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Plants grow in a dynamic environment and continu-
ously face numerous stress conditions in parallel. This
fluctuating environment pushed the evolution of exten-
sive metabolic flexibility (Sweetlove et al., 2010; van
Dongen et al., 2011). Flooding is an example of an envi-
ronmental condition that combines many different stress
factors simultaneously, including limited gas diffusion
(e.g. of oxygen, carbon dioxide, and ethylene), tempera-
ture stress, light quality and quantity, and osmotic and
oxidative stress. Changes in the internal concentration
of oxygen, but also e.g. ethylene, are crucial early signals
for the initiation of adaptation strategies to flooding
(Sasidharan and Voesenek, 2015; Sasidharan et al., 2017).
Initially, a plant cell responds to nearly all these different
types of stresses by using the same set of second mes-
sengers (such as reactive oxygen species [ROS], calcium,
nitric oxide [NO], and lipid molecules) and by activating
signaling cascades through kinases (Bjornson et al., 2016;
Zhu, 2016). This raises the question of how cells detect
and differentiate between stresses.

One fundamental aim in low-oxygen research is to
unravel how organisms detect and react to the lack of
oxygen and respond to an impairment of their energy
metabolism (Ratcliffe, 2013). In both plants (Licausi
et al., 2011a; Gibbs et al., 2011, 2014; Weits et al., 2014;
White et al., 2017) and animals (Loenarz and Scho-
field, 2011; Ratcliffe, 2013; Bishop and Ratcliffe 2014;
Hamanaka et al., 2016), key transcriptional regulators
have been identified that regulate the hypoxic re-
sponse via the integration of cellular signals that are
required for their activation (Box 1). Here, we discuss
the nature and origin of these various signals under
hypoxia that initiate adaptation responses at the
transcriptional and (post-) translational level and their
potential integration points. In addition, we postulate
that it is the integration of different signal inputs that

defines a response specific to oxygen limitation. Fur-
ther, we will discuss the state of current methods and
technologies to measure plant internal oxygen con-
centrations.

THE CONCEPT OF AN INTEGRATIVE OXYGEN
SENSING MECHANISM

Abiotic stress perception appears not to rely on the de-
tection of only one specific effector or ligand. Despite all
efforts to reveal the primary sensors for diverse abiotic
stresses, unequivocal identification remains arduous (Zhu,
2016). In Arabidopsis (Arabidopsis thaliana), the N-end rule
pathway of targeted proteolysis was shown to act as a
mechanism that controls protein levels of subgroup VII
ETHYLENE-RESPONSE FACTOR (ERFVII) transcription
factors by regulating their protein turnover in an oxygen-
concentration-dependent manner (Gibbs et al., 2011;
Licausi et al., 2011a; Box 1). Remarkably, protein abun-
dance of RELATED TO APETALA2.12 (RAP2.12), an
ERFVII member in Arabidopsis, is also positively regu-
lated by HYDRAULIC CONDUCTIVITY OF ROOT1
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(HCR1), a Raf-like MAPKKK, which could phosphorylate
RAP2.12 in vitro. This N-end rule-independent stabiliza-
tion mechanism is proposed to allow the integration of
cation (specifically potassium) availabilitywith the oxygen
concentration in the soil (Shahzad et al., 2016).

Low-oxygen stress impairs diverse plant cellular func-
tions, including those in the cytosol, nucleus, mitochon-
dria, and endoplasmic reticulum (ER). Actually,molecular
oxygen is among the most-utilized molecules in eukary-
otic cellular metabolism (Raymond and Segrè, 2006) with
more than 350 oxygen-dependent reactions. Thus, de-
creasing oxygen levels might be indirectly sensed due to
an impairment of various metabolic pathways when the
cellular oxygen concentration changes around or below
the Michaelis-Menten constant KM for oxygen of the en-
zymes involved. As such, any oxygen-dependent enzyme
has the potential to act as a kind of sensor, suggesting si-
multaneous oxygen sensing at multiple sites of the cell.
Then again, it might well be that one or a few oxygen-
concentration-dependent enzymes evolved to primarily
monitor aerobic metabolism.

Taken together, three scenarios of cellular oxygen
sensing can be discussed: (1) decentralized sensing at
many sites of the cell by e.g. oxygen-consuming en-
zymes, (2) a primary “oxygen sensor” detects a drop in
oxygen to initiate all signaling cascades, and (3) a
combination of scenario 1 and 2. A primary oxygen
sensor (scenario 2) would detect the cellular oxygen
concentration but not the oxygen availability. However,
differentiation between “concentration” and “availabil-
ity” is important, since a low oxygen concentration can
result in a high flux of oxygen into the tissue and does

not necessarily lead to low-oxygen stress. The advantage
of a decentralized oxygen-sensing mechanism (scenario
1) would be that it allows for fine-tuning the response
to low-oxygen conditions to a particular situation. By
adding up various oxygen-concentration-related signals,
such integrative signaling would trigger hypoxic re-
sponses onlywhen the actual oxygen concentration does
indeed disturb cellular homeostasis. The decentralized
oxygen-sensing model further suggests that perturba-
tions of processes in various organelles, at the plasma
membrane and in the cytosol can initiate low-oxygen-
stress signaling and that these various triggers must
be integrated to activate appropriate transcriptional
reprogramming and cellular adaptation responses.
A specific balance between multiple stress-induced sig-
nals could provide a mechanism—like a “cellular fin-
gerprint”—to discriminate between different stress
types.

