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Abstract

Hypoxia significantly impacts plant metabolism and growth by disrupting mitochondrial respiration, and oxygen sens
ing plays a vital role in regulating responses to low oxygen conditions. Plants sense oxygen through the N-degron 
pathway, involving plant cysteine oxidases (PCOs) that oxidize the ethylene response factors belonging to group VII 
(ERF-VIIs), leading to their degradation under normoxia. Under hypoxic conditions, PCO activity decreases, stabilizing 
ERF-VII proteins and activating the transcription of hypoxia-responsive genes to adapt to oxygen limitation. Recent 
research highlights additional factors, including the MBR1/MED25 complex, ERF-VII phosphorylation, and the integra
tion of energy and oxygen signals via the target of rapamicin pathway, which fine-tune the hypoxic response. Upon 
reoxygenation, PCOs restore activity and degrade ERF-VII, but this degradation is delayed, possibly due to reactive 
oxygen species inhibiting PCO function. Repressive factors such as HRA1 and ORA59 also modulate ERF-VII activity 
to suppress HRG expression. The response of the plant to hypoxia also involves a sophisticated network of molecular 
signals, including calcium signalling and the redox-modulatory role of phytoglobins and nitric oxide. Despite signifi
cant progress, much remains unknown about plant hypoxia, as its complex, spatiotemporal nature affects not only en
vironmental adaptation but also development and plant–microbe interactions, necessitating intricate regulatory 
mechanisms.
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Introduction  

Hypoxia is a condition that profoundly impacts plants. In the ab
sence of oxygen, metabolism is significantly altered due to the 
cessation of mitochondrial respiration, and oxygen sensing plays 
a crucial role in regulating plant growth, development, and 
plant–microbe interactions (Loreti and Perata, 2020; van Veen 
et al., 2025). The mechanism by which plants sense oxygen levels 
involve the use of oxygen as a cofactor by a class of enzymes 
known as plant cysteine oxidases (PCOs), which oxidize the 
N-terminal cysteine residue of specific target proteins, leading 

to their proteasomal degradation (Weits et al., 2014; White 
et al., 2017). This process affects the stability of several proteins, 
with the regulation of a subset of transcription factors, specifically 
members of the group VII ethylene response factors (ERF-VIIs), 
being critical for activating the expression of hypoxia-responsive 
genes (HRGs) that facilitate plant adaptation to low oxygen con
ditions (Gibbs et al., 2011; Licausi et al., 2011).

Although the mechanism by which oxygen modulates the 
transcription of HRGs through the stabilization and 
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degradation of ERF-VIIs is well established, recent research has 
identified several additional factors that play significant roles in 
fine-tuning hypoxia responses. The rapid and efficient induc
tion of HRGs at the onset of hypoxia is essential, but equally 
important is the subsequent modulation of this response to 
match the metabolic state of the plant, which is crucial for ef
fective adaptation to hypoxic conditions. Upon reoxygena
tion, PCOs are expected to quickly trigger the degradation 
of ERF-VII proteins. However, although the transcriptional 
output of HRGs rapidly declines upon reoxygenation 
(Kosmacz et al., 2015), the underlying mechanism remains in
completely resolved.

In this review, we summarize the latest advances in our 
understanding of oxygen sensing, its activation, inactivation, 
and regulation, with a particular focus on the spatiotemporal 
dynamics of oxygen availability in plants.

The oxygen-sensitive branch of the N-degron 
pathway

The ability of plants to detect and adapt to changes in oxygen 
supply can be primarily attributed to the N-degron pathway, in 
which transcriptional regulators are directly connected to cel
lular oxygen levels (Gibbs et al., 2011; Licausi et al., 2011). In 
Arabidopsis thaliana, ERF-VII transcription factors represent 
the best-characterized substrates of this pathway and control 
the transcriptional switch that enables plant survival under hyp
oxic stress (Loreti and Perata, 2023).

In contrast, additional substrates of the oxygen-sensitive 
N-degron pathway primarily function in developmental regu
lation. Among these, the Polycomb Repressive Complex 2 
subunit VERNALIZATION 2 (VRN2) acts as a transcription
al repressor linking oxygen availability to developmental tim
ing and meristem activity, including the regulation of 
flowering and root growth (Gibbs et al., 2018). Similarly, the 
transcription factor LITTLE ZIPPER 2 (ZPR2) regulates 
shoot apical meristem activity and leaf initiation in response 
to endogenous hypoxia, thereby coupling oxygen sensing to 
morphogenetic processes (Weits et al., 2019).

While these substrates highlight the developmental versatil
ity of the pathway, the canonical response to acute oxygen de
privation relies on ERF-VIIs. Through the regulation of a 
defined set of HRGs, ERF-VIIs reprogramme plant metabol
ism and growth to sustain cellular homeostasis under oxygen 
deprivation (Gibbs et al., 2011; Licausi et al., 2011).

In air, ERF-VII proteins are subject to turnover via the 
oxygen-dependent branch of the N-degron pathway (Fig. 1). 
The initiator methionine is removed, exposing the 
N-terminal cysteine, which is oxidized to cysteinesulfinic 
acid by PCOs, with molecular oxygen serving as a co-substrate 
(Weits et al., 2014). The cysteinesulfinic acid is then used as a 
substrate for arginyl-tRNA-protein transferases (ATEs), which 
add an arginine to the N-terminus. This arginylated protein is 

then recognized by the E3 ubiquitin ligase protein PRT6 and 
subsequently degraded through the proteasome (Gibbs et al., 
2011; Licausi et al., 2011). As a result, when oxygen concentra
tion is low, the activity of PCOs is reduced, and oxidation and 
subsequent degradation are prevented; ERF-VII proteins are 
stabilized and ultimately accumulate within the nucleus and 
trigger the induction of HRGs (Fig. 1) (Weits et al., 2014).

Comparative genomics has recently shown that ERF-VIIs 
are a tracheophyte innovation that repurposed an ancient 
redox-sensitive proteolytic system into a dedicated oxygen- 
sensing switch (Dalle Carbonare et al., 2025). While the en
zymatic core of the N-degron pathway operating in oxygen 
sensing (PCO–ATE–PRT6) is broadly conserved within 
land plants, canonical ERF-VII transcription factors carrying 
the N-terminal Met–Cys motif are restricted to vascular plants 
and are absent from algae and bryophytes. In their place, earlier 
land plants possess unrelated Cys2-ERFs that can be targeted 
for N-degron-mediated degradation but not stabilized by hyp
oxia (Dalle Carbonare et al., 2025). Canonical ERF-VIIs first 
appeared at the evolutionary emergence of roots and vascular 
tissues—oxygen-limited habitats—and diversified phylogenet
ically by optimizing the N-terminal MCGGAI/V motif to en
hance the binary oxygen-sensing behaviour of angiosperm 
ERF-VIIs. Functional studies confirm that only canonical 
ERF-VIIs mediate the activation of hypoxic-responsive pro
moter sequences with HRPE and GCC-box motifs, respect
ively. Overall, this suggests a co-evolution of ERF-VII 
sequence, promoter architecture, and physiological need. 
Importantly, these studies position ERF-VIIs as a primary evo
lutionary innovation allowing vascular plants to sense oxygen 
availability to modify transcription (Dalle Carbonare et al., 
2025).

The PCO/PRT6 module acting on ERF-VII transcription 
factors and VRN2/ZPR2 thus constitutes the canonical plant 
oxygen-sensing pathway. It integrates both oxygen and redox 
signals leading to transcriptional reprogramming. This module 
represents the first tier of the entire hypoxia signal network, 
which is subsequently refined by nitric oxide (NO), membrane 
anchoring, metabolic cues, calcium signalling, and transcrip
tional co-regulation mechanisms, as shown in the subsequent 
sections.

