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Summary

Themajor consequence of hypoxia is a dramatic reduction in energy production. At the onset of

hypoxia, both oxygen and ATP availability decrease. Oxygen and energy sensing therefore

converge to induce an adaptive response at both the transcriptional and translational levels.

Oxygen sensing results in stabilizationof the transcription factors that activatehypoxia-response

genes, including enzymes required for efficient sugar metabolism, allowing plants to produce

enough energy to ensure survival. The translation of the resultingmRNAs ismediated by SnRK1,

acting as an energy sensor. However, as soon as the sugar availability decreases, a homeostatic

mechanism, detecting sugar starvation, dampens the hypoxia-dependent transcription to

reduce energy consumption and preserves carbon reserves for regrowth when oxygen

availability is restored.

I. Introduction

In the absence of oxygen (hypoxia), the production of ATP in
mitochondria is hindered because the oxidation of NADH to
NAD+ cannot occur. This leads to an accumulation of NADH
and a shortage of NAD+, which can, eventually, lead to
inhibition of glycolysis. During hypoxia, production of ATP
through glycolytic flux is indeed of the utmost importance, and
oxidation of NADH to NAD+ occurs as a result of the
hypoxia-dependent induction of genes encoding fermentative
enzymes (Perata & Alpi, 1993). Initially, pyruvate, the end-

product of glycolysis, is converted to lactate by the action of
lactate dehydrogenase (LDH), with concomitant re-oxidation of
NADH to NAD+. However, the lowering of cytosolic pH due
to lactic acid accumulation redirects the fermentative pathway
towards ethanol production, allowing continued recycling of
NAD+ through the combined action of pyruvate decarboxylase
(PDC) and alcohol dehydrogenase (ADH) (Perata & Alpi
1993). The onset of hypoxic conditions in plant tissues is
therefore characterized by a drop in ATP availability due to the
absence of mitochondrial ATP production, followed by a
readjustment of glucose metabolism (Fig. 1). The availability of
sugars to fuel glycolysis is also of primary importance for plant
survival during submergence (Loreti et al., 2018). However, the*These authors contributed equally to this work.
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induction of sugar-utilizing enzymes under hypoxia is an
energy consuming process that needs to be fine-tuned to avoid
an imbalance between energy consumption and production.

In this review, we will describe the most recent discoveries that
demonstrate the interaction of energy and sugar signaling with
oxygen sensing.
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II. The onset of hypoxia: energy crisis and oxygen
sensing

Plants respond rapidly to a lack of oxygen through transcription of
hypoxia regulated genes (HRGs); this process is clearly evident as
early as 40 min after the onset of anoxia (Loreti et al., 2005; van
Dongen et al., 2009).HRGs are transcriptionally activated (Gasch
et al., 2016) by proteins belonging to the group VII Ethylene
Responsive Factors (ERF-VII; see Fig. 1) that are unstable under
aerobic conditions because of the action of PLANT CYSTEINE
OXIDASEs (PCOs; Weits et al., 2014) but are stabilized under
hypoxia, since PCOs require molecular oxygen for their activity
(Gibbs et al., 2011; Licausi et al., 2011;Weits et al., 2014). Among
ERF-VII proteins, RAP2.12 and RAP2.2 play a redundant role
(Kosmacz et al., 2015). ERF-VII proteins are protected from
degradation in aerobic conditions by interaction at the plasma
membrane with ACYL-COABINDINGPROTEIN (ACBP). It is
believed that induction of HRGs is triggered by the combined
action ofRAP2.12 that is released fromACBPand de novo synthesis
of RAP2.12 (Licausi et al., 2011; Kosmacz et al., 2015). Although
the induction of HRGs occurs within 1 h of hypoxia, RAP2.12
localization in the nucleus is obvious only after 3 h (Kosmacz et al.,
2015). This could be explained by a faster nuclear re-localization of
RAP2.2/RAP2.3, or by the fact that only a small amount of
RAP2.12 is required for the transcription ofHRGs (Kosmacz et al.,
2015). Although the contribution of de novo synthesized ERF-VII
compared to the release of ERF-VII from ACBP is still unresolved,
it was recently demonstrated that the drop inATP content in plants
exposed to hypoxia represents a trigger for RAP2.12 release from
ACBP. In Arabidopsis, it has been observed that within 2 h of the
onset of hypoxia, the ATP content starts to decrease (Schmidt et al.,
2018). Lower ATP levels reduce the activity of LONG-CHAIN
ACYL-COA SYNTHETASE (LACS), leading to a shift in the
composition of the acyl-CoA pool (Schmidt et al., 2018).
Interestingly, the increased hypoxia-dependent level of oleoyl-
CoA triggers the release of RAP2.12 from ACBP and consequently
activates HRG transcription (Schmidt et al., 2018). This evidence
provided a remarkable first link between energy sensing (ATP level)
and the activation of the oxygen signaling cascade. The release of
ERF-VII from ACBP probably requires up to 4 h of hypoxia, since
this is the time required to observe a 50% reduction inATP content
in the cell, a decrease that is probably required to significantly