In this review, we summarize signaling pathways
from different cellular compartments that are initiated
by low-oxygen stress and discuss potential integration
points for the multiple signal inputs resulting in
hypoxia-specific adaptive responses.

N-END RULE PATHWAY

In Arabidopsis, members of the ERFVII transcription
factor family (Box 1) contain a conserved N-terminal
domain that makes them oxygen- and NO-dependent
substrates of the N-end rule pathway of targeted pro-
teolysis (Gibbs et al., 2015).
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While the N-end rule is acting as a safeguard mecha-
nism to limit ERFVII abundance under aerobic condi-
tions, several observations suggest that its control is
limited to certain Met-Cys proteins, environmental con-
ditions, and developmental phases of the plant. Arabi-
dopsis N-end rule mutant seedlings show constitutive
expression of about half of the core hypoxia-responsive
genes (Gibbs et al., 2011), indicating that the other hypoxia
genes are not controlled by this pathway. In addition,
introduction of a GUS reporter driven by the ALCOHOL
DEHYDROGENASE1 (ADH1) promoter in Arabidopsis
wild-type seedlings or a proteolysis6 (prt6) mutant defec-
tive in ERFVII turnover revealed constitutive activation of
the promoter in certain tissues of the prt6mutant, but not
in all as compared to the wild-type. Interestingly, in both
the wild-type and the prt6 mutant an increased GUS
signal was observed after 6 h of hypoxia (Gibbs et al.,
2011). Thus, in N-end rule mutants, the hypoxic response
is not entirely saturated, nor domutations in this pathway
affect all plant tissues in a similar manner. While consti-
tutive expression of a subset of hypoxic genes is observed
in N-end rule mutant seedlings, a recent report revealed
that this constitutive expression is less pronounced in
adult mutant plants (Giuntoli et al., 2017). As submer-
gence of rosette-stage plants just prior to bolting still re-
sults in the activation of hypoxic genes, it strongly argues
for additional, N-end rule-independent mechanisms that
control either ERFVII activity or alternative transcrip-
tional cascades. In addition, at least one ERFVII, SUB-
MERGENCE1A (SUB1A) from rice (Oryza sativa), is not a
target of the N-end rule pathway, although it possesses
the N-terminal consensus sequence as found in Arabi-
dopsis ERFVIIs (Gibbs et al., 2011). This further suggests
alternative regulatory pathways.

MITOCHONDRIAL DYSFUNCTION AS TRIGGER
FOR HYPOXIA SIGNALING

Limited oxygen availability affects respiration, which
impacts on a whole palette of mitochondrial parameters

and processes (see Box 2), including reactive oxygen and
nitrogen species (ROS/RNS) homeostasis, redox status
of NAD(P)H and antioxidant pools, ATP/ADP ratio, the
proton-motive force, and calcium and metabolite levels,
which in principle could all trigger mitochondrial sig-
naling (Schwarzländer and Finkemeier, 2013). Indeed,
roles for these diverse signals in mitochondrial retro-
grade responses have been established and are discussed
by Wagner et al. (2018) in this Focus Issue. The role of
mitochondrial retrograde signals in hypoxia has been
partly investigated; for example, mitochondrial ROS
signals were shown to impact on anoxia tolerance
(Chang et al., 2012). Likewise, in animals, mitochondrial
electron transport chain (mETC)-derived ROS signals
appear to provoke adaptation responses upon hypoxia
(Hamanaka et al., 2016). Interestingly, complex III inhi-
bition under aerobic conditions by antimycin-A treat-
ment in part causes induction of hypoxia-responsive
genes in Arabidopsis (Ng et al., 2013a), which could be
due to disruption of the ATP/ADP ratio and/or in-
creased mitochondrial ROS production. Furthermore,
metabolic signals derived from mitochondria might be
integrated into cellular reprogramming during hypoxia.
This is supported by the notion that overexpression of
the mitochondrial UNCOUPLING PROTEIN1 (UCP1),
which decreases stress-induced ROS production, results
in a hypoxic metabolic pattern and transcriptomic sig-
nature (Barreto et al., 2016). UCP proteins in animals
have been linked to the induction of hypoxic responses
(Dromparis et al., 2013), suggesting a universal role of
this protein family in controlling low-oxygen responses.