Membrane anchoring and acyl-CoA-binding 
protein-mediated release

While the N-degron pathway determines the stability of 
ERF-VII transcription factors in an oxygen-dependent man
ner, there is an additional level of regulation that controls their 
cellular localization and ultimately their access to the nucleus. 
Under normoxic conditions it has been shown that RAP2.12 
is localized at the plasma membrane due to direct interactions 
with acyl-CoA-binding proteins (ACBPs), namely ACBP1 
and ACBP2 (Licausi et al., 2011). Both peripheral membrane 
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Fig. 1. Molecular pathway activating the response to hypoxia through oxygen sensing. Top: under normoxic conditions, ERF-VII transcription factors are con
tinuously synthesized and undergo rapid turnover via the N-degron pathway. A fraction of newly synthesized ERF-VII proteins can associate with acyl-CoA-binding 
proteins (ACBPs), generating a dynamic membrane-associated pool that co-exists with ongoing proteasomal degradation. In the cytosol, the N-terminal Met–Cys 
of ERF-VIIs undergoes processing followed by oxidation by plant cysteine oxidases (PCOs), and then by arginylation and subsequent proteasomal degradation via 
the PRT6 pathway. Nitric oxide (NO) is shown as a modulatory redox signal influencing ERF-VII stability. The bracket indicates that NO impacts the N-degron 
pathway without implying a defined or exclusive molecular target, as the precise level at which NO acts within the pathway remains unresolved. Under normoxia, 
sugar-derived carbon enters glycolysis and the tricarboxylic acid (TCA) cycle via mitochondrial respiration, ensuring ATP production through oxidative phos
phorylation. Bottom: as oxygen levels decrease, multiple mechanisms converge to activate the anaerobic response. ERF-VIIs are released from the plasma 
membrane, facilitating their nuclear translocation. Once in the nucleus, ERF-VIIs interact with the MED25 subunit of the multiprotein Mediator complex to drive the 
optimal transcription of hypoxia-responsive genes (HRGs). Plants growing in environments with excessive rainfall, natural variation in MBR1 sequence is observed 
and its activity is reduced, thereby enhancing the function of MED25. In parallel, the TOR kinase acts as a metabolic checkpoint by phosphorylating conserved 
serine residues on RAP2.12, thereby fully activating HRGs when ATP levels and carbon availability are sufficient. Simultaneously, hypoxia triggers rapid accu
mulation of cytosolic Ca2+, which precedes transcriptional changes, with CPK12-dependent phosphorylation further stabilizing ERF-VIIs. Additionally, the trans
location of CPK12 from the cytosol to the nucleus is modulated by lipid signalling and protein interactions: phosphatidic acid acts as a positive regulator of its nuclear 
import, while the 14-3-3κ protein restricts this translocation. This dynamic regulation establishes a CPK12–ERF-VII module that converts Ca2+ signals into the 
transcriptional activation of HRGs, effectively linking cytosolic sensing to nuclear hypoxia signalling. Simultaneously. phosphorylated CPK12 engages a negative 
feedback mechanism, probably involving 14-3-3-mediated regulation, to limit its own activity and ensure tight temporal control of Ca2+-dependent hypoxia sig
nalling. When hypoxia originates from submergence, ethylene is produced and accumulates, inducing phytoglobin (PGB) expression. PGB promotes NO scav
enging, accelerating ERF-VII stabilization. Fine-tuning of the pathway is achieved by HRA1, which interacts with RAP2.12, reducing its ability to bind to HRG 
promoters. This feedback inhibition limits excessive ERF-VII activity, conserving energy and facilitating the transition towards post-hypoxic recovery. Created in 
BioRender. Castellana (2026) https://BioRender.com/890rlue.
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proteins contain ankyrin-repeat domains that associate the 
ERF-VIIs with the cytoplasmic aspect of the plasma mem
brane, thus sequestrating them from the nuclear transcriptional 
machinery (Fig. 1).

This process of membrane anchoring acts as a ‘safety lock’ 
for the hypoxia transcriptional programme by preventing pre
mature activation under normoxia, and possibly also represent
ing a store of ERF-VII proteins which is ready to be released 
and translocated to the nucleus to activate the promoters of 
HRGs. When the cell is deprived of oxygen, the ERF-VII 
proteins are released from the ACBP complex and translocate 
to the nucleus (Licausi et al., 2011). The exact molecular trigger 
for this release is still debated. However, earlier investigations 
using biochemical assays and confocal imaging determined 
that the release event coincides with a decreased cellular energy 
charge and a corresponding depletion in ATP content, which 
indicates that energetic stress may provoke dissociation of the 
ERF–ACBP interaction (Fig. 1) (Schmidt et al., 2018).

Importantly, this mechanism does not substitute the rapid 
oxygen-dependent stabilization of the ERF-VIIs mediated by 
the N-degron pathway, which occurs early upon hypoxia 
and precedes the induction of the HRGs (Zubrycka et al., 
2023). Rather, ERF-VII membrane association via ACBPs 
may represent a complementary regulatory layer, potentially 
modulating the subcellular availability, spatial distribution, or 
effective concentration of ERF-VIIs. In this context, 
ACBP-mediated sequestration could function as a fine-tuning 
mechanism, contributing to the robustness and control of 
hypoxia-responsive transcription rather than acting as a pre
requisite for its initiation.

Supporting this model, ACBPs are recognized to interact 
with long-chain acyl-CoA esters, key intermediates in lipid 
metabolism whose accumulation is determined by energy sta
tus. Reductions in mitochondrial activity and changes in the 
flux of fatty acids, as a result of hypoxia, can change binding be
tween ACBP and the ligand, thus bringing about conform
ational changes that decrease the affinity of ACBP for 
RAP2.12 and move it to the nucleus (Schmidt et al., 2018). 
The dynamic interaction of ACBP and ERF-VIIs is reversible: 
reoxygenation re-establishes the membrane localization of 
RAP2.12, so that the oxygen-sensing system can be rapidly re
set once normoxia is achieved (Licausi et al., 2011).

Fluorescent protein imaging of Arabidopsis transgenic lines 
or protoplasts has captured the dynamics of this process, as 
shown by the relocalization of green fluorescent protein 
(GFP)-tagged RAP2.12, from the plasma membrane to the nu
cleus within minutes of the onset of hypoxia (Licausi et al., 
2011). This spatio-temporal plasticity allows the ERF-VII sys
tem to assess both oxygen availability and the energy status of 
the cell, such that transcriptional activation preferentially oc
curs when oxygen limitation coincides with an unmet demand 
for mitochondrial ATP production. Oxygen and energy avail
ability appear to work together to regulate the threshold of 
ERF-VII activation. Under normoxia, high ATP levels 

support active lipid metabolism and keep long-chain 
acyl-CoA esters bound to ACBPs, which stabilizes the con
formation of the ACBPs and drives the affinity for RAP2.12 
or other ERF-VIIs (Schmidt et al., 2018). When oxygen is lim
ited, the rate of mitochondrial respiration slows down, ATP 
levels decrease, and lipid homeostasis is disrupted. Each disrup
tion in metabolism will probably change the affinity for bind
ing acyl-CoA and may result in small conformational changes 
in the model ACBPs, weakening associations with ERF-VIIs 
and promoting nuclear translocation (Schmidt et al., 2018).

The control of the localization of ERF-VIIs dependent on 
energy adds an extra layer of sensing, connecting oxygen per
ception to cellular metabolism, offering a reasonable mechan
ism for the nuclear re-localization of RAP2.12 (Licausi et al., 
2011). Furthermore, pharmacological inhibition of ATP syn
thesis, or mutations caused by affected mitochondrial activity, 
represents energy loss and stimulates ERF-VIIs stabilization 
and upstream hypoxia-induced response genes, supporting 
the mechanism being ATP dependent (Schmidt et al., 2018). 
Consistently, mitochondrial retrograde signalling mediated 
by the uncoupling protein UCP1 has been shown to inhibit 
the PCO branch of the N-degron pathway independently of 
external hypoxia, thereby stabilizing ERF-VII substrates and 
activating hypoxia-associated transcriptional programmes 
(Barreto et al., 2022). The low ATP-dependent release of 
ERF-VIIs links energy status as a metabolic rheostat, that inte
grates oxygen cues, redox shifts, and lipid monitoring; all these 
varied effector signal outputs become a coherent signal. By in
tegrating low-oxygen perception with declining cellular en
ergy, plants effectively ration hypoxia responses to situations 
where low oxygen and metabolic stress are coupled, a central 
tenet of the multilayered ‘switching ON’ process (Fig. 1).

