enzyme is 
only to reduce nitrate. In the same set of experiments, the 
inhibition of mitochondrial ETC with rotenone, antimycin 
A, and myxothiazol blocked NO production both under 
normoxic and hypoxic conditions thus indicating that mito-
chondrial ETC was directly involved in the reduction of 
nitrite to NO (Horchani et al. 2011). Based on experiments 
performed on isolated plant mitochondria, it was proposed 
that nitrite is the acceptor of electrons generated by the oxi-
dation of NAD(P)H by the Ca2

+-sensitive NAD(P)H dehy-
drogenases located at the inner mitochondrial membrane 
surface involving Complex III (ubiquinone:cytochrome c 
reductase) or COX (complex IV) of the ETC. Thus, when 
NO is produced it contributes to ATP synthesis as the result 
of proton pumping at the sites of complex III or COX (Stoi-
menova et al. 2007; Planchet et al. 2005; Gupta and Igam-
berdiev 2011; Igamberdiev and Hill 2009; Igamberdiev 
et al. 2010; Benamar et al. 2008; Jacoby et al. 2012). This 
process called nitrite-NO respiration (NNR) necessitates 
the transport of nitrite from the cytosol into the mitochon-
drial matrix through a presently unknown transporter (Hor-
chani et al. 2011) (Fig. 1).

An alternative hypothesis is that nitrite may participate 
in NO emission by being reduced in the cytosol by NR 
(Sakihama et al. 2002; Yamasaki et al. 1999; Kaiser et al. 
2002). In shoots, it is unlikely that NR participates to NO 
production due to the high Km (100 mM) of the enzyme 
for nitrite and because NO emission is competitively inhib-
ited by nitrate (Rockel et al. 2002). However, NO emission 
could be induced in leaves exposed to hypoxia/anoxia in 
the dark or in detached leaves fed nitrite through the peti-
ole and maintained in the dark (Kaiser et al. 2002). Accord-
ingly, the inactivation of NR by maintaining the enzyme 
in its phosphorylated state by the inhibitors of PP2A 
decreased the rate of NO emission (Kaiser et al. 2002).
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The production of NO in plants could be a side reaction 
leading to a byproduct of N metabolism or a physiologi-
cally relevant reaction. After several years of investigation, 
it is believed that NO is perceived in plants as a ubiqui-
tous signal involved in diverse physiological processes 
including adaptive response to abiotic stresses (Besson-
Bard et al. 2008a, b). For example, in A. thaliana double 
knock out nia1-nia2 NR-deficient mutants were unable 
to produce NO when submitted to drought stress. In this 
mutant, the ABA-mediated NO production was dependent 
on ABA-induced H2O2 leading to a strong inter-relation-
ship between ABA signaling, endogenous H2O2 produc-
tion and NO-induced stomatal closure (Bright et al. 2006). 
In Nicotiana plumbaginifolia cell suspensions, NO donor 
promoted an increase in cytosolic free Ca2+ concentration, 
which was sensitive to intracellular Ca2+ channel inhibitors 
(Lamotte et al. 2004). It was also shown that in Vicia faba 
guard cells, NO selectively regulates Ca2+-sensitive ion 
channels by promoting Ca2+ release from cellular pools, 
thus raising cytosolic free cellular Ca2+ content (Garcia-
Mata et al. 2003). These few examples provide strong lines 
of evidence that hypoxia-induced NO could be involved in 
a signaling cascade that controls the adaptive response of 
plants to low oxygen availability. However, more research 

is required to identify the various components of this NO-
mediated signaling pathway and its interplay with NERP 
(Hu et al. 2005).