An important feature of plant mitochondria is that
the proton-translocating complexes I, III, and IV (see
Box 2) are capable of forming so-called supercomplexes
(Dudkina et al., 2005). Remarkably, mitochondrial
supercomplex assembly is oxygen dependent, as in
potato tubers, low oxygen promotes dissociation of
complex I from the supercomplex, while reassembly
is observed under reoxygenation (Ramírez-Aguilar
et al., 2011). Supplying isolated mitochondria with
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succinate under a low pH also caused dissociation
of complex I as observed for low-oxygen conditions.
Substrate-dependent supercomplex formation was also
found in mouse cells, in which the plasticity of the
mETC complexes appears to be used to fine-tune res-
piration (Lapuente-Brun et al., 2013). That said, it still
needs to be demonstrated that supercomplex formation
also affects respiration rates in plant mitochondria.
Taken together, the release of complex I from the
supercomplex does not appear to be the initial trigger
for hypoxic responses in plants but is already part of the
adaptation response that is initiated by a drop in pH
and a change in substrate availability.

When the oxygen concentration is reduced below a
certain threshold, respiration is impaired (Nikoloski and
van Dongen 2011). However, it remains to be deter-
mined at what subcellular oxygen concentration mito-
chondrial dysfunction is initiated. Precise determination
of the mitochondrial oxygen concentration is especially
important, as the affinity for oxygen of Cytochrome c
Oxidase likely depends on cellular conditions such as
pH, redox status, and oxygen concentration (Krab et al.,
2011). Also, it is to be determined whether this respira-
tory impairment is specific to hypoxia or if other abiotic
stresses cause similar mitochondrial constraints, too.
UCPs, TYPE II NAD(P)H DEHYDROGENASEs, and
ALTERNATIVE OXIDASE (AOX) as part of the mito-
chondrial energy dissipation pathways (see Box 2;
Maxwell et al., 1999; Geisler et al., 2007; Millar et al.,
2011) have roles in the response to diverse abiotic and
biotic stresses, which in general cause an energy crisis
(Pu et al., 2015; Zhu, 2016). Beyond that, mitochondrial
ROS productionwith signaling function can be observed
under salt or drought stress (Hernandez et al., 1993;
Pastore et al., 2007), indicating that stress signals released
uponmitochondrial dysfunction are not hypoxia specific
per se. A fundamental biological question that needs
further attention is how cells distinguish between
hypoxia-induced mitochondrial signals and those in-
duced by other stresses.

THE ER AS SIGNALING HUB

Protein folding in the ER is essential for the stability
and functionality of many secreted and membrane-
bound proteins. Although the ER employs different
proteins and pathways for this task, it is inevitable that
some proteins get misfolded especially during stress
(Hegde and Ploegh, 2010). ER stress results in the acti-
vation of the unfolded protein response, which en-
hances the function of the protein folding machinery
and the protein quality control system, see Liu and
Howell (2016) for a detailed overview. The major
pathway for oxidative protein folding is present in the
ER and relies on protein disulfide isomerase (PDI) and
ER thiol oxidase (ERO) proteins (Aller and Meyer;
2013). PDI oxidizes proteins and is regenerated by ERO
through the transfer of electrons from PDI to molecular
oxygen. The KM of the ERO protein from yeast was

found to be 4–10 mM for oxygen, which is similar to that
of AOX in plants (Gross et al., 2006). If plant ERO1
proteins display a similar KM as their yeast counterpart
for oxygen, then they would be functionally impaired
under hypoxia and might act as sensors for low-oxygen
conditions. Interestingly, only the disulfide bond for-
mation during the folding phase in the ER involving
EROs was shown to be oxygen dependent in mamma-
lian cells, while subsequent glycosylation, ER export,
Golgi processing, and transit to the extracellular space
were not (Koritzinsky et al., 2013). As oxygen-dependent
folding is directly impaired upon low-oxygen stress, it
has been suggested that the ER constitutes a cellular
oxygen sensor in animals that contributes to signaling
and survival during hypoxic conditions (Wouters and
Koritzinsky, 2008). Future work is required to under-
stand if this putative ER pathway also plays a role in
plants. Of note, in mitochondria, oxidative protein
folding relies on a flavin adenine dinucleotide (FAD)-
dependent thiol oxidase that acts in an oxygen-
dependent manner (Ang et al., 2014), suggesting that
other protein folding pathwaysmight have a role in low-
oxygen stress.

Interestingly, the ER also represents an important
crossroad for mitochondrial stress signals. Disturbance
of mitochondrial function results in a signal to the nu-
cleus, the so-calledmitochondrial retrograde regulation
(MRR; Rhoads and Subbaiah 2007). MRR relies on both
ROS and calcium signals, and recently, several of the
protein components of the pathway were uncov-
ered. Transmembrane-domain-containingNOAPICAL
MERISTEM/ARABIDOPSIS TRANSCRIPTION AC-
TIVATION FACTOR/CUP-SHAPED COTYLEDON
(NAC) transcription factors were found to act as im-
portant modulators of the transcriptional response
during MRR (De Clercq et al., 2013; Ng et al., 2013b).
Both ANAC013 and ANAC017 mediate MRR re-
sponses but are located at the ER, indicating that mi-
tochondrial signals are received at the ER. In this case,
the mitochondrial signal is proposed to activate a yet-
unknown protease that releases the NAC transcription
factors from the ER membrane, which subsequently
travel to the nucleus to modulate expression. Many of
the MRR-induced genes are also hypoxia respon-
sive, including the ERFVII transcription factor gene
HYPOXIA RESPONSIVE ERF2, (HRE2), encoding a
regulator of anaerobic responses in Arabidopsis
(Licausi et al., 2010). Therefore, it would be worthwhile
to analyze the contribution of ER-mediated MRR to
low-oxygen tolerance in plants.