Importantly, stabilization of ERF-VII proteins in response 
to hypoxia is extremely rapid and precedes the induction of 
the HRGs (Zubrycka et al., 2023). The induction of HRGs 
is thought to be triggered by the combined action of rapidly 
stabilized pre-existing ERF-VIIs, including RAP2.12, and de 
novo synthesis of RAP2.12 and other ERF-VII proteins 
(Licausi et al., 2011; Kosmacz et al., 2015), while 
ACBP-mediated membrane association is proposed to provide 
an additional energy-dependent regulatory layer rather than 
acting as a primary trigger of transcriptional activation. While 
HRG induction is fast, and occurs within 1 h of hypoxia, the 
nuclear localization of RAP2.12 is apparently slower, being de
tectable only after 3 h (Kosmacz et al., 2015). This delay could 
be attributed to a more rapid nuclear re-localization of 
ERF-VIIs other than RAP2.12, such as RAP2.2/RAP2.3, or 
to the fact that only a small quantity of RAP2.12, undetectable 
by the methods used, is sufficient for activating HRG transcrip
tion (Kosmacz et al., 2015). Although the relative contributions 
of de novo synthesized ERF-VIIs and ERF-VIIs released from 
ACBP remain unresolved, a decrease in ATP levels in plants ex
posed to hypoxia, as discussed above, serves as a trigger for 
RAP2.12 release from ACBP (Schmidt et al., 2018). However, 
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the release of ERF-VIIs from ACBP probably requires up to 
4 h of hypoxia, since this is the time required to observe a 
50% reduction in ATP content in the cell, a decrease that is re
quired to significantly inhibit LONG-CHAIN ACYL-COA 
SYNTHETASE (LACS) activity (Schmidt et al., 2018). 
Reduction by 50% of the ATP level by chemical inhibition 
of mitochondrial activity could only moderately induce some 
HRGs; therefore, together with the oleoyl-CoA-dependent 
release of RAP2.12 from ACBP, de novo ERF-VIIs synthesis 
is very likely to be required for a full anaerobic response at 
the transcriptional level.

Target of rapamycin and the metabolic 
integration of oxygen sensing

The kinase target of rapamycin (TOR) is a master integrator of 
nutrient, energy, and oxygen status to coordinate plant growth 
and metabolic potential. In plants, TOR promotes biosynthet
ic and translational activity when conditions are energetically 
favourable, and inhibition of TOR activity occurs rapidly in 
response to lower ATP levels to devote metabolism to energy 
conservation and autophagy (Dobrenel et al., 2016; Fu et al., 
2020).

Kunkowska et al. (2023) showed evidence that TOR cou
ples energy availability to oxygen sensing to modulate the tran
scriptional activity of ERF-VII transcription factors in 
Arabidopsis (Fig. 1). Under adequate energy conditions, 
TOR phosphorylates two conserved serine residues (Ser346 
and Ser352) on the C-terminus of RAP2.12 to fully activate 
HRGs. In contrast, under carbon or ATP starvation, TOR ac
tivity decreases, preventing RAP2.12 phosphorylation, and 
dampening the hypoxic transcriptional output. TOR inhib
ition, either genetically or pharmacologically, mimics carbon 
starvation and dampens HRG induction despite the presence 
of hypoxia-stabilized ERF-VIIs (Kunkowska et al., 2023).

Thus, TOR connects perception of oxygen and energy sig
nalling in cells. By phosphorylating RAP2.12, TOR also guar
antees their transcriptional activity, and subsequent responses 
will occur when energy stores are sufficient to ensure that the 
costs of HRG induction are fully justified. In this context, it is 
important to highlight that several HRGs code for enzymes in
volved in carbohydrate metabolism and in the fermentative 
glycolytic steps. Low carbohydrate availability means that the 
substrates for glycolysis and fermentation are insufficient, and in
duction of enzymes involved in these pathways would represent 
a cost for the hypoxic cell that might compromise its viability. 
Indeed, it was demonstrated that the hypoxic response is signifi
cantly reduced when either sucrose or starch availability is lim
ited (Loreti et al., 2005, 2018). Notably, decreased TOR activity 
coincided with a decrease in ATP under submergence and a 
clear reduction in the phosphorylation of S6K, a ribosomal kin
ase that is one of the best-characterized direct substrates of TOR 
and is widely used as a molecular proxy for TOR activity. The 

loss of S6K phosphorylation therefore supports the role of TOR 
as a quick-acting energy rheostat during oxygen deprivation 
(Fig. 1). (Kunkowska et al., 2023).

TOR signalling brings together oxygen, sugar, and ATP 
sensing into a single regulatory system. By integrating all of 
this via its modulation of activation of ERF-VIIs and global 
metabolism, TOR ensures that the rapidity of low-oxygen re
sponses is not just oxygen dependent, but metabolically 
sustainable.

Phytoglobins and nitric oxide: modulating 
oxygen and redox balance

In addition to regulation of the N-degron pathway branch 
which is dependent on oxygen, plants use phytoglobins 
(PGBs) and NO for additional regulation of the hypoxic re
sponse through a redox module, with a direct link to 
ERF-VII stability (Hebelstrup et al., 2012; Gibbs et al., 2014; 
Hartman et al., 2019). PGBs, originally termed non-symbiotic 
haemoglobins, function as high-affinity oxygen-binding pro
teins which can scavenge NO via the PGB–NO cycle 
(Igamberdiev, 2004; Dordas and Hill, 2006). ). In this cycle, 
PGBs act as NO scavengers by catalysing its oxidation to ni
trate. This limits NO accumulation under hypoxia and, in 
turn, restrains NO-dependent activation of the N-degron 
pathway, contributing to ERF-VII stabilization (Gibbs et al., 
2014; Hartman et al., 2019). Crucially, it has been demon
strated that passive ethylene entrapment during early submer
gence up-regulates PGB1, driving this NO depletion even 
before oxygen levels fall critically low. This ethylene-mediated 
signalling enhances ERF-VII stability, effectively priming the 
plant to survive hypoxic stress (Hartman et al., 2019). 
Through the dynamic interaction of oxygen, NO, and 
PGBs, the activation of hypoxia signalling is intimately tied 
to the redox state of the cell, which regulates ERF-VII stability 
and primes the transcriptional response to stress (Gibbs et al., 
2014; Hartman et al., 2019).

Therefore, PCOs are not the only determinant of rapid 
ERF-VII-dependent activation of HRG expression. Rather, 
additional mechanisms contribute to ensure a rapid transcrip
tional response, safeguarding the plant from being killed by 
the sudden lack of oxygen availability. NO levels need to be 
concomitantly reduced, and the activity of PGB serves as a 
mechanism to accelerate the stabilization of ERF-VIIs. 
Remarkably, the fact that PGB is induced by ethylene links 
the PGB-dependent boosting of the ERF-VII pathway to hyp
oxia resulting from environmental factors, such as waterlogging 
and submergence, conditions in which ethylene entrapment in 
the submerged plant tissue leads to activation of ethylene sens
ing which includes PGB expression (Perata, 2020).

The activity of PCOs is repressed at oxygen concentrations 
as low as <3% (Puerta et al., 2019), and the induction of HRGs 
is fast, within 30 min (Loreti et al., 2005). Hypoxia generated 
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by submergence after a flooding event does not arise instantly. 
Internal oxygen levels decrease progressively, and the activa
tion of HRGs therefore requires more time to be established, 
presumably after a few hours (Perata, 2020). When plants are 
partially submerged, and oxygen levels are not yet low enough 
to ensure activation of HRGs, ethylene accumulates (Hartman 
et al., 2019). This primes the submerged plant for the forth
coming hypoxic conditions, as ethylene signalling increasing 
the stability of ERF-VII proteins via PGB-directed scavenging 
of NO (Hartman et al., 2019). The ethylene-dependent prim
ing effect ensures faster activation of the ERF-VII pathway 
once hypoxia is established in submerged plants, contributing 
to their tolerance. Remarkably, the convergence of ethylene 
signalling and oxygen sensing allows the plant to discriminate 
between hypoxia caused by flooding, during which both ethyl
ene entrapment and low oxygen occur, and chronic hypoxia 
that arises endogenously in specific plant tissues (Loreti and 
Perata, 2020).