The other means by which NO could intervene in the 
response of plants to hypoxia is the capacity of this mol-
ecule to interact with metal-containing proteins (Igamber-
diev and Hill 2009). The interaction of NO with hemo-
globin (Hb) is not restricted to symbiotic LegHb. Genes 
encoding non-symbiotic Hb (class-1 Hb) were induced 
by low oxygen in flooded roots (Mustroph et al. 2009) 
and NO emission rates were much slower than NO pro-
duction (Planchet et al. 2005; Stoimenova et al. 2007). It 
was, therefore, proposed that Hb might scavenge NO in 
hypoxic tissues by catalyzing its turnover to nitrate, thus 
providing protection against deleterious nitrosative stress 
(Dordas et al. 2003a, b; Igamberdiev et al. 2004; Igam-
berdiev and Hill 2004) (Fig. 1). NO was shown to interact 
with Hb from different plant species in a Hb/NO cycle, in 
which the excess NAD(P)H is oxidized for the conversion 
of NO into nitrate (Hebelstrup et al. 2012; Besson-Bard 
et al. 2008b). When alfalfa plants overexpressing Hb were 
compared to wild type or to Hb-antisense plants, symptoms 
of hypoxia were improved, leading to a longer survival of 
the Hb overexpressors (Dordas et al. 2003a). NO emission 

Fig. 1  Simplified schematic representation of two possible path-
ways for NO production in hypoxic cells. Nitric oxide (NO) is either 
produced in the cytosol by a side reaction of nitrate reductase when 
NiR activity is lower under hypoxic condition and NO2

− accumu-
lates (pathway shown in red) or NO is produced in the mitochondrial 
matrix at levels of oxygen below saturation of cytochrome c oxidase 
(COX). NO2

− transported to the mitochondrial matrix through an 
unknown transport system serves as an alternative electron accep-
tor at the sites of complex III and COX. Electrons are generated by 

the action of Ca2
+-dependent mitochondrial NADH dehydrogenase 

that oxidizes NADH produced in the cytosol by glycolytic fermen-
tation and transferred to complex III through ubiquinone (Q) (path-
way shown in blue). In both cases, NO is assumed to be scavenged by 
oxyhemoglobin [Hb(Fe2

+)O2] through the Hb/NO cycle to regener-
ate NO3

− and metHb [Hb(Fe3
+)]. Oxyhemoglobin is regenerated by 

the spontaneous oxygenation of [Hb(Fe2
+)] due to its high affinity 

for oxygen. Scheme drawn by integrating data from Horchani et al. 
(2011), Igamberdiev et al. (2004, 2010) and Stoimenova et al. (2007)
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was 2.5-fold higher in Hb-silenced plants compared to Hb 
overexpressors, suggesting that in plants, Hb is involved 
in the response to hypoxia through the modulation of NO 
emission and the loss of N to the atmosphere (Dordas et al. 
2003a). Thus, an additional positive effect of Hb/NO cycle 
could be to limit N loss under NO emission when oxygen 
concentration in the medium is close to anoxia (below 
0.1 % O2) (Hebelstrup et al. 2012).

Amino acid metabolism

Amino acid metabolism is affected by oxygen and energy 
shortage, however, the role of accumulated amino acids 
under low oxygen stress is still elusive (Bailey-Serres and 
Voesenek 2008; Bailey-Serres et al. 2012). An interesting 
comparison of protein and metabolite profiling in response 
to low oxygen stress between rice and wheat coleoptiles 
showed in rice coleoptiles, but not in wheat coleoptiles 
increased abundance of a set of enzymes involved in ala-
nine, serine and glycine biosynthesis with the accumulation 
of these amino acids in rice coleoptiles (Shingaki-Wells 
et al. 2011). To test whether the accumulation of these 
amino acids is related to the tolerance of oxygen depriva-
tion in rice, the authors supplemented the medium used for 
rice and wheat growth with a combination of these amino 
acids. The results showed a positive effect of exogenous 
addition of a mix of three (Ser/Ala/Gly) or two (Ser/Ala) 
amino acids on wheat root tolerance of oxygen depriva-
tion thus indicating that their synthesis could be linked to 
rice anoxia/hypoxia tolerance (Shingaki-Wells et al. 2011). 
Metabolic and transcriptomic responses to oxygen avail-
ability in rice embryos and young seedlings are in agree-
ment with these findings showing that the changes in 
enzymes and amino acid contents are sustained by changes 
in expressions of corresponding genes (Narsai et al. 2009).