Energy Signaling

The harmful character of low-oxygen stress lies in its
impact on oxidative phosphorylation in the mitochon-
drion, which delivers energy equivalents in the form of
ATP (Millar et al., 2011). However, a low local oxygen
concentration does not necessarily lead to an energy
crisis when the flux of oxygen toward the mitochondria
can keep pace with respiratory oxygen consumption.
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Therefore, it is of importance that any changes in the
ATP-producing processes within mitochondria are
communicated to other compartments to induce ap-
propriate adaptive responses. By doing so, differentia-
tion is required between (1) an energy crisis that is
induced by mitochondrial dysfunction due to hypoxia,
and (2) a low-energy status that is caused by high ATP
consumption due to metabolic activity. Only sensing
cellular oxygen levels without taking into account the
actual energy charge of the cell could provoke cost-
intensive adaptation responses in tissues with high
respiratory activity. For detailed discussion of mito-
chondrial energy signaling, wewould like to refer to the
Update of Wagner et al. (2018) in this Focus Issue.
Eukaryotic energy sensing is largely conserved and

involves the two kinases Suc nonfermenting1-related
kinase1 (SnRK1) and target of rapamycin (TOR) in both
plants and animals (Broeckx et al., 2016). Plant SnRK1 is
activated in response to energy-depleting stress condi-
tions to promote plant survival. Loss of SnRK1 function
impairs submergence tolerance in plants (Cho et al.,
2012). It is important to note that SnRK1 appears to
sense the AMP/ATP ratio and ADP/ATP ratio in cells,
linking its activation directly to an energy crisis
(Hardie, 2011). Many different stresses can cause an
energy crisis; not surprisingly, most of the core anaer-
obic genes are not hypoxia specific (van Dongen and
Licausi, 2015).
Stresses that provoke a cellular “energy crisis” evoke

translational repression, which has also been observed
during hypoxia (Branco-Price et al., 2008; Mustroph
et al., 2009). In eukaryotic cells, growth in response to
energy availability is in part controlled by the TOR
protein kinase (Dobrenel et al., 2016). TOR controls
translation initiation and has been shown to be inacti-
vated in mammalian cells upon hypoxia (Wouters and
Koritzinsky, 2008). In plants, a picture has emerged in
which TOR kinase is active under favorable energy
conditions, while SnRK1 is stimulated upon energy
limitation (Tomé et al., 2014). Moreover, TOR and
SnRK1 appear to act antagonistically. So far, the func-
tion of SnRK1 under low-oxygen conditions in plants is
well established; however, a role for TOR is still un-
explored.

ROS Signaling

Cellular imbalances as a result of abiotic stress cause a
change in ROS homeostasis. In addition, during initial
stress exposure, a so-called oxidative burst is observed,
which acts as a signal to initiate adaptive responses
(Schippers and Schmidt, 2016). Although counterintui-
tive, mitochondrial ROS function in retrograde signaling
during oxygen deprivation to adjust energymanagement
in yeast and animal cells (Guzy et al., 2007; Hamanaka
et al., 2016). Also in plants, a mitochondrial ROS burst is
observed upon a drop in oxygen levels (Chang et al.,
2012). As application of antimycin-A mimics this burst, it
is suggested that superoxide (O2

2) derived from complex

IIImight act as a signalingmolecule duringmitochondrial
dysfunction uponoxygendeprivation. In order to prevent
the build-up of high levels of superoxide, mitochon-
dria actively scavenge it by employing MANGENESE
SUPEROXIDE DISMUTASE (MnSOD). The hydrogen
peroxide (H2O2) produced during this reaction either oxi-
dizesmitochondrial proteins or exits the organelle to induce
downstream signaling responses. To exit mitochondria,
H2O2 would rely on aquaporins (Bienert et al., 2007).

Within the cytosol, ROS as signaling molecules are
rather short lived due to the high cytosolic antioxi-
dant capacity. Moreover, to provide mitochondrial
specificity to the ROS signal, sensing and translation
of this signal is expected to occur near the mito-
chondrial surface. So far, release of H2O2 by mito-
chondria during oxygen deprivation into the cytosol
has been linked to the activation of MITOGEN-
ACTIVATED PROTEIN KINASE3 (MPK3) and
MPK6 in Arabidopsis (Chang et al., 2012). The fact
that these MPKs are involved in a broad range of bi-
otic and abiotic stress pathways (Rodriguez et al.,
2010) implies that they are integrated into local sen-
sory complexes to maintain ROS-source information
to activate stress-specific responses. As loss-of-
function mutants of either MPK3 or MPK6 do not
largely affect the activation of anaerobic genes
(Chang et al., 2012), additional components in the
mitochondrial ROS-signaling pathway related to low-
oxygen stress await to be uncovered. Here, it is of in-
terest to note that mitochondria are often in direct
contact with the ER (Mueller and Reski, 2015), which
therefore might be involved in relaying or translating
the mitochondrial ROS signal.