MBR1, MED25, and climate-dependent 
transcriptional reprogramming

A unique regulatory layer within the hypoxia signalling path
way has recently been discovered based on the identification 
of MBR1 (MED25-BINDING RING-H2 PROTEIN 1), 
which is an E3 ubiquitin ligase capable of regulating the stabil
ity of the Mediator complex subunit 25 (MED25) to modulate 
gene expression in an ERF-VII-dependent manner (Iñigo 
et al., 2012; Castellana et al., 2024). MED25 acts as a co- 
activator of transcriptional elongation to link transcription fac
tors such as RAP2.12 and RAP2.2 with RNA polymerase II to 
produce the full hypoxic transcriptome (Ou et al., 2011; Shukla 
et al., 2019; Schippers et al., 2024). MBR1 acts upstream of 
MED25, targeting it for proteasomal degradation, thereby 
regulating the magnitude of transcriptional activation at low 
oxygen levels (Fig. 1).

Castellana et al. (2024) utilized an environmental genome- 
wide association study (eGWAS) across 934 accessions of 
Arabidopsis to show that natural allelic variation in MBR1 is as
sociated with precipitation regimes, building a connection be
tween MBR1 and adaptation to rates of waterlogging and 
flooding. Accessions from wet habitats contained the 
MBR1wet allele, which has two missense variants that lower 
E3 ligase activity and subsequently improve the stability of 
MED25. Functional validation studies showed that mbr1 
knockout mutants have higher genetic induction of core hyp
oxia genes (ADH1, PDC1, PCO1, and HRA1) and higher tol
erance to both waterlogging and submergence, while med25 
mutants demonstrated the opposite phenotype, emphasizing 
the role of MBR1 as a repressor and MED25 as a much-needed 
component of hypoxia gene expression (Fig. 1).

Luciferase assays confirmed that MED25 is important for 
RAP2.12 and RAP2.2-mediated activation of anaerobic 

promoters, establishing that MBR1 indirectly modulates the re
sponse to the oxygen-sensing cascade by regulating MED25 
turnover. MBR1 is transcriptionally down-regulated during 
hypoxia, releasing MED25 from the pressure of degradation, 
and permitting it to cooperate with ERF-VIIs in inducing 
transcriptional reprogramming to support life in an environ
ment lacking oxygen.

MBR1, together with MED25, controls the magnitude of 
the hypoxic response rather than the speed at which HRGs 
are induced. MBR1 acts as a negative regulator of the hypoxic 
response upstream of MED25, and highlights how natural al
lelic variation, such as that exemplified by MBR1wet, enables 
adaptive fine-tuning of ERF-VII-mediated transcriptional re
sponses in populations exposed to recurrent flooding in cli
mates characterized by heavy and frequent precipitation events.

Calcium as a fast secondary messenger

Several studies have suggested that Ca2+ signalling is one of the 
fastest and most integrative elements in the plant response to 
hypoxia (Bakshi and Gilroy, 2025). In Arabidopsis, for ex
ample, a decrease in oxygen concentration to <5% resulted 
in rapid spikes in cytosolic Ca2+, and these spiking events oc
curred prior to transcriptional reprogramming and metabolic 
changes, all in seconds. Ca2+ signals arise from both cellular in
flux across the plasma membrane, via cyclic nucleotide-gated 
channels (CNGCs) and reactive oxygen species 
(ROS)-activated channels such as HPCA1, and intracellular 
stores, particularly vacuoles, which can signal through cat
ion/H+ exchanger (CAX) antiporters and autoinhibited cal
cium ATPases (ACAs) (Bakshi et al., 2023; Fan et al., 2023). 
One important vacuolar transporter gene, CAX2 (CATION 
EXCHANGER 2), is a critical regulator of the response: 
CAX2 loss-of-function mutants displayed elevated cytosolic 
Ca2+ levels even under normoxic conditions, which preceded 
the activation of HRGs and were also correlated with flooding 
tolerance (Bakshi et al., 2023). Further downstream, 
Ca2+-dependent protein kinases (CPKs) and calmodulin-like 
proteins (CMLs) have been implicated to translate these ionic 
shifts to the transcriptional outputs. CPK12, for example, dir
ectly phosphorylates and stabilizes the hypoxia-activated 
ERF-VII transcription factors RAP2.3 and RAP2.12, allowing 
for their nuclear accumulation to trigger HRG activation 
(Fig. 1) (Fan et al., 2023). Recent findings also suggests that 
CPK12 does not maintain a consistent presence in the nucleus 
and instead its presence is regulated by phosphatidic acid and 
14-3-3κ proteins. Phosphatidic acid promotes the translocation 
of CPK12 into the nucleus, while 14-3-3κ prevents this event 
by restraining CPK12 in the cytoplasm. This dual regulation 
establishes a finely tuned CPK12–ERF-VII module that con
verts Ca2+ fluctuations into a transcriptional output, providing 
a molecular conduit through which cytoplasmic signals are 
transduced into a hypoxia-responsive nuclear programme 
(Fig. 1) (Fan et al., 2023). CML38, again, reacts to oxygen stress 
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by localizing stress granules to facilitate selective mRNA turn
over and reallocation of resources via cytosolic and vacuolar 
autophagic pathways (Field et al., 2021). These examples illus
trate how Ca2+ signalling connects the sensing of membrane 
perturbation to transcriptional regulation.

More recently, the vacuolar H+/Ca2+ exchanger gene 
CAX1 (CATION EXCHANGER 1) has been identified as a 
key regulator of the calcium signaling pathway (Yang et al., 
2022). CAX1 loss protects against anoxia and submergence, 
as Ca2+ fluxes are regulated during the hypoxia and reoxygena
tion phases, reducing ROS spikes and changes in HRG expres
sion (Yang et al., 2022). The cax1 mutants even show partial 
activation of ERF-VII target genes in normoxic conditions, 
suggesting that Ca2+ homeostasis occurring at the tonoplast 
primes the transcriptional machinery in response to low oxy
gen stress (Yang et al., 2022). This implies that vacuoles not 
only serve as Ca2+ reservoirs, but are also involved both in oxy
gen sensing and in the recovery from hypoxic stress.

Switching off the hypoxic response: 
reoxygenation as a multilayered event

In natural environments, hypoxia is usually transient; after sub
mergence, as the water level recedes, plant tissues are progres
sively reoxygenated. The reoxygenation phase after 
de-submergence is critical for plant survival. Indeed, plants 
need to cope with a combination of oxidative, photo- 
oxidative, and dehydration stresses arising from the rapid re- 
exposure to oxygen and light (Yeung et al., 2019; 
Pucciariello and Perata, 2021). Upon reoxygenation, plants 
are required to switch back from a fermentative metabolism 
to aerobic respiration to sustain plant energy demand. A sus
tained anaerobic respiration under normoxic conditions would 
result in the inefficient use of carbohydrates and is to be 
avoided in order to ensure rapid recovery from hypoxia 
(Paul et al., 2016). Furthermore, the expression of genes re
quired under hypoxia is presumably detrimental for normal, 
aerobic plant growth. To ensure an efficient transition to air, 
plants must rapidly repress the transcription of HRGs. 
Hypoxic transcripts return to basal levels within 2 h of reoxy
genation (Kosmacz et al., 2015; Weits et al., 2023). These find
ings indicate that plants rapidly perceive a sudden rise in 
oxygen levels and consequently repress the transcription of 
HRGs. Given the rapid decay of hypoxia-responsive tran
scripts, an equally fast degradation of the transcription factors 
driving their expression would be expected. However, several 
studies showed that the stability of the ERF-VII transcription 
factors upon reoxygenation is not as fast as that of their target 
genes. The signal of RAP2.12 fused to GFP completely disap
pears from the nucleus only 3–4 h after reoxygenation 
(Kosmacz et al., 2015). More recently, a luminescence signal 
from the first 28 amino acids of RAP2.12 fused to firefly luci
ferase (Fluc) was observed up to 3 h after reoxygenation 

(Brunello et al., 2025). RAP2.12 and RAP2.3 were also found 
to be stable and localized in the nuclei up to 3 h after reoxyge
nation (Akter et al., 2024, Preprint). However, a markedly fast
er decline of ERF-VIIs upon reoxygenation has been reported 
under specific experimental conditions. In particular, RAP2.3 
levels were shown to return to baseline within 30–60 min after 
reoxygenation in plants grown under continuous light and ex
posed to a short hypoxic treatment (60 min) (Zubrycka et al., 
2023). These observations suggest that the kinetics of 
ERF-VII degradation upon reoxygenation might be influ
enced by the duration and intensity of the hypoxic stress, as 
well as by growth conditions, probably reflecting differences 
in the size of the stabilized protein pool accumulated during 
hypoxia.