To get better insight into amino acid metabolism under 
low oxygen stress, we used publicly available A. thaliana 
microarray data related to oxygen deprivation. The data 
were obtained by several research groups in a variety of 
experimental setups differing in key determinants of oxy-
gen stress, i.e., O2 contents varying from 0 to 8 %, light 
conditions corresponding to continuous light, darkness 
or long as well as short day photoperiod. Conditions of 
application of oxygen stress included seedlings soaked in 
liquid nutritive medium bubbled with gas enriched in N2 
or plantlets growing on solid nutritive medium in sealed 
tanks gassed with defined gas compositions. All the nutri-
tive media were supplemented with sucrose, the concentra-
tion of sugar varied however from 0.5 to 3 %. Importantly, 
the RNA for microarray analyses was extracted from either 
whole seedlings roots or shoots. Although the experi-
mental conditions were very diverse, AlaAT (At1g17290) 

expression was ubiquitously stimulated under low oxygen 
stress. AlaAT was induced under various oxygen stresses 
and that is probably why AlaAT was the only nitrogen 
metabolism gene described among the 49-core hypoxia-
responsive genes expressed in various tissues of 7-day old 
Arabidopsis plantlets grown on solid medium and gassed 
for 2 h by argon (99.99 %) (Mustroph et al. 2009). AlaAT 
expression was similarly induced in Agrobacterium rhizo-
genes-induced hairy roots soaked in hypoxic (0.5 % O2) liq-
uid medium (Klok et al. 2002), in young seedlings soaked 
in hypoxic (3 % O2) (Liu et al. 2005a) or anoxic (90 % N2–
10 % H2) (Loreti et al. 2005) liquid medium and in plant-
lets grown on solid medium under anoxic (99.99 % argon), 
or hypoxic (1 or 1.5 % O2) atmosphere (van Dongen et al. 
2009; Hinz et al. 2010). Other nitrogen metabolism genes, 
without being ubiquitously overexpressed under low oxy-
gen stress, were more or less up-regulated in specific stud-
ies, e.g., glutamate dehydrogenase (GDH2; At5g07440), 
glutamate decarboxylase (GDC1; At5g17330) and gluta-
mate synthase (NADH-GOGAT; At5g53460). These were 
shown to be induced at early stages of stress (0.5–6 h) 
(Klok et al. 2002; Loreti et al. 2005) and inhibited when the 
stress lasted more than 20 h (Klok et al. 2002; Yang et al. 
2011). Aspartate aminotransferase (ASP2; At5g19550) was 
also among the induced genes in some studies (Loreti et al. 
2005; Van Dongen et al. 2009; Yang et al. 2011).