Next to the transient mitochondrial oxidative burst
upon oxygen deprivation, a plasma membrane-localized
burst occurs through activation of calcium-dependent
NADPH oxidases (Blokhina et al., 2001; Baxter-Burrell,
2002). As RESPIRATORY BURST OXIDASE HOMO-
LOG (RBOH)-dependent ROS production occurs during
nearly every stress, it remains unclear how such signals
can be rendered specific for low-oxygen stress.

Arabidopsis contains 10 NADPH oxidases,
called RBOHs, of which three—RBOHD, RBOHF, and
RBOHI—have been implicated in low-oxygen re-
sponses (Pucciariello et al., 2012; Liu et al., 2017; Lin
et al., 2017). Although fermentative genes including
ADH1 have been shown to depend on single RBOH
activity, the exact mechanism through which each
RBOH contributes to low-oxygen signaling needs fur-
ther investigation. Recently, RBOHI activity providing
submergence tolerance could be linked to auxin sig-
naling (Lin et al., 2017). NADPH oxidases are activated
by RHO-LIKE SMALLG-PROTEINOF PLANTS (ROP)
and calcium-dependent kinases (Baxter-Burrell et al.,
2002; Suzuki et al., 2011). ROP promotes the oxidative
burst during oxygen deprivation by activating NADPH
oxidases. The burst is transient, as H2O2 activates ROP
GTPASEACTIVATINGPROTEIN4 (RopGAP4), which
deactivates ROP signaling (Baxter-Burrell et al., 2002).
Plants lacking RopGAP4 show impaired low-oxygen

Plant Physiol. Vol. 176, 2018 1135

Integrative Oxygen Sensing and Signaling in Plants



tolerance. Recently, it was found that the ERFVII tran-
scription factor RAP2.12 activates the expression of
HYPOXIA RESPONSIVE UNIVERSAL STRESS PRO-
TEIN1 (HRU1), which, like RopGAP4, acts to dampen
NADPH oxidase activity (Gonzali et al., 2015). Poten-
tially, RopGAP4 and HRU1 not only limit the length of
the initial apoplastic ROS burst but might be involved
in protecting the plants from an oxidative burst upon
reoxygenation.

Studies on mammalian cells suggest a feed-forward
loop between the mitochondrial ROS burst and the
activation of NADPH oxidases (Kröller-Schön et al.,
2014). So far, this concept has not been studied in plant
cells, but it would be intriguing to be investigated
further.

Calcium Signaling

NADPH oxidase-driven ROS production depends on
calcium, while ROS in turn can modulate calcium up-
take into the cytosol (Mazars et al., 2010; Suzuki et al.,
2011), which lets both second messengers be part of a
tightly linked signaling cross-talk. Stress induces an
increase in cytoplasmic calcium levels, which activates
diverse calcium-binding proteins that decode the cal-
cium signal into a cellular and transcriptional response
(Dodd et al., 2010). Among these calcium-activated
proteins are kinases, enzymes, and transcription fac-
tors. The increase in cytosolic calcium levels occurs
through the release of calcium from the apoplast and/
or cellular organelles (Edel et al., 2017).

Early anoxia studies revealed a rise in cytosolic cal-
cium levels by using an AEQUORIN-based reporter in
Arabidopsis (Sedbrook et al., 1996). Upon oxygen
deprivation, a biphasic calcium response was observed,
with a first initial short-lived calcium spike occurring
within minutes of anoxia, followed by a second, pro-
longed calcium response that lasted several hours. In
addition, the authors showed that inhibition of calcium
fluxes by calcium channel blockers resulted in a partial
inhibition of ADH1 expression under anoxia. Also in
maize, the use of such blockers impairs the expression
of ADH1 under low-oxygen stress (Subbaiah et al.,
1994). Still, the extent to which calcium fluxes and sig-
naling events influence anaerobic gene expression is
largely unexplored in plants.

Cytosolic calcium homeostasis is rapidly restored
after a calcium spike by active transport mechanisms
(Sanders et al., 2002). In plants, energization relies ei-
ther on calcium pumps powered by ATP hydrolysis or
by Ca2+/H+ antiporters powered by a proton-motive
force (Dodd et al., 2010). The energy-consuming trans-
port of calcium is essential to obtain the basal levels,
against which calcium release channels operate tran-
siently to elevate free cytosolic calcium levels upon a
stress stimulus. Thus, after the cytosolic calcium spike,
prestress levels need to be restored to keep the system
sensitive toward a follow-up transient increase in
calcium (Bose et al., 2011). These properties suggest

that calcium signaling might be restricted to the ini-
tial phase of low-oxygen stress, as increasing ATP
constrains and the pH change under prolonged
stress conditions might impair calcium homeostasis
mechanisms.