The temporal discrepancy between HRG expression and 
ERF-VII protein stability suggests a regulatory mechanism 
during the reoxygenation phase that is more complex than 
the expected, PCO-dependent degradation of ERF-VIIs. 
Remarkably, two of the five PCO enzymes, namely PCO1 
and PCO2, are transcriptionally activated by hypoxia itself, 
and are localized in nuclei (Weits et al., 2014). Given that with
out oxygen PCOs would be unable to be enzymatically active, 
it is tempting to speculate that hypoxia-inducible PCOs re
present a mechanism for ensuring a rapid oxidation of the 
N-terminal Cys residue of ERF-VIIs in the nuclei themselves. 
The above-reported evidence of relatively stable ERF-VII 
proteins upon reoxygenation indicates that this assumption is 
presumably wrong. ERF-VII stability upon reoxygenation is 
possibly sustained by ROS, which accumulate during the re
covery phase (Fig. 2) (Akter et al., 2024, Preprint). Upon reox
ygenation, the restoration of normoxic conditions triggers a 
rapid burst of ROS generation through multiple pathways. 
These include the sudden reactivation of mitochondria, whose 
electron transport chain components are partially impaired by 
hypoxia, as well as the activation of the plasma membrane 
NADPH oxidase RESPIRATORY BURST OXIDASE 
HOMOLOG D (RBOHD) (Chang et al., 2012; Yeung 
et al., 2018). Importantly, ROS act as inhibitors of PCOs, 
and their accumulation during reoxygenation delays the ca
nonical N-degron-mediated degradation of ERF-VIIs, there
by prolonging their stability (Akter et al., 2024, Preprint).

However, this evidence does not solve the incongruence be
tween the rapid decay of the transcripts of HRGs and the sta
bility of ERF-VIIs during reoxygenation. Interestingly, in 
reoxygenated Arabidopsis plants after hypoxia, ERF-VIIs re
main bound to the promoters of HRGs; however, despite their 
persistence, transcriptional repression of HRGs occurs (Akter 
et al., 2024, Preprint). ERF-VIIs might therefore lose their 
ability to transactivate the promoters of HRGs and switch 
from activators to repressors of anaerobic gene expression 
(Akter et al., 2024, Preprint). The burst of ROS generated 
upon reoxygenation, therefore, not only causes oxidative stress 
but also acts as an important signal cue (Fig. 2A) (Yeung et al., 
2018).
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Fig. 2. Reoxygenation signalling and day–night dynamics of oxygen sensing. (A) Reoxygenation after hypoxia triggers a rapid burst of reactive oxygen 
species (ROS) and a concomitant increase in jasmonate (JA) biosynthesis. ROS are generated both through RESPIRATORY BURST OXIDASE HOMOLOG D 
(RBOHD) activity at the plasma membrane and via the sudden reactivation of a hypoxia-damaged mitochondrial electron transport chain, which leads to 
electron leakage. ROS inhibit the activity of PCOs, preventing the canonical N-degron-mediated degradation of ERF-VII proteins. Despite remaining nuclear, 
ERF-VIIs appear to switch from transcriptional activators to repressors of HRGs. At the same time, JA accumulation activates the transcription factor MYC2, 
which binds to the promoters of antioxidant genes such as VTC1 and GSH1, promoting their expression. JA also induces the expression of ORA59, which 
interacts with ERF-VII proteins and further limits their capacity to activate HRG transcription. (B) Throughout the day–night cycle, plants dynamically adjust 
their metabolic processes in response to fluctuations in oxygen availability. During the night, when light-dependent photosynthetic activity ceases, oxygen 
levels within plant tissues gradually decrease. This decline in oxygen concentration leads to the stabilization of ERF-VII proteins, as reduced oxygen levels 
inhibit the activity of PCOs, which normally degrade ERF-VIIs under normoxic conditions. As a result, stabilized ERF-VIIs accumulate in the nucleus, where 
they act as transcriptional activators, initiating the expression of HRGs that enable the plant to adapt to low-oxygen conditions. In contrast, during the day, the 
availability of oxygen increases as photosynthesis resumes, leading to the normalization of oxygen levels within the plant. This increase in oxygen con
centration triggers a shift in energy production from anaerobic processes, such as fermentation, to the more efficient mitochondrial oxidative phosphorylation 
pathway, which generates ATP through aerobic respiration. As oxygen levels rise, the stability of ERF-VII proteins is compromised, and they undergo 
degradation through the canonical N-degron pathway. Created in BioRender. Castellana (2026) https://BioRender.com/nc176tr.
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Down-regulation of hypoxia signalling 
mediated by ERFVII repressors

Switching off the hypoxic response is not only mediated by the 
reoxygenation-dependent degradation of ERF-VIIs triggered 
by oxygen availability and PCO activity. Interaction of 
ERF-VIIs with proteins acting as repressors can lead to at least 
partial inactivation of the action of the ERF-VIIs on the pro
moters of HRGs. This scenario is compatible with the evi
dence of ERF-VIIs still present and bound to their target 
promoters during the reoxygenation phase (Akter et al., 
2024, Preprint). Inactivation or dampening of the ability of 
ERF-VIIs to activate transcription of HRGs was indeed re
ported. For instance, a gene belonging to the HRGs, namely 
HYPOXIA RESPONSIVE ATTENUATOR1 (HRA1), is a 
repressor of the anaerobic response (Fig. 1) (Giuntoli et al., 
2014). HRA1 is induced by hypoxia and is localized in nuclei. 
Transcription of HRA1 under hypoxia is accompanied by ac
tive loading of HRA1 mRNA onto polysomes, indicating that 
the synthesis of HRA1 protein occurs during the stress 
(Giuntoli et al., 2014). Experimental evidence demonstrated 
that HRA1 interacts with the RAP2.12 protein but binds 
only a few genomic DNA regions from hypoxia-regulated 
genes, indicating that HRA1 modulates RAP2.12 through 
protein–protein interaction (Giuntoli et al., 2014). The trihelix 
protein encoded by HRA1 interacts with RAP2.12, but not 
with the other four members of the ERF-VII family 
(Giuntoli et al., 2014). Because of the interaction between 
HRA1 and RAP2.12, the activity of the latter is dampened, 
with a reduced expression of HRGs. The up-regulation of 
HRA1 under hypoxic conditions thus serves as a feedback 
mechanism to limit RAP2.12 activity and prevent overactiva
tion of low-oxygen-responsive genes, presumably to preserve 
energy from excessive consumption due to high transcription 
of HRGs (Fig. 1) (Giuntoli et al., 2014, 2017). While the 
role of HRA1 to fine-tune the hypoxic response during oxy
gen deprivation has been demonstrated (Giuntoli et al., 2014, 
2017), there is no evidence for the role of HRA1 during 
reoxygenation.