inhibit LACS activity (Schmidt et al., 2018). Reduction by 50% of
the ATP level by chemical inhibition of mitochondrial activity
could onlymoderately induce someHRGs, therefore, together with
the oleoyl-CoA-dependent release ofRAP2.12 fromACBP, de novo
ERF-VII synthesis is therefore likely required for a full anaerobic
response at the transcriptional level.

III. During hypoxia: enhanced sugar utilization
followed by sugar starvation

The hypoxia-dependent RAP2.12 stability and translocation to the
nucleus leads to the transcription of HRGs, several of which are
involved in carbohydrate utilization (Fig. 1). TheERF-VII proteins
thus regulate central metabolic processes to support growth,
development, and anoxic resistance of plants (Paul et al., 2016).
Remarkably, it is not only important that hypoxia stabilizes the
ERF-VII proteins, but also that under aerobic conditions these
transcription factors are actively degraded. The expression ofHRGs
under aerobic conditions is indeed detrimental to plant perfor-
mance. Under normoxia, overexpression of a version of RAP2.12
(namedD-RAP2.12) that is constitutively expressed and stable even
under aerobic conditions resulted in enhanced expression of several
HRGs and led to increased activity of fermentative enzymes. This
led to the accumulation of fermentation products even in air, which
were accompanied by decreased adenylate energy states and, most
importantly, decreased starch levels. This indicates that the HRGs
induced by ERF-VIIs are deeply involved in carbohydrate
consumption. Plants overexpressing D-RAP2.12 exhibit decreased
carbohydrate reserves and also decreased resistance to anoxia, while
the latter can be prevented by using an external sucrose supply (Paul
et al., 2016). Interestingly, very young seedlings overexpressing D-
RAP2.12 were shown to be more tolerant to anoxia, possibly
because they still depend on the sugar supply of the seed’s
cotyledons (Hartman et al., 2019).

As already described above, an adequate sugar supply is of great
importance for plants’ tolerance to hypoxia. An external supply of
sugars, especially sucrose, improves anoxia tolerance (Loreti et al.,
2005), and plants deprived of starch reserves are extremely
intolerant to submergence (Loreti et al., 2018).

Sugar availability needs to be coupled to the induction of specific
HRGs that are involved in sugar and fermentative metabolism to
enhance tolerance to hypoxia. Given that the expression ofHRGs is