The origin of calcium released into the cytosol under
low-oxygen stress in plants is partly explored. Both
plasma membrane calcium channel blockers as well as
intracellular calcium channel blockers in part block
calcium-dependent hypoxic responses (Sedbrook et al.,
1996; Yemelyanov et al., 2011). Potential intracellular
calcium sources for the cytosolic spike during oxygen
deprivation might be the vacuole, the ER, and mito-
chondria. Although roles for ER and mitochondria in
cytosolic calcium release have been described in
mammalian cells (Rizzuto et al., 2012; Wiel et al., 2014),
it is still unclear to which extent these organelles con-
tribute to calcium signaling under abiotic stresses in
plants.

In rice, CALCINEURIN B-LIKE INTERACTING
PROTEIN KINASE15 (OsCIPK15) has been shown to
be required for the expression of genes encoding gly-
colytic enzymes, includingADH (Lee et al., 2009;Meyer
et al., 2010). Excitingly, OsCIPK15 is activated by
SnRK1, linking it to the energy-sensing network. En-
ergy saving as an adaptation response to low-oxygen
stress can be achieved by controlled selective transla-
tion of mRNA (Sorenson and Bailey-Serres, 2014), a
process that is regulated in a calcium-dependent man-
ner. CALMODULIN38 (CML38) from Arabidopsis acts
as a potential calcium sensor that colocalizes under
low-oxygen stress to mRNA ribonucleoprotein parti-
cles,. including stress granules. The latter are formed
under hypoxia to serve as storage of translationally
inhibited mRNA (Lokdarshi et al., 2016).

Taken together, despite the unquestionably eminent
role of calcium in the initial response to low-oxygen stress,
major gaps exist regarding the regulation of calcium
fluxes, homeostasis, and the role of specific calciumsensor
and signaling proteins in adaptation to hypoxia.

MEASURING OXYGEN CONCENTRATIONS
IN PLANTS

A major bottleneck for the research on low-oxygen
stress is that accurate measurements of in situ oxygen
concentrations in plants are difficult. Tools and
methods to resolve the dynamic variation in oxygen
levels with spatial and temporal resolution are needed
for a better understanding of low-oxygen signaling at
the cellular level.

Over the years, numerous methods for accurate
measurement of oxygen have been developed (Box 3).
Invasive oxygen measurements using Clark-type oxy-
gen electrodes and optical oxygen sensors are commonly
used and led to our current understanding on the dy-
namics and distribution of oxygen in plants. Still, the
development of noninvasive oxygen measurement
methods in plants is largely lacking behind as compared
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to the mammalian field, were cancer research has driven
the development of a broad range of methods for the
detection of hypoxia within animal tissue, such as solu-
ble oxygen sensitive fluorescent dyes, genetically enco-
ded sensors, positron emission tomography (PET), and
18F NMR (NMR) (Zhang et al., 2010; Dmitriev and
Papkovsky, 2015; Fleming et al., 2015).
Clark-type electrodes are based on the diffusion of

oxygen through a membrane to the oxygen-reducing
cathode, which generates a current that is proportional
to the oxygen concentration (Clark et al., 1953). A dis-
advantage is that oxygen is consumedat the cathode. For
themeasurements of oxygen in tissue, this drawback has
been partially overcome by the development of minia-
turized microsensors, which consume significantly less
oxygen. These sensors, for which commercially available
models are available with a tip diameter of 5 to 10 mm,
are also significantly less invasive compared to larger
models. Despite the oxygen consumption and destruc-
tiveness of the Clark-type electrodes, they have been
widely used and have been employed to measure the
oxygen concentration in numerous plants such as rice,
seagrass, green alga cultures, and in the roots of several
wetland plant species (Melis et al., 2000; Visser et al.,
2000; Binzer et al., 2005; Colmer and Pedersen, 2008).
Optical oxygen sensors are popular due to their wide

possible applications and their lack of oxygen con-
sumption during the measurements. The majority of
oxygen optodes are based on the quenching of a

luminescent probe by oxygen, called phosphorescence
quenching, resulting in increased phosphorescence when
the oxygen concentration decreases. Oxygen-sensitive
phosphorescent dyes can be coated on the inside of cul-
ture flasks or microplates to measure the oxygen con-
centration in a sample over time. Another application
includes the creation of thin films coated with an oxygen-
sensitive fluorescent dye, which was successfully used to
map the oxygen concentration in plant roots (Rudolph-
Moor et al., 2012). Micro-optodes, which consist of an
optical fiber with a tip coated by an oxygen-sensitive
probe can be used to measure the oxygen concentration
within plant tissue (Licausi et al., 2011b). However, in-
sertion of micro-optodes into the tissue is destructive and
facilitates oxygen diffusion into the sample, which can
lead to faulty measurements.

Genetically encoded oxygen reporters provide a potential
solution to overcome the drawback associated with the in-
vasiveness of Clark-type electrodes and micro-optode oxy-
gen sensors (Ast et al., 2012). Several genes have been
identified that display specific and strong up-regulation
upon low oxygen (Mustroph et al., 2010). The expression of
these genes may therefore be used as an indication of un-
derlying hypoxic conditions. Activation of promoters of
hypoxia-inducible genes, including HYPOXIA RESPONSE
ATTENUATOR1, PLANT CYS OXIDASE1 (PCO1), and
PCO2has been clearly demonstrated (Chung andFerl, 1999;
Giuntoli et al., 2014; Weits et al., 2014; Gasch et al., 2016).