Other factors may also be involved in the rapid repression of 
anaerobic gene expression once oxygen becomes available after 
hypoxia. Reoxygenation is accompanied by a burst in jasmo
nate (JA) synthesis, which plays multiple roles during recovery, 
including the activation of antioxidant defences that protect 
cells from ROS damage (Fig. 2A) (Yuan et al., 2017). 
However, the mechanism underlying JA accumulation during 
reoxygenation remains unclear. Indeed, the accumulation of 
JA leads to the activation of the transcription factor MYC2 
(Song et al., 2022). As a consequence, MYC2 promotes the ex
pression of VITAMIN C DEFECTIVE (VTC) and 
GLUTATHIONE SYNTHETASE (GSH), which encode en
zymes involved in antioxidant defence (Yuan et al., 2017). JA 
signalling also triggers the induction of several transcription 
factors, including OCTADECANOID-RESPONSIVE 

ARABIDOPSIS 59 (ORA59). ORA59 is a member of the 
ERF family that interacts with certain ERF-VII proteins, spe
cifically RAP2.12, RAP2.2, and RAP2.3 (Brunello et al., 
2025). This interaction restricts the transcriptional activity of 
ERF-VIIs, thus contributing to the inhibition of anaerobic 
gene expression upon reoxygenation (Brunello et al., 2025). 
In ora59 mutant plants, the degradation of hypoxic transcripts 
is delayed, confirming the regulatory role of ORA59 during 
the early phase of reoxygenation (Brunello et al., 2025).

Interestingly, JA signalling is also a key feature of the plant 
response to pathogens (Yang et al., 2007). During plant–patho
gen interactions, a hypoxic microenvironment is established at 
the infection site (Gravot et al., 2016; Valeri et al., 2021; Deng 
et al., 2025). However, only a limited subset of HRGs is in
duced by hypoxia as a consequence of pathogen infection 
(Brunello et al., 2025). ORA59 is induced during 
Botrytis-induced hypoxia, and its interaction with RAP pro
teins partially represses their activity. As a result, only a few 
HRGs are induced (Brunello et al., 2025).

The interaction between selected members of the ERF-VII 
family and proteins acting as repressors, such as HRA1, which 
only binds to RAP2.12, and ORA59, which binds to 
RAP2.12, RAP2.2, and RAP2.3, suggests that these proteins 
act to fine-tune the hypoxic response. While experimental evi
dence suggests that HRA1, which is itself induced by the 
ERF-VIIs, mostly acts as a repressor in a feed-back mechanism 
for regulating the hypoxic response, ORA59 might also be in
volved in the switch-off of the ERF-VII mediated up- 
regulation of HRGs, although further evidence is required to 
confirm this hypothesis.

Dynamic activation and inactivation of 
hypoxia signalling

Plants not only possess hypoxic niches in otherwise fully aerob
ic plant tissues, but also undergo endogenous, cyclic changes in 
oxygen availability, that are necessary for normal development 
(Triozzi et al., 2024). Cyclic hypoxia is due to elevated mito
chondrial respiration in actively expanding leaf primordia 
which is not compensated for by photosynthetic oxygen pro
duction during the night, causing a predictable and develop
mentally patterned fluctuation in internal oxygen levels 
(Fig. 2B) (Triozzi et al., 2024). This balance drives a mechanism 
that regulates the utilization of sugar reserves during the night. 
The occurrence of cyclic hypoxia in young leaves is crucial for 
plant growth, underscoring the role of oxygen as a signalling 
molecule in plant development (Weits et al., 2019). The under
lying mechanism of cyclic hypoxia may involve the 
TOR-dependent pathway, which is responsible for energy 
sensing and signalling under low-oxygen conditions 
(Kunkowska et al., 2023). Pharmacological inhibition of 
TOR activity attenuates cyclic hypoxia responses in young 
leaves during the night (Triozzi et al., 2024). TOR inhibition 
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could also limit energy consumption, thus limiting respiration 
rates and impairing the establishment of cyclic hypoxia, which 
is predominantly due to an excess of oxygen consumption dur
ing the night in the rapidly growing young leaves (Fig. 2B).

Cyclic HRG expression relies on ERF-VIIs, with continu
ous light and/or nocturnal hyperoxia disrupting the fluctuation 
in the expression of HRGs over the day/night cycle, highlight
ing its independence from the endogenous circadian clocks 
(Triozzi et al., 2024). ERF-VII proteins become transiently sta
bilized during the night and activate the expression of HRGs. 
Cyclic hypoxia is severely dampened in a pentuple ERF-VII 
mutant, reinforcing the dependence of cyclic hypoxia on 
ERF-VII stabilization. Interestingly, strong stabilization of 
ERF-VIIs was observed during the night because of cyclic 
hypoxia (Triozzi et al., 2024). This, even though the level of 
hypoxia during the night is mild (∼10%), is mirrored by an in
duction of HRGs which is evident but much lower than when 
the same tissues were exposed to 1% oxygen (Triozzi et al., 
2024), suggesting that besides ERF-VIIs other activators of 
the hypoxic response synergistically promote HRG expression 
under severe hypoxia.

Concluding remarks

The mechanism by which plants sense hypoxia is largely 
understood to involve the oxygen-sensitive instability of 
ERF-VII transcription factors, as extensively characterized in 
A. thaliana under controlled experimental conditions (Fig. 1). 
While this mechanism is sufficient to elicit an appropriate re
sponse to hypoxic conditions, experimental data gathered 
over the past decade suggest that several additional components 
are required to fine-tune the molecular response of plants to 
limited oxygen availability. This fine-tuning occurs in terms 
of both the temporal dynamics of the response and its 
amplitude.

The activation of the signalling cascade leading to the ex
pression of HRGs is rapid, with some HRGs being induced 
by hypoxia in <10 min (Loreti et al., 2005; Puerta et al., 
2019). This rapidity probably reflects the convergence of mul
tiple regulatory inputs on ERF-VII activity, including swift 
N-degron-dependent stabilization and nuclear accumulation, 
and modulatory layers that couple transcriptional output to 
metabolic state. While the dynamics of this process have 
been studied, there is still no conclusive explanation regarding 
the relative contributions of release of ERF-VIIs from ACBPs 
and de novo synthesis and stabilization of ERF-VIIs. 
Furthermore, the inability of PCOs to act under hypoxic con
ditions adds another layer of complexity. It is evident that var
iations in the enzymatic properties of PCOs and their 
expression patterns are likely to contribute to the adequacy 
of the response across different plant tissues and oxygen con
centrations (Taylor-Kearney and Flashman, 2022).

The MBR1/MED25 complex has emerged as a key player 
in the oxygen-sensing mechanism, enhancing ERF-VII 

activity (Castellana et al., 2024; Schippers et al., 2024). 
Evidence suggests that plant adaptation to environments char
acterized by varying precipitation frequencies is facilitated by 
different MBR1 alleles, which confer increased tolerance to 
wet conditions. This represents one example of the finely 
tuned environmental adaptation mechanisms that have evolved 
to cope with naturally limited oxygen availability, ensuring that 
hypoxia responses are precisely calibrated to the ecological 
niche of each population (Holdsworth et al., 2025).

Additionally, phosphorylation of ERF-VIIs appears to en
hance the activity of these transcription factors, either through 
the calcium spike that occurs at the onset of hypoxia or via the 
action of the TOR pathway, which links energy sensing to 
oxygen availability (Fan et al., 2023; Kunkowska et al., 2023).

Upon reoxygenation following hypoxia (Fig. 2A), PCO ac
tivity is restored, potentially leading to the degradation of 
ERF-VIIs. This uncoupling suggests that ‘switching OFF’ is 
an active, multilayered process rather than a simple reversal 
of the ON mechanism. The delayed degradation of ERF-VIs 
upon reoxygenation may be due to the action of ROS, which 
are produced during reoxygenation and act as inhibitors of 
PCO activity, thus prolonging the presence of ERF-VIIs on 
HRG promoters (Akter et al., 2024, Preprint). Although 
ERF-VIIs remains bound to HRG promoters during reoxyge
nation, a mechanism not yet fully understood prevents the ac
tivation of HRG transcription (Akter et al., 2024, Preprint). In 
this context, repressive factors such as HRA1 and ORA59, 
which directly interact with and inhibit ERF-VII activity, 
may play a significant role (Giuntoli et al., 2014; Brunello 
et al., 2025).

Over a decade after the discovery of the oxygen-sensing 
mechanism in plants, our understanding of hypoxia signalling 
has significantly advanced. Nevertheless, much remains to be 
uncovered, as hypoxia in plants is a complex and multifaceted 
phenomenon. Its spatiotemporal occurrence not only influen
ces adaptation to adverse environmental conditions but also ex
tends to plant development and plant–microbe interactions, 
requiring sophisticated regulation to achieve the desired 
outcome.