As transcription factors of group VII ERFs and NERP 
for protein degradation were shown to be involved in the 
induction of anaerobic genes (see “Introduction”), it was 
tempting to browse public transcriptomic data of Arabi-
dopsis mutants to gain further insight on the control of the 
expression of AlaAT under low oxygen stress. Comparison 
of the expression of the 49-core hypoxia-responsive genes 
in seedlings of wild-type Columbia and NERP mutants, 
ate1/ate2 and prt6, under air or brief hypoxia (2 h) revealed 
that unlike hypoxia marker genes, e.g., ADH1 (At1g77120), 
SUS4 (At3g43190) and PDC1 (At4g33070), AlaAT 
(At1g17290 and At1g72330) were not up-regulated under 
non-stress conditions and did not show stronger expression 
than in the wild type under low oxygen stress (Gibbs et al. 
2011). This result suggests that the regulation of AlaAT 
by low oxygen stress would be independent of NERP for 
oxygen sensing in plants. Unlike several hypoxic-respon-
sive genes, AlaAT did not show stronger induction under 
flooding condition in Arabidopsis lines overexpressing 
RAP2.12 (Licausi et al. 2011). Transcriptome analyses 
of Arabidopsis either overexpressing HRE1 and HRE2 or 
silenced in both genes (hre1/hre2) suggested that induction 
of AlaAT by hypoxia is not mediated by signaling path-
ways controlled by these transcription factors (Licausi et al. 
2010). However, the expression of AlaAT (At1g17290) 
was affected in RAP2.2-overexpressing (ox3) and Knock-
out (rap2.2-2) mutants (Hinz et al. 2010). AlaAT showed 
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the same profile of expression in the mutants as hypoxia 
marker genes ADH1 (At1g77120) and PDC1 (At4g33070); 
it was strongly overexpressed in the shoots of ox3 only 
under hypoxic-dark treatment but not under hypoxic-light 
or normoxic-dark treatments (see supplemental Figure 3 in 
Hinz et al. 2010). It was interesting to observe in the same 
experiment that RAP2.3 that also belongs to group VII 
ERFs was induced in a similar manner as AlaAT suggesting 
its involvement downstream RAP2.2. In total, these results 
indicate that a hypoxia-induced ethylene-dependent path-
way that involves RAP2.2 (with or without RAP2.3) cannot 
alone induce AlaAT and that other signals related to dark-
ness are also essential. The question we have asked is what 
might be this or these other signals. The duration of the 
hypoxic-dark treatment, 5 h is too short in our opinion to 
have induced sugar starvation syndrome particularly in the 
present case where the medium of culture contained 1.5 % 
sucrose. Two to three days of complete darkness were nec-
essary to induce a sugar starvation state and the expression 
of the sugar-sensitive gene GDH1 in dark-adapted Arabi-
dopsis (Melo-Oliveira et al. 1996). However, other signals 
related to the prolonged interruption of photosynthesis, 
for example disruption of energy homeostasis perceived 
via ATP/AMP ratio can reasonably be hypothesized. In 
Arabidopsis, markers of dark-induced (DIN) genes, DIN1 
(At4g35770) and DIN6 (At3g47340) were also induced by 
flooding/submergence stress in isolated mesophyll cells and 
whole plants. Fusion of putative promoter of Arabidopsis 
DIN6 to the luciferase (LUC) gene showed in transfected 
protoplasts that DIN6-LUC was activated by darkness and 
hypoxia/submergence within 3–6 h in a similar way to the 
endogenous DIN6 gene. Activation was abolished by the 
protein kinase inhibitor K252a suggesting the requirement 
of protein kinases in the response to these stress. Cell-
based functional screens revealed the specific activation 
of DIN6-LUC by two ubiquitously expressed members of 
the SnRK1 (Snf1-related protein kinase 1) group, KIN10 
(At3g01090) and KIN11 (At3g29160) but not by two other 
representatives of this group SnRK2 and SnRK3, despite 
their established protein kinase activities in osmotic and 
salt stress responses (Baena-González et al. 2007). Gene 
expression changes induced by 6 h of transient KIN10 
expression or hypoxia treatment in Arabidopsis protoplasts 
showed similar profiles. However, expression of AlaAT 
that was induced in dark and hypoxia-treated protoplasts 
was only slightly changed in KIN10 overexpressing proto-
plasts under normoxia. This supports the idea that AlaAT 
is under the control of convergent signaling pathways 
(Baena-González et al. 2007). In Fig. 2 we put forward the 
hypothesis of a cross-talk between hypoxia and darkness 
signaling pathways for the induction of AlaAT expression.  
This hypothesis is consistent with the observation that in 
flooded rice, CIPK15 [calcineurin B-like (CBL)-interacting 

protein kinase] controls the expression of ADH as a 
response to low oxygen stress through SnRK1A (Lee et al. 
2009).