OXYGEN MEASUREMENTS IN NONPLANT
ORGANISMS

Oxygen-sensitive phosphorescence probes are used
to measure the intracellular oxygen concentration in
different animal tissues (Vikram et al., 2007). The
probes are either directly injected into the desired tissue
or taken up by the tissue through passive self-loading
(Dmitriev and Papkovsky, 2015). Afterward, the
phosphorescence signal is imaged using a fluorescent
microscope to map the oxygen concentration.

Several parameters need to be examined before phos-
phorescent probes can be applied in plants, e.g. sensitivity
to pH, stability, toxicity, and probe distribution. Systemic
distribution is another roadblock, as several dyes are in-
jected intravenously in animals and rely on transport via
the cardiovascular system to the tissue. A red-light-
emitting iridium-based probe Ir(btp)2(acac) (BTP) was
developed and used to image tumor hypoxia in vivo
(Zhang et al., 2010). The phosphorescence of the probe is
quenched by oxygen, but when the concentration drops
below 5% v/v O2 the signal increases. However, cellular
uptake of BTP appears to be albumin-mediated, and its
uptake into plant cells may therefore not occur efficiently.
Modification of these oxygen probes, such as the addition
of hydrophilic groups or domains that interact with
transport proteins, may facilitate uptake by the cell. Im-
portantly, as chlorophyll displays red autofluorescence,
phosphorescent oxygen probes for plants should be
chosen with distinct emission spectra.
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For studying the oxygen concentration in bacteria, a
genetically encoded fluorescent protein-based biosen-
sor for oxygen was established (Potzkei et al., 2012).
This FRET-based probe contains an oxygen-sensitive
yellow fluorescent protein (YFP) coupled with a
hypoxia-insensitive flavin-binding fluorescent protein
(FbFP). Maturation of the YFP chromophore requires
oxygen and therefore FRET efficiency from the FbFP
donor to the YFP acceptor depends on the oxygen
availability. Remarkably, the YFP/FbFP emission ratio
could be calibrated to the dissolved oxygen concentra-
tion in a range from 0% to 33%, allowing a precise
quantification of the intracellular oxygen concentration.

PET has been widely applied to image hypoxia
within tumors in mammals. PET-based detection of

oxygen is based on the imaging of 18F-containing im-
idazoles, which passively diffuse in to cells and bind
strongly to macromolecules of hypoxic cells (Fleming
et al., 2015). This can be combined with x-ray computed
tomography to provide additional anatomical infor-
mation of the tissue, allowing precise mapping of the
oxygen concentration within the tissue (Krause et al.,
2006). Another minimally invasive method to deter-
mine oxygen content in mammalian tissues is 19F
(NMR). This spectroscopic technique is based on the
measurement of the spin lattice relaxation rate of per-
fluorocarbons, which has a linear relation to the tissue
oxygen concentration. Another minimally invasive
method to determine oxygen content in mammalian
tissues is Fluorine-19 nuclear magnetic resonance (19F

Figure 1. Integration of multiple low-oxygen stress-signaling pathways from diverse cellular origins. According to this model,
signaling to the nucleus occurs through various pathways. From left to right, low-oxygen stress results in an NADPH-oxidase-
derived oxidative burst, which eventually leads to posttranslational activation of diverse transcription factors (TFs). The influx of
extracellular calcium stimulates a signaling cascade involving CALCINEURIN-B-LIKE PROTEINs (CBLs) and CBL-INTERACTING
PROTEIN KINASEs (CIPKs) and the activation of NADPH oxidases, called RESPIRATORY BURST OXIDASE HOMOLOGs
(RBOHs). RBOHs are in addition stimulated to produce ROS by interacting with RHO-LIKE SMALL G-PROTEINS OF PLANTS
(ROP). The resulting ROS burst is subsequently dampened through the action of ROP GTPase ACTIVATING PROTEIN4 (Rop-
GAP4), which targets ROP, as well as by HYPOXIA-RESPONSIVE UNIVERSAL STRESS PROTEIN1 (HRU1), which forms a
complex with ROP and RBOH. Furthermore, oxygen limitation might hamper oxidative protein folding in the endoplasmic
reticulum (ER) through impairing the activity of ER THIOL OXIDASE (ERO), which subsequently results in an unfolded protein
response (UPR). In addition, low-oxygen stress causes mitochondrial dysfunction, which is communicated to the ER via mito-
chondrial retrograde regulation (MRR). DormantNAC TFs at the ER are proteolytically released to transduce theMRR signal to the
nucleus. Further, impairment of the mitochondrial electron transport chain (mETC) is followed by a mitochondrial oxidative burst
and potentially an efflux of stored calcium into the cytosol. The oxidative burst results in the activation of MITOGEN-ACTIVATED
PROTEIN KINASE3 (MPK3) and MPK6, which may regulate hypoxic gene expression by phosphorylation of transcriptional
regulators. Disturbance of themETC further leads to a drop in ATP levels, which is sensed by the kinases TARGETOFRAPAMYCIN
(TOR) and SUC NONFERMENTING1-RELATED KINASE1 (SnRK1), whereby TOR is inactivated, while Snrk1 is induced under
ATP limitation. Stabilization of RELATEDTOAPETALA2.12 (RAP2.12) and other subgroupVII ERF TFs occurs through inactivation
of the N-end rule pathway under hypoxic conditions. Under aerobic conditions, this active degradation pathway involves
oxygen-dependent oxidation of the TF proteins that is catalyzed by PLANT CYS OXIDASE (PCO). Additionally, RAP2.12 protein
abundance is increased by HYDRAULIC CONDUCTIVITY ROOT1 (HCR1), a Raf-like MAPKKK which targets the TF under
oxygen-limiting and K+-sufficient conditions. Finally, integration of the diverse subcellular signal inputs most likely occurs at the
level of TFs, which are potentially regulated by posttranslationalmodification and induce transcriptional reprogramming resulting
in hypoxia adaptation.
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NMR). 19F NMR allows imaging of the absolute oxygen
concentration in tissue (Yu et al., 2005). Imaging of the
oxygen concentration using PET or NMR is not limited
by the thickness of the issue, and it therefore represents
an effective technique to map the oxygen concentration
in a noninvasive manner of thick or difficult-to-access
tissue. PET and NMR-based oxygen measurements
may also prove useful for plants; however, their use in
mammals relies on the injection of probes in to the
blood stream, and their distribution in plant tissuemust
therefore be carefully tested.