Notably, the advent of high-resolution approaches such as 
single-cell and single-nucleus transcriptomics is beginning to 
uncover previously inaccessible layers of hypoxia biology. 
Single-nucleus analyses have revealed strong cell-type-specific 
and spatially resolved hypoxic responses within plant tissues, 
highlighting the heterogeneity of oxygen sensing and signalling 
at the cellular level (Hill et al., 2026). Complementarily, single- 
cell approaches have provided increased resolution of 
hypoxia-associated developmental programmes, uncovering 
cell-type-specific layers of regulation underlying cell fate speci
fication and tissue patterning (Castellana et al., 2026).

Together, these advances position hypoxia signalling as a 
central integrative framework linking environmental sensing, 
metabolic state, and developmental decision-making, and 
highlight the need for future studies that bridge molecular 
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mechanisms with cellular and organismal physiology in natural 
contexts.

Conflict of interest

The authors have no conflicts of interest to declare.

Funding

This work is supported by Scuola Superiore Sant’Anna to SC, EO, LB, 
and PP and by MUR-PRIN2022 grants (PRIN 2022-2022YHWH9R; 
PRIN PNRR 2022-P20222KZWN; funded by Next Generation EU) 
to PP and EL.

References
Akter S, Perri M, Lavilla-Puerta M, et al. 2024. H2O2 repurposes the 
plant oxygen-sensing machinery to control the transcriptional response to 
oxidative stress. bioRxiv doi: 10.1101/2024.10.21.619351. [Preprint].

Bakshi A, Choi WG, Kim SH, Gilroy S. 2023. The vacuolar Ca2+ transport
er CATION EXCHANGER 2 regulates cytosolic calcium homeostasis, hypox
ic signaling, and response to flooding in Arabidopsis thaliana. New 
Phytologist 240, 1830–1847.

Bakshi A, Gilroy S. 2025. Calcium signaling in hypoxic response. Plant 
Physiology 197, kiae654.

Barreto P, Dambire C, Sharma G, Vicente J, Osborne R, Yassitepe J, 
Gibbs DJ, Maia IG, Holdsworth MJ, Arruda P. 2022. Mitochondrial retro
grade signaling through UCP1-mediated inhibition of the plant oxygen- 
sensing pathway. Current Biology 32, 1403–1411.

Brunello L, Kunkowska AB, Olmi E, Triozzi PM, Castellana S, Perata 
P, Loreti E. 2025. The transcription factor ORA59 represses hypoxia re
sponses during Botrytis cinerea infection and reoxygenation. Plant 
Physiology 197, kiae677.

Castellana S, Triozzi PM, Dell’Acqua M, Loreti E, Perata P. 2024. 
Environmental genome-wide association studies across precipitation regi
mens reveal that the E3 ubiquitin ligase MBR1 regulates plant adaptation 
to rainy environments. Plant Communications 5, 101074.

Castellana S, Fioriti F, Marazzini M, Cardarelli F, Loreti E, Perata P, 
Triozzi PM. 2026. Inferring hypoxia-responsive regulators of cell fate in plant 
meristems through single-cell transcriptomics. NPJ Science of Plants 2, 2.

Chang R, Jang CJH, Branco-Price C, Nghiem P, Bailey-Serres J. 
2012. Transient MPK6 activation in response to oxygen deprivation and re
oxygenation is mediated by mitochondria and aids seedling survival in 
Arabidopsis. Plant Molecular Biology 78, 109–122.

Dalle Carbonare L, van Veen H, Shukla V, Perri M, Bui L, Holdsworth 
MJ, Licausi F. 2025. ERFVIIs as transducers of oxygen-sensing in the evo
lution of land plant response to hypoxia. Molecular Plant 18, 1072–1087.

Deng M, Zhang L, Yang C, Zeng Q, Zhong L, Guo X. 2025. GmERFVII 
transcription factors upregulate PATHOGENESIS-RELATED10 and contrib
ute to soybean cyst nematode resistance. Plant Physiology 197, kiae548.

Dobrenel T, Caldana C, Hanson J, Robaglia C, Vincentz M, Veit B, 
Meyer C. 2016. TOR signaling and nutrient sensing. Annual Reviews of 
Plant Biology 67, 261–285.

Dordas C, Hill RD. 2006. Plant hemoglobins and nitric oxide in acclimation 
to hypoxic stress. Annals of Botany 91, 174–178.

Fan B, Liao K, Wang L-N, et al. 2023. Calcium-dependent activation of 
CPK12 facilitates its cytoplasm-to-nucleus translocation to potentiate plant 
hypoxia sensing by phosphorylating ERF-VII transcription factors. Molecular 
Plant 16, 979–998.

Field S, Conner WC, Roberts DM. 2021. Arabidopsis CALMODULIN- 
LIKE 38 regulates hypoxia-induced autophagy of SUPPRESSOR OF 
GENE SILENCING 3 bodies. Frontiers in Plant Science 12, 722940.

Fu L, Wang P, Xiong Y. 2020. Target of rapamycin signaling in plant stress 
responses. Plant Physiology 182, 1613–1623.

Gibbs DJ, Lee SC, Isa NM, et al. 2011. Homeostatic response to hypoxia 
is regulated by the N-end rule pathway in plants. Nature 479, 415–418.

Gibbs DJ, Isa NM, Moavahedi M, et al. 2014. Nitric oxide sensing in 
plants is mediated by proteolytic control of group VII ERF transcription fac
tors. Molecular Cell 53, 369–379.

Gibbs DJ, Tedds HM, Labandera AM, et al. 2018. Oxygen-dependent 
proteolysis regulates the stability of angiosperm polycomb repressive com
plex 2 subunit VERNALIZATION 2. Nature Communications 9, 5438.

Giuntoli B, Lee SC, Licausi F, Kosmacz M, Oosumi T, van Dongen JT, 
Bailey-Serres J, Perata P. 2014. A trihelix DNA binding protein counter
balances hypoxia-responsive transcriptional activation in Arabidopsis. 
PLoS Biology 12, e1001950.

Giuntoli B, Licausi F, van Veen H, Perata P. 2017. Functional balancing 
of the hypoxia regulators RAP2.12 and HRA1 takes place in vivo in 
Arabidopsis thaliana plants. Frontiers in Plant Science 8, 591.

Gravot A, Richard G, Lime T, et al. 2016. Hypoxia response in 
Arabidopsis roots infected by Plasmodiophora brassicae supports the de
velopment of clubroot. BMC Plant Biology 16, 251.

Hartman S, Liu Z, van Veen H, et al. 2019. Ethylene-mediated nitric oxide 
depletion pre-adapts plants to hypoxia stress. Nature Communications 10, 
4020.

Hebelstrup KH, Van Zanten M, Mandon J, Voesenek LACJ, Harren 
FJM, Cristescu SM, Møller IM, Mur LAJ. 2012. Haemoglobin modulates 
NO emission and hyponasty under hypoxia-related stress in Arabidopsis 
thaliana. Journal of Experimental Botany 63, 5581–5591.

Hill RD, Robertson SM, Igamberdiev AU, Mira MM, Wilkins O, 
Stasolla C. 2026. Discrete and cell-specific hypoxic responses in 
Arabidopsis roots resolved by single-nuclei transcriptomics. New 
Phytologist 249, 2652–2667.

Holdsworth MJ, Liu H, Castellana S, Abbas M, Liu J, Perata P. 2025. 
Geography, altitude, agriculture, and hypoxia. Plant Physiology 197, 
kiae535.

Igamberdiev AU. 2004. Nitrate, NO and haemoglobin in plant adaptation to 
hypoxia: an alternative to classic fermentation pathways. Journal of 
Experimental Botany 55, 2473–2482.

Iñigo S, Giraldez AN, Chory J, Cerdán PD. 2012. Proteasome-mediated 
turnover of arabidopsis MED25 is coupled to the activation of FLOWERING 
LOCUS T transcription. Plant Physiology 160, 1662–1673.