Although only changes in the expression of AlaAT 
emerged from transcriptomic studies as part of a consistent 
and ubiquitous adaptation of primary metabolism to oxygen 
stress, metabolomic studies on several species showed that 
the effect of low oxygen stress on amino acid metabolism 
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Fig. 2  Summary of several pathways of regulation of nitrogen 
metabolism by low oxygen stress. Proposition of a hypothetical 
cross-talk between hypoxia- and darkness-induced signaling path-
ways for transcriptional regulation of AlaAT. Hypoxia-induced eth-
ylene-dependent pathway involving the transcription factor RAP2.2 
was shown to be effective in the induction of AlaAT expression in 
Arabidopsis shoots only when oxygen stress was associated with 
darkness (Hinz et al. 2010). Involvement of RAP2.3 downstream of 
RAP2.2 is questioned since its encoding gene showed the same pat-
tern of regulation as AlaAT under hypoxia-dark treatment in ox3 
(RAP2.2 over expressing line) (Hinz et al. 2010). KIN10/KIN11 
two members of the Snrk family were shown to mediate darkness 
and oxygen stress signal in Arabidopsis isolated mesophyll cells 
and whole plants (Baena-González et al. 2007). CIPK15 was shown 
to act through Snrk1A for the regulation of sugar fermentation in 
anoxic rice (Lee et al. 2009). Posttranslational regulation of GDC is 
triggered by hypoxia-induced increase in cytoplasmic (cyto) H+ and 
Ca2+ concentrations. Hypoxia-induced NO promotes Ca2+ release 
from cellular pools thus raising free cellular Ca2+ concentration 
(Garcia-Mata et al. 2003). GDC is activated by acidic pH and relieved 
from auto-inhibition by Ca2+/CAM complex (Bouché et al. 2004, 
2005). NR activity is increased by virtue of its low pH optimum 
(Stoimenova et al. 2007). Phosphorylation of GDH for decreasing its 
activity under hypoxic condition is hypothesized based on the post-
translational regulation of this enzyme in crayfish Orconectes virilis 
(Dawson and Storey 2012)
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goes beyond alanine accumulation (Bailey-Serres and 
Voesenek 2008; Bailey-Serres et al. 2012). It has been sug-
gested that the adaptive response of amino acid metabo-
lism to hypoxic stress consists of a concerted modulation 
of the flux of organic N going through glutamate and ala-
nine (Limami et al. 2008). Consequently, ATP-consuming 
pathways such as those involved in glutamine and aspara-
gine biosynthesis are down-regulated in favor of alanine 
and GABA that generally accumulate, representing the 
major pool of organic N (Ricoult et al. 2005; Rocha et al. 
2010; Bailey-Serres and Voesenek 2008; Narsai et al. 2009). 
Therefore, it is very likely that modulation of amino acid 
pathways is the result of posttranslational regulation. It has 
been shown that GDC activity is responsive to variations in 
cytoplasmic H+ and Ca2+ concentrations that both increase 
under hypoxia (Fig. 2). GDC activity increases as the cyto-
plasmic pH declines and decreases when the pH again 
reaches its normal level (Carroll et al. 1994). Furthermore, 
GDC is relieved from auto-inhibition by the Ca2+/Calmodu-
lin complex (Bouché et al. 2004, 2005). Decarboxylation of 
glutamate by GDC is part of the GABA shunt that involves 
the reactions catalyzed by the enzymes GABA-Transami-
nase (GABA-T) and succinic semialdehyde dehydrogenase 
(SSADH). The GABA shunt contributes to cellular pH-stat 
since glutamate decarboxylation is a proton consuming 
reaction that increases the pH (Drew 1997; Greenway and 
Gibbs 2003). In the freshwater crayfish Orconectes virilis, 
GDH was shown to be phosphorylated under oxygen-limit-
ing conditions leading to a reduction of the enzyme activity 
to cut the bridge between C and N assimilatory pathways 
until the fish return to normoxia (Dawson and Storey 2012). 
If such a posttranslational regulatory mechanism could be 
effective in plants (Fig. 2), it would explain the discrep-
ancy between the increase in GDH1 gene expression and 
the decrease in in vivo enzyme activity in M. truncatula 
seedlings under hypoxia (Limami et al. 2008). Induction of 
GDH1 was interpreted as anticipation on the return to aero-
bic conditions during which the enzyme could regenerate 
2-oxoglutarate by deaminating glutamate during the post-
stress recovery period (Limami et al. 2008). It has been sug-
gested that a return to aerobic conditions can be anticipated 
in plants subjected to hypoxic stress by expressing genes for 
which their translational products have important biological 
functions during the subsequent period of recovery (Drew 
1997). AlaAT activity was measured in vivo by feeding M. 
truncatula seedlings with either 15N-glutamate or 15N-ala-
nine. Under aerobic condition AlaAT catalyzed a reversible 
reaction, however, under hypoxic condition AlaAT activ-
ity was exclusively directed towards alanine biosynthesis 
using glutamate as amino-N donor and the reverse reaction 
of glutamate synthesis, using alanine as amino-N donor, 
was inhibited thus suggesting a posttranslational regulation 
(Ricoult et al. 2006).