CONCLUSION

Oxygen deprivation affects diverse organelles, which
give rise to unique stress signals that must be processed
and integrated to initiate an appropriate adaptive re-
sponse of the plant cell. The diverse and widespread
consequences of a drop in oxygen for cellular homeo-
stasis strongly support a view in which oxygen sensing
does not occur through one primary sensor but hap-
pens decentralized and simultaneously at multiple sites
in the cell (Figure 1).
At the transcriptional level, at least 120 transcription

factors are differentially expressed upon low-oxygen
stress in Arabidopsis (Licausi et al., 2011c). Still, the
roles for most of these transcription factors or the kind
of signals they perceive upon low-oxygen stress are
unknown. So far, it is unclear which signals activate
ERFVIIs upon low-oxygen stress in Arabidopsis. The
non-N-end rule ERFVII target SUB1A of rice was
shown to be a MPK phosphorylation target, (Singh and
Sinha, 2016), suggesting posttranslational signal inte-
gration. Interestingly, MPK3/6 activity in Arabidopsis
is induced by a mitochondrial signal upon oxygen
deprivation (Chang et al., 2012). Also, transcription
factor targets of the SnRK1 kinase might play a crucial
role in oxygen signaling (Baena-González et al., 2007).
Furthermore, mitochondrial- or ER-to-nucleus signal-
ing was shown to rely on transcription factors that need
to be proteolytically activated (Iwata et al., 2008; De
Clercq et al., 2013). One of the main challenges in the
future is to identify all transcription factors that act as
signal integration points during low-oxygen stress, to
decipher the signals they perceive and the mechanisms
through which they act in a spatial and temporal
manner.
To date, a number of retrograde signaling molecules

have been described, including ROS, calcium, and di-
verse metabolites (Kmiecik et al., 2016). Still, it is hardly
known how these signals act during low-oxygen stress.
That said, the oxidative burst observed in mitochondria
during oxygen deprivation was shown to activate
MPKs (Chang et al., 2012). Potentially, calcium and
ROS might act in synergy to form an integrative signal,
as observed during salt stress (Evans et al., 2016).
Organellar signaling does not only involve signaling to
the nucleus but also between organelles (Kleine and
Leister, 2016). Here, the question raises whether low

oxygen-induced signaling of one organelle can be pri-
oritized over another.

Abiotic stresses in general impair energy metabolism
and provoke mitochondrial dysfunctioning, which cause
the activation of SnRK and AOX. In addition, signaling
molecules like calcium and ROS are vital to sense all dif-
ferent kinds of stresses.Despite this remarkable overlap in
stress responses at the cellular and molecular level, cells
can differentiate between stresses and respond specifi-
cally. To be able to do so, plants might be capable of
reading stress signal signatures (i.e. ROS waves or cal-
cium spikes) and sense the temporal and spatial context.
In yeast and human cell systems, it was shown that cel-
lular stress sensors act in scaffolds (Kang et al., 2004). In
plants, the idea of signaling scaffolds has only recently
started to emerge (Demir et al., 2013,). Future research (see
“Outstanding Questions”) should place emphasis on the
multiple signaling pathways that are activated by oxygen
limitation, their downstream integration, and cross-talk to
reveal how the adaptation to low-oxygen stress is fine-
tuned and adjusted to a particular situation encountered
by plants. This will also require the development of in-
novative methods to measure intracellular molecular
oxygen levelswith a high spatial and temporal resolution.
Received September 26, 2017; accepted November 18, 2017; published Novem-
ber 21, 2017.
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