Fig. 1 Interplay between the oxygen sensingmachinery and sugar signaling pathways. (a) Under normoxia, sugar metabolism occurs with starch degradation
producing sugars that are initially channeled to glycolysis, followed bymitochondrial respiration. This latter pathway requires molecular oxygen and produces
most of the ATP. In the presence of oxygen the expression of hypoxia responsive genes (HRGs) is absent, since Plant CysteineOxidases (PCOs) enzymatically
oxidize the N-terminal cysteine of ERF-VII transcription factors, leading to their proteasomal degradation. Some ERF-VII protein is stable even in normoxia,
thanks to its binding to ACYL-COA BINDING PROTEIN (ACBP), which is located at the plasma membrane. (b) At the onset of hypoxia (early hypoxia), the
reduced availability of oxygen leads to impairment of themitochondrial activity producing ATP. SomeATP is still produced though glycolysis, but a drop in the
ATPcontent soonoccurs. This leads to reducedLACSactivity, alteredAcyl-CoAcomposition (i.e. increasedC18:1CoA/C16:0CoA ratio) and releaseof theERF-
VII proteins fromACBP.Denovo synthesis of ERF-VIIs alsooccurs,whichare stableunderhypoxia, since in theabsenceofoxygenPCOscannotoxidize theERF-
VII N-terminus. The stable ERF-VII proteins migrate to the nucleus, where they activateHRG transcription. AmongHRG-encoded proteins, PDC and ADH are
required for the fermentative steps required to allow continued glycolytic activity. (c) Approximately 12 h after the onset of dark hypoxia, most of the starch
available in the cell is consumed (late hypoxia). Glycolysis slows down and the expression of HRGs involved in glycolysis and fermentation are no longer
required. Carbon starvation occurs and represses the action of the ERF-VII, dampening the transcription of HRGs. Translocation of the a-subunit of SnRK1
activates starvation-dependent genes such as the SnRK1 targetDARK INDUCED6 (DIN6), possibly by activating the bZIP transcription factors, such as bZIP11,
involved in regulation of this gene. ADH, ALCOHOL DEHYDROGENASE; HRG, hypoxia responsive genes; PDC, PYRUVATE DECARBOXYLASE.
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a costly process, plants also need to ensure that the synthesis of
sugar catabolic enzymes occurs only when the carbohydrate
reserves are sufficient to guarantee enough energy production to
repay the debt and provide extra ATP for driving survival-related
processes. Loreti et al. (2018) showed that the expression ofHRGs
increases sharply at the onset of hypoxia, peaks after 12 h, and then
declines. The reduction in HRG expression during late hypoxia
(Fig. 1) coincides with the consumption of most of the sugar
reserves in the plant, and it was indeed found that expression of
HRGs is much reduced in a starchless mutant or after an extended-
night treatment (Loreti et al., 2018). Sugar starvation thus appears
to trigger a marked dampening of the efficacy by which ERF-VII
proteins activate the expression of HRGs. This happens down-
stream of RAP2.12 stabilization and independently of the energy
sensor SnRK1 (which is described in the forthcoming paragraph).
The fact that carbon starvation after extended-night treatment has
negligible effects on the ATP level supports the idea that the
starvation effects are independent of SnRK1 (Wagner et al., 2019).
Dampening the anaerobic response by carbon starvation ensures
that the HRG expression matches the availability of metabolic
carbohydrates, without unnecessary costs for the transcriptional
and translational machinery.

IV. Energy sensing under hypoxia

The highly-conserved animal AMP-activated protein kinase
(AMPK), yeast sucrose non-fermenting 1 (SNF1) and the plant
SNF1 related protein kinase 1 (SnRK1) function as cellular energy
sensors that modulate the metabolic processes and repression of
energy consumption under energy crisis (Baena-Gonzalez et al.,
2007; Polge & Thomas, 2007). AMPK, SNF1 and SnRK1 are
heterotrimeric enzymes comprising a catalytic a subunit and
regulatory b and c subunits. The reversible phosphorylation of a
subunit T-loop threonine (Thr175 in the Arabidopsis SnRK1 a1
isoform, and Thr176 in a2) is critical for SnRK1 activity (Crozet
et al., 2014). During hypoxia, the suppression of aerobic respiration
leads to energy starvation, resulting in the activation of SnRK1
(Branco-Price et al., 2008; Cho et al., 2012, 2016). However,
SnRK1 is an atypical AMPK, and it could not bedirectly activated by
ADP or AMP, as in the cases of AMPK and SNF1 (Sugden et al.,
1999; Emanuelle et al., 2015). SnRK1appears to sense energy charge
primarily through high energy sugar phosphates, especially tre-
halose-6 phosphate (T6P), whose concentration is high under high
sugar, high energy conditions. T6P directly binds to the SnRK1 a
subunit and interferes with its T-loop phosphorylation by upstream
kinases (Geminivirus Rep interacting kinase 2 and 1) to inhibit the
activity of SnRK1 (Zhang et al., 2009; Zhai et al., 2018). Notably,
the level of T6P is reduced under submergence in Arabidopsis (Cho
et al., 2016), suggesting that SnRK1 could be de-repressed by the
reduction of T6P under hypoxia (Fig. 2). However, under
submergence SnRK1 was activated earlier than the decline in T6P
(Cho et al., 2016), indicating that there could be other factors
coordinately activating SnRK1 under hypoxia.