Conclusion and perspectives

The present review aimed at showing how nitrogen metab-
olism intervenes in the ability of plants to mitigate detri-
mental effects of low oxygen stress at cellular level. It 
was deliberately focused on domains where research is 
currently in progress like NO production and amino acid 
metabolism. In these two areas there are interesting ques-
tions waiting for further investigation.

As to nitrate/nitrite reduction and NO production, it 
seems crucial to determine the mode of transport of nitrite 
into the mitochondria for better understanding the con-
tribution of nitrite-NO respiration to the amelioration of 
energy crisis and unraveling the controversy on respective 
roles of mitochondrial ETC and cytosolic NR in the pro-
duction of NO.

Concerning the modulation of amino acid synthesis as 
an adaptation to the decrease in oxygen availability, a thor-
ough investigation of transcriptional and/or posttransla-
tional regulation of key enzymes is challenging with regard 
to the recent breakthrough in deciphering oxygen sensing 
and signaling through NERP for protein degradation and 
the involvement of ERF transcription factors of the group 
VII as major players in the organization of the metabolic 
response. Based on the results of Baena-González et al. 
(2007) and Hinz et al. (2010), it is tempting to hypothesize 
that AlaAT is regulated by two convergent signaling path-
ways (Fig. 2). Consistently being under the control of two 
convergent signaling pathways may explain why AlaAT, 
that is under the control of RAP2.2, a substrate of NERP, 
was not constitutively expressed in Arabidopsis knockout 
mutants ate1, ate2 and pr6, unlike anaerobic marker genes 
ADH1, PDC1 and SUS1/4. The idea that other mechanisms 
through or together with NERP are responsible for toler-
ance of plants to variations in oxygen was proposed and 
suggested to be the most challenging aspect in this field 
(Licausi et al. 2013). Therefore, dissecting hypoxia and 
darkness signaling pathways in Arabidopsis shoots seems 
an opportunity for deciphering how NERP through RAP2.2 
interacts with another signaling pathway, namely darkness 
through KIN10/KIN11, for regulating one of the aspects of 
metabolic response to oxygen deprivation (Fig. 2).

Finally, the hypothesis of GDH posttranslational regu-
lation by phosphorylation deserves to be challenged; it is 
very likely that the activity of this enzyme needs a fine-
tune regulation for the rapid switch from inhibited to active 
state during transition from low oxygen stress to post-stress 
recovery period. Our hypothesis is that carbon stored in 
the form of alanine during low oxygen stress is mobilized 
through an AlaAT/GDH cycle; pyruvate and glutamate 
are generated by AlaAT from alanine and 2-oxoglutarate, 
pyruvate is funneled to the Krebs cycle, while the oxidative 
deamination of glutamate by GDH restores 2-oxoglutarate 
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for maintaining the cycle and generates NADH which, on 
oxidation, produces energy.
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