Kosmacz M, Parlanti S, Schwarzländer M, Kragler F, Licausi F, Van 
Dongen JT. 2015. The stability and nuclear localization of the transcription 
factor RAP2.12 are dynamically regulated by oxygen concentration. Plant, 
Cell & Environment 38, 1094–1103.

Kunkowska AB, Fontana F, Betti F, Soeur R, Beckers GJM, Meyer C, 
De Jaeger G, Weits DA, Loreti E, Perata P. 2023. Target of rapamycin 
signaling couples energy to oxygen sensing to modulate hypoxic gene ex
pression in Arabidopsis. Proceedings of the National Academy of 
Sciences, USA 120, e2212474120.

Licausi F, Kosmacz M, Weits DA, Giuntoli B, Giorgi FM, Voesenek 
LACJ, Perata P, Van Dongen JT. 2011. Oxygen sensing in plants is medi
ated by an N-end rule pathway for protein destabilization. Nature 479, 
419–422.

Loreti E, Poggi A, Novi G, Alpi A, Perata P. 2005. A genome-wide ana
lysis of the effects of sucrose on gene expression in Arabidopsis seedlings 
under anoxia. Plant Physiology 137, 1130–1138.

Loreti E, Valeri MC, Novi G, Perata P. 2018. Gene regulation and survival 
under hypoxia requires starch availability and metabolism. Plant Physiology 
176, 1286–1298.

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

Loreti E, Perata P. 2023. ERFVII transcription factors and their role in the 
adaptation to hypoxia in Arabidopsis and crops. Frontiers in Genetics 14, 
1213839.

Switching the hypoxic response on and off in plants | 11

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag101/8495722 by BIBLIO

TEC
A - SC

U
O

LA SU
PER

IO
R

E SAN
T'AN

N
A- PISA user on 04 M

ay 2026

https://doi.org/10.1101/2024.10.21.619351


Ou B, Yin K-Q, Liu S-N, et al. 2011. A high-throughput screening system 
for arabidopsis transcription factors and its application to Med25-dependent 
transcriptional regulation. Molecular Plant 4, 546–555.

Paul MV, Iyer S, Amerhauser C, Lehmann M, van Dongen JT, 
Geigenberger P. 2016. Oxygen sensing via the ethylene response tran
scription factor RAP2.12 affects plant metabolism and performance under 
both normoxia and hypoxia. Plant Physiology 172, 141–153.

Perata P. 2020. Ethylene signaling controls fast oxygen sensing in plants. 
Trends in Plant Science 25, 3–6.

Pucciariello C, Perata P. 2021. The oxidative paradox in low oxygen stress 
in plants. Antioxidants 10, 332.

Puerta ML, Shukla V, Dalle Carbonare L, Weits DA, Perata P, Licausi 
F, Giuntoli B. 2019. A ratiometric sensor based on plant N-terminal degrons 
able to report oxygen dynamics in Saccharomyces cerevisiae. Journal of 
Molecular Biology 431, 2810–2820.

Schippers JHM, von Bongartz K, Laritzki L, et al. 2024. 
ERFVII-controlled hypoxia responses are in part facilitated by MEDIATOR 
SUBUNIT 25 in Arabidopsis thaliana. The Plant Journal 120, 748–768.

Schmidt RR, Fulda M, Paul MV, et al. 2018. Low-oxygen response is trig
gered by an ATP-dependent shift in oleoyl-CoA in Arabidopsis. Proceedings 
of the National Academy of Sciences, USA 115, E312101–EE12110.

Shukla V, Lombardi L, Iacopino S, Pencik A, Novak O, Perata P, 
Giuntoli B, Licausi F. 2019. Endogenous hypoxia in lateral root primordia 
controls root architecture by antagonizing auxin signaling in Arabidopsis. 
Molecular Plant 12, 538–551.

Song C, Cao Y, Dai J, Li G, Manzoor MA, Chen C, Deng H. 2022. The 
multifaceted roles of MYC2 in plants: toward transcriptional reprogramming 
and stress tolerance by jasmonate signaling. Frontiers in Plant Science 13, 
868874.

Taylor-Kearney LJ, Flashman E. 2022. Targeting plant cysteine oxidase 
activity for improved submergence tolerance. The Plant Journal 109, 
779–788.

Triozzi PM, Brunello L, Novi G, Ferri G, Cardarelli F, Loreti E, Perales 
M, Perata P. 2024. Spatiotemporal oxygen dynamics in young leaves reveal 
cyclic hypoxia in plants. Molecular Plant 17, 377–394.

Valeri MC, Novi G, Weits DA, Mensuali A, Perata P, Loreti E. 2021. 
Botrytis cinerea induces local hypoxia in Arabidopsis leaves. New 
Phytologist 229, 173–185.

van Veen H, Triozzi PM, Loreti E. 2025. Metabolic strategies in hypoxic 
plants. Plant Physiology 197, kiae564.

Weits DA, Giuntoli B, Kosmacz M, Parlanti S, Hubberten HM, Riegler 
H, Hoefgen R, Perata P, Van Dongen JT, Licausi F. 2014. Plant cysteine 
oxidases control the oxygen-dependent branch of the N-end-rule pathway. 
Nature Communications 5, 3425.

Weits DA, Kunkowska AB, Kamps NCW, et al. 2019. An apical hypoxic 
niche sets the pace of shoot meristem activity. Nature 569, 714–717.

Weits DA, Zhou L, Giuntoli B, et al. 2023. Acquisition of hypoxia induci
bility by oxygen sensing N-terminal cysteine oxidase in spermatophytes. 
Plant, Cell & Environment 46, 322–338.

White MD, Klecker M, Hopkinson RJ, et al. 2017. Plant cysteine oxi
dases are dioxygenases that directly enable arginyl transferase-catalysed ar
ginylation of N-end rule targets. Nature Communications 8, 14690.

Yang J, Mathew IE, Rhein H, et al. 2022. The vacuolar H+/Ca transporter 
CAX1 participates in submergence and anoxia stress responses. Plant 
Physiology 190, 2617–2636.

Yang W, Devaiah SP, Pan X, Isaac G, Welti R, Wang X. 2007. AtPLAI is 
an acyl hydrolase involved in basal jasmonic acid production and 
Arabidopsis resistance to Botrytis cinerea. Journal of Biological Chemistry 
282, 18116–18128.

Yeung E, van Veen H, Vashisht D, et al. 2018. A stress recovery signaling 
network for enhanced flooding tolerance in Arabidopsis thaliana. 
Proceedings of the National Academy of Sciences, USA 115, 
E6085–E6094.

Yeung E, Bailey-Serres J, Sasidharan R. 2019. After the deluge: plant re
vival post-flooding. Trends in Plant Science 24, 443–454.

Yuan LB, Dai YS, Xie LJ, Yu LJ, Zhou Y, Lai YX, Yang YC, Xu L, Chen 
QF, Xiao S. 2017. Jasmonate regulates plant responses to postsubmer
gence reoxygenation through transcriptional activation of antioxidant syn
thesis. Plant Physiology 173, 1864–1880.

Zubrycka A, Dambire C, Dalle Carbonare L, et al. 2023. ERFVII action 
and modulation through oxygen-sensing in Arabidopsis thaliana. Nature 
Communications 14, 4665.

12 | Castellana et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag101/8495722 by BIBLIO

TEC
A - SC

U
O

LA SU
PER

IO
R

E SAN
T'AN

N
A- PISA user on 04 M

ay 2026


	Switching the hypoxic response on and off in plants
	Introduction
	The oxygen-sensitive branch of the N-degron pathway
	Membrane anchoring and acyl-CoA-binding protein-mediated release
	Target of rapamycin and the metabolic integration of oxygen sensing
	Phytoglobins and nitric oxide: modulating oxygen and redox balance
	MBR1, MED25, and climate-dependent transcriptional reprogramming
	Calcium as a fast secondary messenger
	Switching off the hypoxic response: reoxygenation as a multilayered event
	Down-regulation of hypoxia signalling mediated by ERFVII repressors
	Dynamic activation and inactivation of hypoxia signalling
	Concluding remarks
	Conflict of interest
	Funding
	References