More recently, the catalytic a subunit of SnRK1 was shown to
have independent activity and to translocate into the nucleus by
releasing from the restriction of the b subunit in the cytosol under

low energy conditions (Cho et al., 2012; Ramon et al., 2019),
suggesting that the translocation of the a subunit may be involved
in energy sensing under hypoxia. The role of the b subunit under
hypoxia remains unclear. There are four b subunit genes in
Arabidopsis. b1 and b2 were N-myristoylated and were detected in
the plasma membrane, and the bc and b3 subunits were not N-
myristoylated and were detected in the nucleus and cytosol (Pierre
et al., 2007; Ramon et al., 2019). N-myristoylation is known to
mediatemembrane association, and the knock-out mutant of main
N-myristoyl transferase was shown to have increased SnRK1
activity in the soluble fraction (including the nucleus and cytosol)
(Pierre et al., 2007), which also raises the possibility that the a
subunit of SnRK1 dissociates from N-myristoylated b subunits
under energy starvation. Collectively, these findings suggest an
energy sensing mechanism under hypoxia whereby SnRK1 is
activated via the turnover of metabolites caused by low energy,
including the reduction of T6P, and translocated into the nucleus
to activate the transcription of genes involved in the energy-stress
responses under hypoxia, such as DARK INDUCED 6 (DIN6)
(Ramon et al., 2019; Fig. 2).

V. Control of translation under hypoxia by SnRK1

Protein synthesis in cells requires a significant amount of energy.
Under hypoxia, general translation is repressed, especially cap-
mediated translation (Branco-Price et al., 2008; Juntawong et al.,
2014). Based on the functional conservation of SnRK1 andAMPK,
it has been proposed that the SnRK1-Target of Rapamycin (TOR)
relay mediates the repression of mRNA 50 capping dependent
translation. When AMPK represses the activity of TOR, eIF4E
binding protein (4E-BP), which was not phosphorylated by TOR,
can compete with eIF4G for eIF4E binding to repress the cap-
mediated translation (Hardie, 2011). Due to their small size and
low abundance, 4E-BP-like identification in plants might prove
difficult (Schepetilnikov & Ryabova, 2017).

However, a set of mRNAs of genes functioning in energy
generation and stress adaption can bypass the translational repression
via eIFiso4G1 phosphorylated by SnRK1 under hypoxia (Cho et al.,
2019). The eIFiso4Gs belonging to the eIF4G family are plant-
specific eIF4Gs. In Arabidopsis, there are two eIFiso4G genes,
eIFiso4G1 and eIFiso4G2, and one eIF4G gene (Lellis et al., 2010;
Browning & Bailey-Serres, 2015). Compared to eIF4G, eIFiso4G
lacks an N-terminal domain, but it has two HEAT domains, which
allows it to bind to eIFiso4E and eIF4A to form the eIFiso4F (Cheng
& Gallie, 2007). Under hypoxia, eIFiso4G1 is the dominant
regulator in translational regulation, although both eIFiso4Gs are
SnRK1 targets (Cho et al., 2019). Phosphorylation of eIFiso4G1 by
SnRK1 has been shown to result in the enrichment of specific
mRNAs – including mRNAs of genes involved in fermentation,
sucrose degradation, and fatty acid biosynthesis – being translated
under hypoxia (Cho et al., 2019). Interestingly, genes involved in
fermentation and sucrose degradation were also shown to have
higher chromatin accessibility and ribosome association under
hypoxia (Lee & Bailey-Serres, 2019; Reynoso et al., 2019),
indicating that specific genes related to energy production were
ensured to be transcribed and translated under hypoxia.
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To enhance the translation of specificmRNAs, eIFiso4G1, which
is phosphorylated by SnRK1, is able to recognize the 50 untranslated
region (50UTR) of ADH1 (Cho et al., 2019), a region providing
effective translation of mRNA in maize, rice, and Arabidopsis
(Bailey-Serres & Dawe,1996; Mardanova et al., 2008). In addition,
eIF4G can complement eIFiso4G function in vitro (Gallie &
Browning, 2001) and contains SnRK1 recognized phosphorylation
sites, suggesting that the eIF4G family is involved in SnRK1-
mediated translational regulation under hypoxia (Fig. 2).

VI. Conclusions

Energy sensing was considered for decades to be a possible
mechanism by which plants detect hypoxia. With the discovery of
the oxygen sensing mechanism based on the oxygen-dependent

protein destabilization of the ERF-VII proteins, the role of energy as
a proxy for hypoxic conditions had to be reconsidered. However,
energy sensing is still of great importance for plants’ adaptation to
hypoxia. Energy and sugar sensing converge with oxygen sensing to
provide the plant with a homeostatic mechanism which ensures that
the energy status of the plant contributes to the definition of the
intensity of the transcriptional and translational responses. Oxygen
sensing mediated by the ERF-VII proteins mostly contributes to the
control of transcriptional activation of HRGs (Giuntoli & Perata,
2018), while energy sensing through SnRK1 makes efficient
translation of HRGs’ mRNAs possible. Translocation of the a
subunit of SnRK1 to the nucleus controls activation of another set of
genes that are requiredunder hypoxia, namely sugar-starvation genes
(Ramon et al., 2019). Furthermore, another energy sensing
mechanism, based on the requirement of LACS activity for an
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adequateATP level, controls the release ofERF-VII bound toACBP,
contributing to the induction of HRGs (Schmidt et al., 2018).
Finally, should hypoxia last for over 12 h in the dark, sugar starvation
represses the actionofERF-VIIs and reduces the expressionofHRGs,
possibly to preserve carbon resources for regrowth during the post-
hypoxic phase (Loreti et al., 2018). Under sugar starvation,
autophagy may contribute to tolerance in submerged plants. In
Arabidopsis, submergence induces the transcription of autophagy-
related genes and the formation of autophagosomes (Chen et al.,
2015). Furthermore, the autophagy-defective mutants are hyper-
sensitive to submergence (Chen et al., 2015). Remarkably, a link
between selective autophagy and NO-levels under hypoxia was
described (Zhan et al., 2018). Given the involvement of NO in the
destabilization of ERF-VII (Gibbs et al., 2014), this is an area of
research that deserves additional investigation.

The timing of the different converging pathways is, however, still
unclear. Induction ofHRGs’ mRNAs takes less than an hour to be
observed, while the drop in ATP takes much longer. This suggests
that the ATP content dynamics in the hypoxic cell may not be
accurately defined by the biochemical analysis of plant tissues, or
the early hypoxic induction of HRGs by ERF-VII is temporarily
uncoupled from ATP-based signaling. Under dark hypoxia,
induction of sugar starvation genes occurs after > 12 h (Loreti
et al., 2018), suggesting that translocation of SnRK1 to the nucleus
occurs quite late during hypoxia. Nuclear localization of the a
subunit of SnRK1 occurs only after an extended night (Ramon
et al., 2019), in linewith this timing.The contribution of SnRK1 to
efficient HRG mRNA translation likely occurs much earlier,
probably in concomitance with activation of the HRG transcrip-
tion, suggesting that distinct energy-dependent signaling pathways
may operate during hypoxia.
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